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Abstract (English)
UDP-sugar metabolizing pyrophosphorylases provide the primary mechanism for de novo
synthesis of UDP-sugars, which can then be used for myriads of glycosyltranferase reactions,
producing cell wall carbohydrates, sucrose, glycoproteins and glycolipids, as well as many
other glycosylated compounds. The pyrophosphorylases can be divided into three families:
UDP-Glc pyrophosphorylase (UGPase), UDP-sugar pyrophosphorylase (USPase) and UDP-Nacetyl glucosamine pyrophosphorylase (UAGPase), which can be discriminated both by
differences in accepted substrate range and amino acid sequences.
This thesis focuses both on experimental examination (and re-examination) of some
enzymatic/ biochemical properties of selected members of the UGPases and USPases and
UAGPase families and on the design and implementation of a strategy to study in vivo roles of
these pyrophosphorylases using specific inhibitors. In the first part, substrate specificities of
members of the Arabidopsis UGPase, USPase and UAGPase families were comprehensively
surveyed and kinetically analyzed, with barley UGPase also further studied with regard to its
pH dependency, regulation by oligomerization, etc. Whereas all the enzymes preferentially
used UTP as nucleotide donor, they differed in their specificity for sugar-1-P. UGPases had
high activity with D-Glc-1-P, but could also react with Frc-1-P, whereas USPase reacted with a
range of sugar-1-phosphates, including D-Glc-1-P, D-Gal-1-P, D-GalA-1-P, β-L-Ara-1-P and αD-Fuc-1-P. In contrast, UAGPase2 reacted only with D-GlcNAc-1-P, D-GalNAc-1-P and, to
some extent, with D-Glc-1-P. A structure activity relationship was established to connect
enzyme activity, the examined sugar-1-phosphates and the three pyrophosphorylases. The
UGPase/USPase/UAGPase active sites were subsequently compared in an attempt to identify
amino acids which may contribute to the experimentally determined differences in substrate
specificities.
The second part of the thesis deals with identification and characterization of inhibitors of the
pyrophosphorylases and with studies on in vivo effects of those inhibitors in Arabidopsisbased systems. A novel luminescence-based high-throughput assay system was designed,
which allowed for quantitative measurement of UGPase and USPase activities, down to a pmol
per min level. The assay was then used to screen a chemical library (which contained 17,500
potential inhibitors) to identify several compounds affecting UGPase and USPase. Hitoptimization on one of the compounds revealed even stronger inhibitors of UGPase and
USPase which also strongly inhibited Arabidopsis pollen germination, by disturbing UDPsugar metabolism. The inhibitors may represent useful tools to study in vivo roles of the
pyrophosphorylases, as a complement to previous genetics-based studies.
The thesis also includes two review papers on mechanisms of synthesis of NDP-sugars. The
first review covered the characterization of USPase from both prokaryotic and eukaryotic
organisms, whereas the second review was a comprehensive survey of NDP-sugar producing
enzymes (not only UDP-sugar producing and not only pyrophosphorylases). All these enzymes
were discussed with respect to their substrate specificities and structural features (if known)
and their proposed in vivo functions.
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Abstrakt (Svenska)
UDP-socker metaboliserande pyrofoforylaser är den primära mekanismen för de novo-syntes
av UDP-socker, dessa kan sedan användas i otaliga glykosyltranferas-reaktioner, dessa
producerar bland annat cellväggskolhydrater, sackaros, glykoproteiner och glykolipider.
Dessa pyrofosforylaser kan delas in i tre familjer: UDP-glucose pyrofosforylas (UGPase), UDPsocker pyrofosforylas (USPase) och UDP-N-acetylglukosamin pyrofosforylas (UAGPase).
Dessa tre enzym kan bland annat särskiljas medhjälp av både skillnader i vilka substrat de
accepterar och medhjälp av deras aminosyra-sekvenser. Denna avhandling innehåller både
studier och diskussion rörande enzymatiska/biokemiska egenskaperna hos utvalda
medlemmar av UGPase-, USPase- och UAGPase-familjerna och arbete för att i framtiden
kunna studera in vivo-roller hos dessa pyrofosforylaser med hjälp av specifika inhibitorer.
I den första delen av avhandlingen undersöktes medlemmar från Arabidopsis UGPase-,
USPase- och UAGPase-familjerna med fokus på substratspecificiteter och andra biokemiska
egenskaper. Utöver detta studerades även korn UGPase också ytterligare med avseende på bl.
a. deras pH-beroende och reglering genom oligomerisering. Alla undersökta enzymer använde
primärt UTP som nukleotidkälla, dock skilde de sig i sin specificitet för socker-1-P. UGPaser
hade hög aktivitet med D-Glc-1-P, men visade sig även också använda Frc-1-P, medan USPase
accepterade en rad socker-1-fosfater, inklusive D-Glc-1-P, D-Gal- 1-P, D-GalA-1-P, β-L-Ara-1P och α-D-Fuc-1-P. UAGPase2 å andra sidan, reagerade endast med D-GlcNAc-1-P, D-GalNAc1-P och, i viss utsträckning, med D-Glc-1-P. Ett struktur-aktivitets-förhållande etablerades för
att koppla samman enzym-aktivitet, de olika socker-1-fosfater och de tre pyrofosforylaser. Till
sist jämfördes de aktiva-centrumen i UGPase, USPase och UAGPase i ett försök att identifiera
aminosyror som kan bidra till att förstå de experimentellt observerade skillnaderna i
substratspecificiteter mellan de undersöka enzymen: UGPase, USPase och UAGPase.
Den andra delen av avhandlingen handlar om identifiering och karakterisering av inhibitorer
emot de ovan beskrivna pyrofosforylaserna och studier av in vivo effekterna hos dessa
inhibitorer i olika Arabidopsis-baserade system. Ett nytt luminiscens-baserat ”highthroughput-screening” analyssystem utvecklades och användes sedanför kvantitativ mätning
av UGPase och USPase aktiviteter, ned på pmol/min nivå. Systemet användes för att
genomsöka ett kemiskt bibliotek (som innehöll 17,500 potentiella inhibitorer) för att
identifiera föreningar som kunde påverka UGPase och USPase aktivitet. ”Träff-optimering” av
en av de lovande föreningarna avslöjade ännu starkare inhibitorer emot UGPase och USPase,
som också visade sig inhiberad Arabidopsis pollengrodd, genom att påverka UDP-socker
metabolism. Inhibitorerna kan vara användbara verktyg för att studera pyrofosforylasernas in
vivo roller och kan även komplementera tidigare studier som varit baserade på transgena
växter.
Avhandlingen innehåller även två översiktsartiklar som behandlar olika mekanismer för syntes
av NDP-socker. Den första översiktsartikeln behandlar USPase från både prokaryota och
eukaryota organismer, medan den andra översiktsartikeln var en sammanställning av
litteratur angående NDP-sockerproducerande enzymer (inte bara UDP-sockerproducerande
och inte bara pyrofosforylaser). Dessa enzymers föreslagna in vivo-funktioner,
substratspecificiteter och strukturella egenskaper diskuterades.
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Introduction
1. Why are plant NDP-sugars important?
1.1. Glycosyltransferases and NDP-sugars
Many processes during a plants life are dependent on targeted-glycosylations of
different compounds (carbohydrates, polysaccharides, lipids, proteins, hormones etc.).
These glycosylations are carried out by a group of enzymes called glycosyltransferases
(GT), catalyzing the transfer of a sugar from an “activated”-sugar (commonly a
nucleotide-diphosphate-sugar, NDP-sugar) to an acceptor, commonly via an oxygen
but also via nitrogen, sulphur or carbon moiety on the acceptor molecule (Lairson et
al., 2008)
Plants contain several hundred genes coding for GTs, e.g. 468 for Arabidopsis thaliana
(Arabidopsis) as of October 2014 (http://www.cazy.org/). These GTs are denoted into
different classes, commonly GT-A and GT-B (but also GT-C) depending on the
presence of distinct structural folds, and are also classified as inverting or retaining
GTs, depending on whether the anomeric carbon of the sugar-donor retains the same
stereochemistry after formation of the bond to the acceptor (Coutinho et al., 2003;
Lairson et al., 2008). Proper classification of the GTs based on their substrate
specificities (for both NDP-sugar and acceptor) is currently ongoing (Lairson et al.,
2008).

1.2. The most prominent NDP-sugars are UDP-sugars
Plants form and utilize a number of important NDP-sugars, e.g. GDP-based NDPsugars such as GDP-Mannose (GDP-Man, for formation of vitamin C), GDP-L-Fucose
(GDP-L-Fuc, used for cell wall formation) and ADP-based NDP-sugars such as ADPGlucose (ADP-Glc, used to form starch) (Bar-Peled and O’Neill, 2011; Kleczkowski and
Decker, 2015).
However, one group stands out - the UDP-sugars. They stand out because of the
importance of the processes they are involved in (e.g. sucrose and cell wall formation,
etc., see Figure 1) (Bar-Peled and O’Neill, 2011; Kleczkowski and Decker, 2015), but
also because of their abundance (UDP-sugars may comprise up to 55% of the total
nucleotide pools) (Wagner and Backer, 1992), and the sheer number of reactions where
they serve as substrates. For instance, UDP-Glucose (UDP-Glc) alone is suggested to
be involved in 270 reactions (http://plantcyc.org/; Chae et al., 2014).
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Figure 1. Some roles of UDP-sugars in plants (Kleczkowski et al.,
2011a; Bar-Peled and O’Neill, 2011; Kleczkowski and Decker, 2015).
Modified from (Kleczkowski et al., 2011a).

As UDP-sugars are involved in many processes which are both crucial to understand
plant development, but also for commercially important processes, it is of the utmost
importance to understand how, where and when these UDP-sugars are produced, and
this thesis will attempt to bring clarity to some aspects of this central part of plant
metabolism.

1.3. How are UDP-sugars metabolized in plants?
There are several aspects to consider when discussing UDP-sugars. They include: (a)
UDP-sugar synthesis either from sugar-1-phosphates via distinct pyrophosphorylase
reactions (Kleczkowski and Decker, 2015) or (b) from sucrose by sucrose synthase
(SuSy) (Schmölzer et al., 2016) or (c) via interconversion from one UDP-sugar into
another (Bar-Peled and O’Neill, 2011), but also (d) intracellular transport of UDPsugars via specific membrane-bound transporters (Orellana et al., 2016), (e)
utilization of UDP-sugars as substrates by hundreds of specific GTs (Osmani et al.,
2009) and, finally (f) degradation of UDP-sugars by hydrolases (Muñoz et al., 2006).
This thesis, however, will be focused only on the first aspect (a), namely the enzymes
involved in the de novo synthesis of UDP-sugars from sugar-1-phosphates (green area
in Figure 2).
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Figure 2. UDP-sugar formation and interconversion network. Green boxes show
selected UDP-sugars, grey boxes show enzymes involved in UDP-sugar formation or
interconversion. Omitted for simplicity are other substrates/products of the enzymes
involved, as well as intracellular compartments and UDP-sugar transporters. Based on
data from (Bar-Peled and O’Neill, 2011; Kleczkowski and Decker, 2015), NSO, nucleotide
sugar oxidation pathway; SPP, sucrose phosphate phosphatase; SPS, sucrose phosphate
synthase; SuSy, sucrose synthase; UAGPase, UDP-GlcNAc pyrophosphorylase; UAM,
UDP-Ara mutase; UAXS, UPD-apiose/UDP-Xyl synthase; UDPG-DH, UDP-Glc
dehydrogenase; UGAE, UDP-GlcA epimerase; UGE, UDP-Glc epimerase; UGPase, UDPGlc pyrophosphorylase; URS, UDP-rhamnose synthase; USPase, UDP-sugar
pyrophosphorylase; USS, UDP-sulfoquinovose synthase; UXE, UDP-Xyl epimerase;
UXS, UDP-Xyl synthase.

1.4. UDP-sugars are
pyrophosphorylases

de

novo

produced

by

specific

The primary synthesis of UDP-sugars is catalyzed by specific pyrophosphorylases
which use UTP and a sugar-1-P (which may be N-acetylated) as substrates to form
inorganic pyrophosphate (PPi) and the corresponding UDP-sugar. This reaction is
reversible (Kleczkowski et al., 2010; Kleczkowski et al., 2011b) and magnesium
dependent (Mu et al., 2009; Litterer et al., 2006a; Yang et al., 2010), and the binding
of substrates and release of products can be classified as an ordered-bi-bi mechanism
(stepwise sequential ordered binding of substrates and release of the products)
(Kleczkowski et al., 2011b). In plants and eukaryote parasites, the first substrate to bind
is UTP, followed by sugar-1-P, which is followed by the release of PPi and subsequently
release of UDP-sugar (Elling, 1996; Kleczkowski and Decker, 2015; Urbaniak et al.,
2013), whereas for one Trypanosoma brucei pyrophosphorylase the binding order is
reversed (Urbaniak et al., 2013). Plants contain three different classes of UDP-sugar
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metabolizing pyrophosphorylases: UDP-Glc pyrophosphorylase (UGPase), UDP-sugar
pyrophosphorylase (USPase) and UDP-N-acetylglucosamine (UDP-GlcNAc)
pyrophosphorylase (UAGPase). These enzymes have very low identity at amino acid
(aa) level (below 20%), but they share some common structural features such as a
catalytic central domain containing a Rossmann-like-fold (common in nucleotidebinding enzymes), which is flanked by N- and C-terminal domains which may have
regulatory roles (Kleczkowski et al., 2011b).
The following chapters 2 to 4 will focus on plant UDP-sugar metabolizing
pyrophosphorylases and on what is known about the in vivo roles of their reported
substrates/products.

2. UGPase enzyme
2.1. General information on reactions of UGPase
Following the identification of UDP-Glc by Leloir and coworkers in the 1940s (while
investigating the metabolism of galactose) (Frey, 1996), a few years later yeast UGPase
was discovered and described (Kalckar, 1957). Since then, many studies have shown
that UGPase can utilize Glc-1-P and UTP to form UDP-Glc and PPi or vice versa.
Enzymes able to catalyze this reaction were found in both prokaryotes and eukaryotes
(in the cytosol) and are denoted UGPase-A (Kleczkowski et al., 2010; Führing et al.,
2013b). In this thesis, unless otherwise indicated, all mentions of “UGPase” will refer
to UGPase-A. Plants also contain chloroplastic UGPase which is commonly denoted
UGPase-B (or UGPase3) (Kleczkowski and Decker, 2015; Okazaki et al., 2009). As the
UGPase enzyme is reversible, this chapter will be started with a short summary of the
known roles of the compounds which can be produced by UGPase.
2.1.1. Products of forward reaction of UGPase: Roles of UDP-Glc and PPi
UDP-Glc serves as substrate for formation of disaccharides, such as the signaling and
energy transport/ storage molecule sucrose or the signaling molecule trehalose. UDPGlc is also a precursor for the formation of important cell wall polymers such as
cellulose, callose and hemicellulose, but is also needed for the formation of different
glycolipids and for glycosylation’s of proteins (Kleczkowski and Decker, 2015). Other
role for UDP-Glc is to serve as a substrate for glycosylations of a plethora of secondary
metabolites such as steroids, flavonoids, phenylpropanoids, betalains, terpenoids, and
glucosinolates (Vogt and Jones, 2000; Kleczkowski et al., 2010). Glycosyl-hormone
conjugates are also formed from UDP-Glc and hormones such as auxin, cytokinin (CK)
(Bajguz and Piotrowska, 2009), gibberellic acid (GA) (Piotrowska and Bajguz, 2011) ,
salicylic acid (SA) (Rivas-San Vicente and Plasencia, 2011) and abscisic acid (Priest et
al., 2005), possibly to store and stabilize the hormones (Martin et al., 1999).
As for PPi, the other product of the forward reaction of UGPase and of other NDP-sugar
pyrophosphorylases, it has been suggested to be involved in controlling the
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directionality of the reaction, i.e. drive the reversible reaction towards NDP-sugar
synthesis or degradation (Igamberdiev and Kleczkowski, 2011; Sawake et al., 2015). To
steer the reaction towards NDP-sugar synthesis, the PPi can be used as substrate by
various pyrophosphatase (PPase) enzymes to form inorganic phosphate (Pi). In the
case of ADP-Glc pyrophosphorylase (AGPase), a key enzyme of starch synthesis, this
formed Pi is subsequently involved in feed-back regulation of the AGPase enzyme (Stitt
and Zeeman, 2012). Plants with reduced levels of chloroplastic PPase are containing
higher levels of PPi compared to wild-type (wt) plants and are less capable of starch
formation (George et al., 2010). Modifications of PPases levels have also been shown
to affect fruit and seed development and metabolism. For instance, overexpression of
a tomato fruit cytosolic PPase led to increased ascorbate content (vitamin C) and
soluble carbohydrate content together with reduced levels of starch (Arias et al., 2013),
whereas in Arabidopsis increased levels of cytosolic PPase led to low-oil phenotype in
seeds and reduced levels of PPase caused an increase in seed-oil content at the expense
of seed-storage proteins (Meyer et al., 2012). PPi has also been suggested as an
alternative energy source in conditions when ATP is limited (such as
anoxia)(Igamberdiev and Kleczkowski, 2011). Pi and PPi may also be used by proton
pumping PPases to maintain acidity in the vacuoles and participate in loading of
sucrose to the phloem (Pizzio et al., 2015; Khadilkar et al., 2016). At least some of these
above mentioned effects may be in part attributed to changes in PPi levels which affect
NDP-sugar production by NDP-sugar metabolizing pyrophosphorylases.

2.1.2. Products of reverse reaction of UGPase: Roles of UTP and Glc-1-P
In plants, monosaccharides can be phosphorylated at position 1 or 6 by a hexokinase
(HXK). For Glc, the HXK reaction commonly results in phosphorylation at position 6,
forming Glc-6-P. This compound, being charged, has a reduced ability to transverse
membranes and is thus trapped in the compartment where it was formed. Glc-6-P is
an important intermediate of glycolysis (Conway and Voglmeir, 2016), but it can also
be easily converted to Glc-1-P by phosphoglucomutase (PGM). Glc-1-P may also be
produced by α-glucan phosphorylases from linear glucans (Stitt et al., 2010) or
originate from fructose-6-phosphate (Frc-6-P) which is sequentially used by
phosphoglucoisomerase (PGI) and PGM (Stitt et al., 2010) or by the breakdown of
UDP-Glc via the reverse reaction of UGPases (Kleczkowski et al., 2010). Both HXK and
PGM as well as PGI and UGPases are all present in both the cytosol and the chloroplast
of plants (Rolland et al., 2006; Stitt et al., 2010). In some heterotrophic tissues, such
as Hordeum vulgare (barley) endosperm, UGPase-derived Glc-1-P has been
implicated in starch formation (Kleczkowski and Decker, 2015).
Plant synthesis of uridine originates from orotic acid (OA) or 5-phosphoribosyl-1pyrophosphate, which in turn originates from Glc-6-P. The formed uridine
monophosphate can subsequently be phosphorylated/ dephosphorylated by kinases
and phosphatases which allows the UTP/UDP and ATP/ADP ratios to be equilibrated
(Zrenner et al., 2006; Igamberdiev and Kleczkowski, 2011). UTP may, as mentioned
before, be used for UDP-sugar synthesis, converted into cytosine triphosphate (CTP),
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used in RNA synthesis or, if dephosphorylated, degraded into β-alanine. Interestingly,
when potato tubers were separated from the mother plant, the uridine-pool rapidly
decreased, whereas subsequent provision of the uridine precursor OA led to a
restoration of the uridine-pools, followed by an increase in sucrose mobilization, cell
wall synthesis and starch mobilization. The addition of OA to Arabidopsis plants led
also to increased sucrose mobilization; however, it is unknown how/if changes in the
uridine-pools influence UDP-sugar synthesizing enzymes (Loef et al., 1999; Zrenner et
al., 2006).

2.2. UGPase
modifications

gene

expression

and

post-translational

In plants, there are usually at least two distinct genes coding for UGPase-A and a single
gene for UGPase-B (Kleczkowski and Decker, 2015). Genes for UGPases-A and -B are
expressed throughout the whole plant, in both source and sink tissues (Meng et al.,
2009b; Okazaki et al., 2009), with the corresponding enzymes found even in vascular
tissues such as phloem and xylem (Dafoe and Constabel, 2009; Beneteau et al., 2010).
UGPase-B is expressed in Arabidopsis leaves, stems and flowers and is co-expressed
with sulfoquinovosyl diacylglycerol (SQDG) synthesis genes (Okazaki et al., 2009).
Both types of UGPases are up-regulated in response to limitations in Pi availability
(Kleczkowski et al., 2010). UGPase-A is also transcriptionally controlled in response to
several stimuli such as cold, sugars, light conditions etc. (reviewed in Kleczkowski et
al., 2004; Kleczkowski and Decker, 2015). Other carbohydrate related processes, such
as successful plant-grafts and ripening of fruits, have also been reported to be
connected with changes in UGPase expression (Hu et al., 2016; Baron et al., 2016). In
Arabidopsis, when considering different tissues, UGPase activity and protein levels
appeared to be correlated, whereas the transcript levels were uncorrelated which may
suggest that some type of post-transcriptional or translational regulation may be
involved, especially in the roots (Meng et al., 2009b). During seed filling, however,
transcript levels of Arabidopsis UGPase-A2 appeared to correlate with protein content,
suggesting little or no post-transcriptional and translational regulation of the UGPase
during this process) (Hajduch et al., 2010).
Plant UGPases have been shown to be post-translationally modified in a number of
ways. Examples include phosphorylation of Ser419 of sugarcane UGPase (Soares et al.,
2014), binding to 14-3-3 proteins for the enzymes from barley and Arabidopsis
(Alexander and Morris, 2006; Swatek et al., 2011), rice UGPase acetylation (Chen et
al., 2007b) and N-glycosylation of rice and maize UGPases (Komatsu et al., 2009;
Silva-Sanchez et al., 2014). UGPases have also been demonstrated as sensitive to redox
regulation, and can interact with thioredoxins in vivo, as in wheat and Medicago
truncatula seeds (Wong et al., 2004; Alkhalfioui et al., 2007), and can be Sglutathionylated, as shown in Arabidopsis cell culture during oxidative stress (Dixon
et al., 2005). Oxidation of sugarcane UGPase was also shown to reduce the activity,
whereas subsequent reduction restored the activity (Soares et al., 2014).
12

2.3. UGPase structure
Molecular masses of plant UGPase-A proteins are usually in the range of 50-55 kDa,
depending on plant species (Sowokinos et al., 1993; Meng et al., 2008), and they are
much smaller than the ca. 90 kDa mature UGPase-B protein (Okazaki et al., 2009).
Whereas not much is known about the structure of the quite recently found UGPaseB, there is relative abundance of information on UGPase-A, which has been intensively
studied by site-directed mutagenesis (both in plants and animals) and has been
crystallized from several species (Kleczkowski et al., 2010). Arabidopsis UGPase-A1,
the only plant UGPase that had its structure solved (McCoy et al., 2007), contains three
major domains: (a) a large central domain, which includes a sugar-binding loop,
flanked by (b) a N-terminal domain, which contains a nucleotide-binding loop (Meng
et al., 2009a), and (c) a C-terminal domain, which mainly consists of a β-helix type of
fold (McCoy et al., 2007); such β–helices are reported to increase enzyme-stability, e.g.
in pectate/ pectin lyases and polygalacturonases (D’Ovidio et al., 2004). This structural
division is generally similar for UGPases from different eukaryotic sources
(Kleczkowski et al., 2011b; Roeben et al., 2006; Steiner et al., 2007).
In addition to crystal structure analyses, the interactions between UGPase and its
substrates were also investigated by site- and motif-directed mutations/deletions
(Katsube et al., 1991; Martz et al., 2002; Geisler et al., 2004; Meng et al., 2009a)
Deletions in the UGPase N-terminal domain (37 aa) led to decreased affinity for UDPGlc (increased Michaelis constant, Km), whereas deletions in the C-terminal domain
(from 8 aa, up to 101 aa) led to decreased affinity for PPi (Meng et al., 2009a). UDPGlc binding to UGPase led to a displacement of the C-terminal β-helix containing
domain towards the substrates which may be of importance for binding of PPi (McCoy
et al., 2007; Meng et al., 2009a).
An important aspect in which plant (and Leishmania) UGPases distinguish themselves
from the UGPases of other eukaryotes (human and yeast) is in their oligomerization
mode (Martz et al., 2002; Führing et al., 2013a; Kleczkowski et al., 2011b). Human and
bacterial UGPases are active as higher oligomers (di-/tetra-/octamers) (Roeben et al.,
2006; Führing et al., 2013b), whereas the monomer is the only active form of plant
and parasitic UGPases (Kleczkowski et al., 2011b). When the crystal structure of
Arabidopsis UGPase-A1 was resolved, the protein was observed as a mixture of
monomers and dimers, with the latter formed by the N-terminal of one monomer
blocking the active site of the other monomer, thus inactivating the UGPase (Figure
3A) (McCoy et al., 2007). The monomer-to-dimer conversion is thought to be
regulated by subtle changes in hydrophobicity in the immediate vicinity of the protein,
by the concentration of UGPase protein and by substrates/ products of its reaction
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Figure 3. Proposed models of plant UGPase dimer formation. (A) Modell based
on McCoy et al. (2007) and Decker et al., 2012. Dimerization blocks substrate
access to active site. (B) Model proposed by Soares et al. (2014). Dimerization
causes conformational changes which inactivate the enzyme. Red cross indicates
inactive active site (figure is adapted from Decker et al., 2012 and Soares et
al.2014).

(Kleczkowski et al., 2005; Decker et al., 2012). An alternative model was later proposed
for sugarcane UGPase, based on small-angle X-ray scattering analyses of the purified
protein. The model has suggested that the dimer interface is located at the C-terminus,
similar to that of human and yeast UGPase (Figure 3B) (Soares et al., 2014). Studies
on barley UGPase (Meng et al., 2009a) have revealed that the very end of its C-terminal
domain (final 8 aa) was essential for dimer formation. Deletion of those 8 aa led to a
solely monomeric protein which was 40% more active than the wt enzyme, supposedly
by increasing the amounts of active monomers (Meng et al., 2009a). However, removal
of longer regions of the C-terminal domain resulted in inactivation of plant UGPases
(Woo et al., 2008; Meng et al., 2009a). The exact mechanism of the
(de)oligomerization of plant UGPases (and its possible in vivo roles) is still unknown,
and requires further studies.

2.4. UGPase subcellular localization
Plant UGPase protein (and activity) has been shown to be localized mostly in the
cytosol but is also present in other cell compartments, including chloroplasts
(Kleczkowski et al., 2010; Wan et al., 2016). In the chloroplast, UGPase-B type is
responsible for a large portion of the observed UGPase activity (Okazaki et al., 2009).
For UGPase-A, immunolabeling of cell fractions from rice cell culture has shown that
it was predominantly localized in the the cytosol, but also to some extent in the
amyloplasts and Golgi (Kimura et al., 1992) as well as in microsomal fractions (Mikami
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et al., 2001). Microsomal fractions of the dicotyledonous plants tobacco, potato and
Arabidopsis were also shown to contain UGPase-A protein (Mikami et al., 2001; Boher
et al., 2013; McLoughlin et al., 2013). UGPase activity (the source is somewhat unclear
as USPase or UAGPase could be responsible) has been observed in the plasma
membrane and Golgi of onion (Pirson and Zimmermann, 1976) and also shown in
membrane fractions from young leaves and coleoptiles in barley (Becker et al., 1995).
However, whether this activity belongs to UGPase, USPase and/or UAGPase is
unknown at present (all three enzymes may use UDP-Glc as substrate).
Despite the above-mentioned reports of membrane-associated UGPase (or UGPaselike) activity, the enzyme is most likely not an integral part of cellular membranes.
Based on the details of UGPase protein structure (McCoy et al., 2007) as well as on
results of two web-based prediction programs (using the UGPase aa sequence as
query), the protein lacks any transmembrane domains (von Heijne, 1992; Hofmann
and Stoffel, 1993). Thus, it seems likely that the UGPase membrane association occurs
via interaction with some membrane proteins or with the cytoskeleton. Membranebound UGPase was for instance found to associate with PLASMODESMATALOCATED PROTEIN 1 which directs callose deposition during downy mildew infection
of Arabidopsis. Whether or not the different plant UGPase isozymes are differently
localized and/or have different affinity for membrane association is unknown. It
should be also pointed out here that post-translational modification has been reported
to affect association with specific membranes for yeast UGPase and for plant SuSy
(Amor et al., 1995; Cardon et al., 2012).

2.5. Studies on in vivo roles of UGPases
Several studies have attempted to determine the roles of UGPase in vivo.
Overexpression of plant or bacterial UGPase in different poplar species resulted in
plants with reduced stature and leaf area or weight; the studies, however, presented
conflicting data with regard to the effects on lignin content (reduced vs. unaltered, and
increased vs. unaltered S/G ratios) and phenolic glucosides (233 fold increase in SA-2O-glucoside alone vs. a 2.7-fold increase coupled with a 1.4- to 2.6-fold increase in
other phenolic glucosides) (Coleman et al., 2007; Payyavula et al., 2014).
Overexpression of UGPase in dicotyledonous species such as Arabidopsis, jute and
cotton (overexpression using highly active 35S promotors fused to cDNA of cotton or
Larix UGPase in Arabidopsis and of the native UGPases for jute and cotton), led to
plants with a higher cellulose content and longer stems (all studies) and higher sucrose
content (two of the studies) (Wang et al., 2011; Zhang et al., 2013; Li et al., 2014; Li et
al., 2015). On the other hand, under the control of a "weaker" ubiquitin promotor,
Sorghum bicolor (Sorghum) UGPase overexpression in Arabidopsis failed to cause any
obvious phenotypes (Jiang et al., 2015). With those and similar overexpression studies,
it should be emphasized that, while overexpression of a given protein may highlight its
capability to be involved in a given pathway, this does not necessarily constitute a proof
of its in vivo function, especially in plants which express non-native UGPase, as these
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may respond ectopically in vivo, f.i. to post-translation modification’s such as
phosphorylation or oligomerization. In this respect, studies on plants with reduced or
knocked out activity of the studied enzyme could be more revealing.
Several studies were carried out on transgenic plants, both mono- and dicotyledonous,
where expression of UGPase(s) was reduced or knocked out. Plants lacking the
expression of chloroplastic UGPase-B in Arabidopsis retained approx. 40 %
chloroplastic UGPase activity of unknown source but were completely devoid of
sulpholipds in their chloroplast membranes (Okazaki et al., 2009), underlining the
crucial role of this enzyme in the formation of sulfoquinovose, a Glc-derived
constituent of sulfolipids. On the other hand, studies on plants with reduced or
knocked out expression of cytosolic UGPase-A, were less successful in revealing the
exact roles of this protein. RNAi interference against rice (Oryza sativa) UGPase1 and
2 led to significantly smaller plants (40% and 30% reduction in stature respectively)
(Chen et al., 2007a; Woo et al., 2008), whereas a double knockout of UGPase1 and
UGPase2 (achieved using T-DNA inserts ) in Arabidopsis also resulted in dwarf plants,
possibly caused by a reduction in cell size, this phenotype could be recovered by sucrose
supplementation (Park et al., 2010). These plants retained ca 6% of UGPase-like
activity, probably representing activities of USPase and UAGPase (see Figure 2).
Similarly it was reported that when UGPase enzymes were removed from Arabidopsis
crude extracts approx. 10% UGPase-like activity remained (Kleczkowski and Decker,
2015). Stem lengths in Arabidopsis plants with UGPase1 and UGPase2 activities
knocked down to approx. 25% were unaffected (Meng et al., 2009b) which may suggest
that a threshold of UGPase activity for normal growth exists within the 6-25% range of
wt UGPase activity) (Park et al., 2010). This may, however, differ in various tissues and
species, as e.g. in transgenic potato tubers, where a 96% reduction in UGPase activity
had no effect on development of the tubers (Zrenner et al., 1993). Interestingly,
AtUGPase1 was crucial for activating, via an unknown but possibly structural
mechanism, a fumosin (a sucrose-related bacterial signal) induced programmed cell
death, by affecting the machinery for photosynthesis, cellular detoxification and via
effects on the levels of carbonic anhydrase (possibly bound to SA) (Chivasa et al., 2013).
The most striking effects of the reduction of UGPase activity concerned the
development of the male gametophytes (pollen). This was summarized in Figure 4,
(key pollen developmental stages and wall development stages are summarized in
Figure 4A and Figure 4B, respectively). Reduced expression of rice UGPase1
(caused by co-suppression from an overexpression construct) led to aborted pollen,
due to altered callose deposition (see Figure 4C,D) ) (Chen et al., 2007a). Similarly,
an intron-bordering point-mutation in rice UGPase1, which resulted in truncated and
inactive protein (missing the last 170 C-terminal aa), also led to plants which were
male-sterile (Woo et al., 2008). Reductions in expression of rice UGPase2 led to
decreased starch deposition in the final stages of pollen development, which again
resulted in reduced pollen viability (see Figure 4M,N) (Mu et al., 2009). In contrast
to rice UGPases, studies on transgenic Arabidopsis plants where UGPase genes were
individually inactivated revealed no effects on pollen development (Meng et al., 2009b;
Park et al., 2010).
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Figure 4. Summary of microspore development and pollen phenotypes in wt and UGPase/
USPase/ UAGPase deficient angiosperm plants. (A) Developmental stages of pollen (Owen and
Makaroff, 1995; Blackmore et al., 2007) corresponding to anther stages 5-12 in the nomenclature
of Sanders et al. (1999). (B) Description of the pollen cell wall and neighboring tapetum cells
(Vizcay-Barrena and Wilson, 2006) (Owen and Makaroff, 1995; Regan and Moffatt, 1990), based
on Arabidopsis, and adapted from (Ariizumi and Toriyama, 2011). (C-D) Aniline blue (stains
callose) stained rice pollen during meiosis, pollen from wt and plants with UGPase1 silenced,
respectively (Chen et al., 2007a). (E-F) Aniline blue stained Arabidopsis pollen at tetrad stage.
Pollen from wt and double homozygous (hm) knockouts of UGPase1/UGPase2, respectively (Park
et al., 2010). (G-I) Transmission electron microscopy (TEM) picture of Arabidopsis wt pollen at
bicellular stage. (H-J) TEM picture of aborted pollen at bicellular stage in Arabidopsis
heterozygous (hz) knockout of USPase (Schnurr et al., 2006). (K,L) TEM picture of UAGPase
(mutant hz for T-DNA insert in UAGPase1 and hm for UAGPase2) wt/mutant pollen at tricellular
stage (Chen et al., 2014). (M) wt rice pollen stained for starch. (N) Pollen from rice with UGPase2
silenced stained for starch (Mu et al., 2009). Bars for C-F are 10 µm, G,H - 2 µm, I-J - 0.1 µm,K,L
- 0.5 µm, and M,N - 50 µm. CY = cytosol , DMC = degenerated meiocyte, ex = exine, in = intine,
pm = plasma membrane, ob = oil body, PMC = pollen mother cell.
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However, knocking out both UGPase1 and UGPase2 interfered with callose deposition
and led to pollen abortion (see Figure 4E,F). Interestingly, this male-sterility could
be prevented by supplementation of 1.5% UDP-Glc to the plant growth media (Park et
al., 2010). It is unknown whether these differences in the importance of UGPase
isoforms between Arabidopsis and rice reflect differences in UGPase isoform
stoichiometry, or are due to differences between monocot and dicot pollen
development or to some other mechanism.
In summary, as evident from examples given above, the in vivo role of chloroplastic
UGPase-B, as an important player in sulfolipid biosynthesis (Okazaki et al., 2009)
appears to be established. In comparison, although the role of cytosolic UGPase
(UGPase-A) has been extensively studied via various genetic approaches and it appears
to play a role during plant male reproductive phase, its exact functions in vivo remain
somewhat elusive.

3. USPase enzyme
3.1. General information on reactions of USPase
In comparison to UGPase, USPase was only relatively recently identified in pea and
Arabidopsis plants (Kotake et al., 2004; Litterer et al., 2006b; Kotake et al., 2007).
There are, however, several older studies which describe assays of crude plant extracts
for enzyme activities resembling those of USPase, but attributed to other enzymes
(Kleczkowski et al., 2011a). USPase commonly catalyzes the reversible conversion of a
wide range of sugar-1-phosphates (mainly Glc-1-P, Gal-1-P, GlcA-1-P, GalA-1-P, L-Ara1-P, Xyl-1-P) and UTP to the corresponding UDP-sugar and PPi (see Figure 2).
Because of this substrate promiscuity the enzyme is sometimes denoted as Sloppy (BarPeled and O’Neill, 2011). USPase enzymes have been identified in most plant species
(excluding some red algal species), eukaryote parasites and a few bacterial species, but
no vertebrate USPases have been reported (Gross and Schnarrenberger, 1995;
Kleczkowski and Decker, 2015).
Below I will shortly discuss the role of each of the UDP-sugars and sugar-1-P produced/
utilized by USPase. Please note that the roles of UDP-Glc and PPi, as well as UTP and
Glc-1-P have already been described in chapters 2.1.1. and 2.1.2. concerning UGPase
substrates/ products.

3.1.1. Roles of UDP-Gal and Gal-1-P
UDP-galactose (UDP-Gal) is used for the synthesis of galactolipids, such as
monogalactosyldiacylglycerol and digalactosyldiacylglycerol, which constitute a large
portion of the chloroplast membranes (Dörmann and Benning, 2002; Kelly and
Dörmann, 2002). Galactose originating from UDP-Gal is deposited in the primary cell
walls as component of hemicelluloses, such as galactomannans (Pauly et al., 2013), and
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of pectins, such as rhamnogalacturonan I (RGI) and II rhamnogalacturonan (RGII)
sidechains (Bacic, 2006; Loque et al., 2015). UDP-Gal is also used as precursor for
galactinol which together with sucrose is used for the synthesis of polysaccharides
(raffinose and stachyose) (Kleczkowski et al., 2011a) and to form the backbone of
arabinogalactans for protein modification (Nothnagel, 1997). In plants, UDP-Gal could
also be used to form hormone-conjugates as auxin-galactoside (Corcuera et al., 1982)
and secondary metabolites, such as triterpene saponins-galactoside (Shibuya et al.,
2010).
Free galactose, formed by degradation of galactosylated compounds, can be converted
to Gal-1-P by anomeric galactokinases (Egert et al., 2012) , both compounds may be
toxic to cellular metabolism, and they are usually converted to less harmful compounds
via the classical Leloir-pathway (Lang and Botstein, 2011) although in plants Gal or
Gal-1-P may be the source of toxicity (Egert et al., 2012). During most developmental
stages, higher plants appear to lack or have a limited activity of Gal-1-P
uridylyltransferase (GALT), the key enzyme of the Leloir-pathway (Dai et al., 2006;
Kleczkowski et al., 2011a), e.g. the closest Arabidopsis GALT homolog (At5g18200) has
been shown to function rather as a ADP-Glc phosphorylase (McCoy et al., 2006). In
plants, thus, USPase may well serve as an alternative/complementary Gal-1-P removal
mechanism (Isselbacher-pathway), producing UDP-Gal to be used for glycosylation
reactions or by C4-epimerases (Kotake et al., 2007).

3.1.2. Roles of UDP-GalA, UDP-GlcA, GalA-1-P and GlcA-1-P
UDP-galacturonic acid (UDP-GalA) is used as substrate for synthesis of the backbones
of both unbranched (homogalacturonan) and branched types of pectin (RGI and RGII)
(Bacic, 2006; Usadel et al., 2004), and it contributes to the reducing ends on the
glucuronoxylan (hemicellulose) (Rennie and Scheller, 2014). UDP-glucoronic acid
(UDP-GlcA) is providing GlcA-units to the glucuronoxylan (Pauly et al., 2013; Rennie
and Scheller, 2014) and to pectin RGII (Bacic, 2006). UDP-GlcA is also used for in the
formation of flower pigments (Sasaki et al., 2005; Sawada et al., 2005). Both GlcA-1-P
and GalA-1-P can be produced by anomeric-kinases (Yang et al., 2009; Geserick and
Tenhaken, 2013a; Geserick and Tenhaken, 2013b).

3.1.3. Roles of UDP-Xyl, UDP-Ara, Xyl-1-P and Ara-1-P
UDP-Xylose (UDP-Xyl) provides xylose for the backbone of the xylans (Rennie and
Scheller, 2014) and UDP-Xyl derived xylose may also be present in different domains
of pectin such as RGII and xylogalacuronan (Bacic, 2006; Scheller et al., 2007). A
specific GT (which uses UDP-Xyl but not UDP-Glc) was shown to produce xylosylcytokinin conjugates (Martin et al., 1999). Glycoproteins may also be formed with
UDP-Xyl as substrate (Kleczkowski et al., 2011a; Kuang et al., 2016). In order to prevent
accumulation of free pentoses (such as Xyl and Arabinose, Ara), plants utilize a mechanism
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resembling the Isselbacher pathway of Gal recycling (Damerow et al., 2010). USPase
dependent Xyl-1-P to UDP-Xyl conversion contributes to xylose salvaging/recycling, this may
function as a substitute/complement to the previously proposed recycling of xylose via the
pentose phosphate pathway. Similarly USPase dependent formation of UDP-Ara from Ara1-P may be involved in recycling of Ara (Geserick and Tenhaken, 2013b; Kotake et al.,
2016). Arabinose which may originate from UDP-Ara can be found in the branched

pectins (Bacic, 2006), in hemicellulose in grasses and some dicotyledonous species
(not Arabidopsis and poplar) (Rennie and Scheller, 2014), in flavinoides and also
bound to different proteins and signal petides (Kotake et al., 2016). No xylose-kinase
has yet been identified (although its existence has been inferred) (Geserick and
Tenhaken, 2013b), but anomeric-kinases which are able to phoshorylate L-Ara have
been reported in plants (Yang et al., 2009; Geserick and Tenhaken, 2013b).

3.2. USPase structure
The USPase gene encodes a protein of ca. 67-70 kDa (Kotake et al., 2004; Litterer et
al., 2006a; Litterer et al., 2006b). Since no plant USPase has been crystallized, their
structures could only be inferred from homology models based on a eukaryotic singlecelled pathogen, Leishmania major (Leishmania) USPase. The protein is active as
monomer and, unlike plant UGPase, there is no evidence for oligomerization
(Damerow et al., 2010). The Leishmania USPase has generally a similar structure to
UGPase-A or UAGPase proteins, and is comprised of central domain with prominent
Rossmann fold and containing the active site flanked by characteristic N- and Cterminal domains (Dickmanns et al., 2011). The active site of USPase is larger than that
in other UDP-sugar metabolizing pyrophosphorylases, probably reflecting the relative
non-specificity of this enzyme with respect to sugar-1-P as substrate (Dickmanns et al.,
2011; Kleczkowski et al., 2011b).

3.3. USPase expression, subcellular localization and tissue
specificity
Arabidopsis USPase is expressed in most young plant tissues, with stronger expression
observed in the roots, cotyledons and vascular tissues, but the most prominent
expression was found in the flowers and, more specifically, in the developing pollen
(Litterer et al., 2006b; Kotake et al., 2007). In Arabidopsis knockdowns with reduced
UGPase activity, the expression of USPase gene was upregulated in flowers, roots and
in mature (but not young) leaves, probably representing a compensatory mechanism
for UGPase silencing (Meng et al., 2009b). Such a regulation of the expression of
USPase appears not only connected to UGPase expression, but may also be controlled
together with the expression of GlcA-kinase which supplies GlcA-1-P, the substrate for
USPase (Geserick and Tenhaken, 2013a).
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In Arabidopsis florets, USPase protein was located mainly in the cytosol, but also some
portion was found in the microsomal fraction. When all USPase enzyme was removed
from protein samples originating from these florets (using antibodies), no residual
UDP-GlcA pyrophosphorylation activity could be observed, suggesting that USPase is
the major enzyme which uses/produces GlcA-1-P in this organ. Immunoblots of
natively extracted USPase enzyme revealed two separate bands and these were
proposed to represent either two separate isoforms or differentially posttranslationally modified versions of the USPase enzyme (Gronwald et al., 2008).

3.4. Studies on in vivo roles of USPase
A number of studies have attempted to use transgeneic plants with altered levels of
USPase to decipher the in vivo roles of USPase. Overexpression of Arabidopsis USPase
under the control of the 35S promotor resulted in Arabidopsis plants with 143 to 255%
increase in USPase activity (Kotake et al., 2007), but no further phenotypic differences
from wt plants were observed. Similarly, Arabidopsis plants overexpressing Sorghum
USPase under the control of the polyubiqutin promotor were also wt-like (Jiang et al.,
2015).
Whereas several studies resulted in plants with reduced levels of USPase activity, no
full USPase knockout plants have been produced to date. Using Arabidopsis with TDNA inserts in the USPase genes (lines: salk015903 and sail_223_b12) it was found
(Schnurr et al., 2006) that although these plants had reduced levels of USPase
transcripts and 50% USPase activity (compared to wt), no visual phenotypes or
changes in the rosette cell wall content could be observed. Furthermore, selfed plants
failed to produce seeds which were homozygous for the USPase T-DNA inserts and an
deleterious effect on the development of pollen was observed. The study showed that
the pollens which received the mutated USPase-allele (containing the T-DNA insert)
were aborted (see Figure 4G-J) (Schnurr et al., 2006). In a subsequent study (Kotake
et al., 2007) with Arabidopsis plants having USPase levels reduced to 25% and 21%
(caused by antisense and co-suppression of the native USPase gene), no changes in
phenotypes were observed. And again the authors were unable to produce plants with
homozygous T-DNA inserts in the USPase gene (lines: salk015903) (Kotake et al.,
2007).
In an attempt to circumvent the pollen abortion caused by mutated USPase alleles, the
heterozygous USPase T-DNA insert plants were complemented with USPase::GFP
fusions expressed under the control of different constitutive, inducible or tissue
specific promotors (Geserick and Tenhaken, 2013b). Only plants with an USPase::GFP
fusion under the control of the ubiqutin10 promotor were able to form seeds which
were homozygous for the T-DNA insert in the native USPase gene. These USPase
knockdown plants retained approx. 3% USPase activity, and in these plants, anther
development was affected, both by the production of shorter anthers and by problems
in release of pollens from the pollen sac. These plants set seeds at a very low frequency
(below 0.1% of wt), and their vegetative growth was also impaired. Most importantly,
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in comparison to wt, leaf extracts from USPase-knockdown plants contained higher
contents of arabinose and xylose (and not glucuronic acid). This suggested a role for
USPase in salvaging sugars (especially arabinose and xylose) released during cell wall
turnover. The sugars, thus, can be phosphorylated by a kinase (to a sugar-1-P) and then
“activated” by USPase to a corresponding UDP-sugar which can be used for synthesis
of new cell wall polysaccharides (Geserick and Tenhaken, 2013b).
Overall, the results of the above-mentioned studies on transgenic plants impaired in
USPase gene expression clearly showed the difficulties associated with production of
plants without USPase enzyme. Given that USPase is able to directly form a plethora
of different UDP-sugars which can be used for cell wall biosynthesis or other
glycosylation-reactions and, as USPase may introduce/ remove UDP-sugars at
different points within the UDP-sugar interconversion network, it is crucial to consider
USPase also when studying other UDP-sugar metabolizing enzymes (Figure 1). Thus,
more efforts are required to understand in detail in vivo roles of USPase.

4. UAGPase enzyme
4.1. General information on reactions of UAGPase
UDP-GlcNAc pyrophosphorylase (UAGPase) activity was first identified in 1954 and
has subsequently been found in many species such as bacteria, human, Drosophila,
yeast, plants, etc. (Yang et al., 2010; Chen et al., 2014). Plants usually contain two
isozymes of UAGPase (each coded by distinct genes), both of them able to metabolize
N-acetylated UDP-sugars (and PPi from/to the corresponding N-acetylated sugar-1-P
and UTP). Whereas the UAGPase1 isozyme is strictly using GlcNAc-1-P and GalNAc-1P as the only substrates to produce the corresponding UDP-sugarNAc products,
UAGPase2 can also use Glc-1-P to produce UDP-Glc (Yang et al., 2010).
Below I will shortly discuss the role of each of the UDP-sugars and sugar-1-P produced/
utilized by UAGPase. Please note that the roles of UDP-Glc and PPi, as well as UTP and
Glc-1-P have already been described in chapters 2.1.1. and 2.1.2. concerning UGPase
substrates/products.

4.1.1. Roles of UDP-GlcNAc,UDP-GalNAc, GlcNAc-1-P and GalNAc-1-P
The N-acetylated (NAc) UDP-sugars have long been studied in many eukaryotic
species, not only plants. A reason for this was that UDP-GlcNAc is a well-known
substrate for synthesis of chitin, an essential component of cell walls in fungi and of
exoskeletons of arthropods and insects, but not in plants (Furo et al., 2015). Both UDPGlcNAc and its C4 epimer UDP-GalNAc have been identified in planta (Alonso et al.,
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2010) and, as they do not appear to contribute to bulk cell wall formation (Bar-Peled
and O’Neill, 2011), they may mainly be involved in glycosylation’s of proteins, etc.
(Niemann et al., 2015).
UDP-GlcNAc is a substrate for protein N- and O-glycosylation-reactions which were
shown to have roles in human diseases, e.g. diabetes and prostate cancer (Ruan et al.,
2013; Itkonen et al., 2014). In plants, formation of similar protein modifications, such
N-linked glycans and glycosylphosphatidylinositol (GPI)-anchoring, requires a
network of “activated” (with UDP-, GDP- and dolichol) Glc, GlcNAc and Man as well
as the involvement of GTs (A, B and C-type) (Rayon et al., 1999; Chae et al., 2014;
Kinoshita, 2014; Strasser, 2016). In wt Arabidopsis, the largest observed GlcNAc
oligomers (dimers) probably originate from degradation of such N-linked glycans
(Vanholme et al., 2014).
Plant O-type GlcNAc and GalNAc modifications of proteins have been shown/
suggested as important for different cellular responses (Niemann et al., 2015). For
example, GTs such as SPINDLY (SPY), which is O-linked GlcNAc transferase, can
modify target proteins, playing an important role for a number of hormone-related
responses. SPY maintains suppression of the GA-response, and thus reduced levels of
SPY lead to a constitutive activation of GA-responses (e.g. during embryo
development), but also reduced perception of CK (which may cause e.g. senescence,
increased root elongation etc.) (Olszewski et al., 2010). It seems also interesting to note
that bacterial lipid A synthesis originates from UDP-GlcNAc. Many of the lipid A
precursors are synthesized in plant mitochondria, but their roles are still unknown (Li
et al., 2011).
Both UDP-GlcNAc and UDP-GalNAc are transported to the endoplasmic reticulum,
where protein glycosylation occurs, via the nucleotide-sugar transporter ROCK1.
Reducing this transport leads to increased levels of CKs, supposedly by reducing the
activity of CK-degrading enzymes or targeting these for degradation; this results in
increased floral meristem activity. ROCK1 also was suggested to have a role in the
formation of the pollen outer wall (exine) (Niemann et al., 2015). Interestingly, a
bifunctional barley UDP-Gal epimerase was characterized which can interconvert
UDP-GalNAc and UDP-GlcNAc (Zhang et al., 2006), although it is not known if this
has any biological significance. GlcNAc-1-P, the substrate of UAGPase, can either be
provided by the de novo synthesis pathway (originating from Frc-6-P) or by the salvage
pathway (phosphorylation of GlcNAc by a specific kinase (AtGNK). GalNAc may also
be used by AtGNK to form GalNAc-1-P, but at very low rates (Furo et al., 2015).

4.2. UAGPase structure
The two isozymes of Arabidopsis UAGPase have molecular masses of ca. 58 kDa each
(Yang et al., 2010) and exist as monomers in solution. In contrast, human analogue of
UAGPase (AGX1) is a dimer in conditions which resemble native conditions, but
dissociates to active monomers under assay conditions (Peneff et al., 2001). Thus,
similar to plant UGPase-A, human AGX1 and/or plant UAGPases may also be regulated
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by oligomerization. Protein structures of Arabidopsis UAGPase1 and UAGPase2 were
homology-modelled using crystal structure of human AGX1 as template, revealing a
conserved catalytic fold in the central domain and helped to identify key conserved
motifs (Yang et al., 2010). Overall, the tertiary structure of UAGPase appears to
resemble those of UGPase and USPase (Kleczkowski et al., 2011b).

4.3. UAGPase localization and tissue specificity
No experimental data regarding the subcellular localization of plant UAGPases exist,
but predictions based on their aa sequences (SUBAcon) suggest that both UAGPase
isozymes reside in the cytosol (Hooper et al., 2014). Promotor and GUS fusion studies
in Arabidopsis showed UAGPase1 expression in mature pollen, stipules and root tips,
whereas UAGPase2 was expressed in stipules and root tips but also in immature
anthers, lateral root primordia and in floral meristems (Chen et al., 2014). Arabidopsis
UAGPase2 expression could be induced by virus infections (Whitham et al., 2003).
Using grafting of Arabidopsis plants from different ecotypes it was shown that the
UAGPase2 transcripts move via the phloem in a unidirectional manner from shoot to
root, under full nutrient (non-limiting nitrogen and phosphorus) (Thieme et al., 2015).

4.4. Studies on in vivo roles of UAGPase
There have only been a few studies that used transgenic plants to examine UAGPase
roles in vivo. Overexpression of both of the UAGPase isozymes from Sorghum in
Arabidopsis under control of the ubiqutin promotor led to diverse outcomes.
SbUAGPase1 overexpression had no visible effects, while SbUAGPase2 overexpression
led to increased biomass production and longer roots, but also earlier flowering (Jiang
et al., 2015).
A rice natural mutant (displaying so called “spotted leaf” phenotype) was recently
identified as a knockout in UAGPase1 gene. Those plants exhibited early senescence,
increased levels of reactive oxygen species and constitutively activated defense
response against bacterial blight (Wang et al., 2014). In Arabidopsis plants,
inactivation of both of UAGPase genes was lethal, but there were also problems with
producing plants with just one UAGPase gene fully inactivated (Chen et al., 2014).
Plants with UAGPase1 knocked out and with only one functional UAGPase2 allele were
able to form mature gametes; however, seeds with a non-functional UAGPase2 allele
were subsequently aborted during embryogenesis. Plants with UAGPase2 knocked out
and with a single functional UAGPase1 allele failed to develop both male and female
gametes (see Figure 4K-L). Thus, both UAGPase isozymes were required for
gametogenesis and embryo development. Interestingly, the aborted pollens formed a
thicker intine wall than the wt pollens (Chen et al., 2014).
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Overall, it appears thus that, similar to studies on UGPase-A and USPase in transgenic
plants (at least in Arabidopsis), fertility problems of the obtained mutants prevented
more detailed analyses of non-gametophyte and non-embryogenesis related in vivo
role of a given UAGPase protein/gene although that the studies suggested essential
roles for the UAGPases during different stages of Arabidopsis flower development/
embryogenesis.

5. Alternative sources of UDP-sugars
5.1. Sucrose synthase
The retaining GT-B enzyme sucrose synthase (SuSy) (Zheng et al., 2011) is generally
present in plants as several isozymes, six genes in Arabidopsis thaliana and Oryza
sativum (Kleczkowski and Decker, 2015) and seven genes in Populus (Gerber et al.,
2014)]. These enzymes are able to catalyze the reversible conversion of UDP and
sucrose into UDP-Glc and fructose (EC. 2.4.1.13), but it was also demonstrated in vitro
that in this reaction either the UDP or the fructose can be replaced with other NDPs or
sugars to form the corresponding NDP-sugars (forward reaction) or di-sugars (reverse
reaction) (Sauerzapfe et al., 2008; Kleczkowski and Decker, 2015). For some of these
substrates, the catalytic rate of potato SuSy was varying strongly depending on the
origin of the recombinant SuSy (eukaryotic yeast compared to prokaryotic E. coli),
possibly suggesting that a post-translational modification might be involved in
controlling the substrate specificity of SuSy (Sauerzapfe et al., 2008). In cotton, it was
shown that phosphorylation of SuSy may alter its subcellular localization from plasmamembrane-associated (for non-phosphorylated SuSy) to the cytosol (phosphorylated
SuSy) (Amor et al., 1995).
Over twenty years ago, it was suggested that SuSy was important contributor of UDPGlc to the synthesis of cell wall components such as cellulose (Amor et al., 1995; Haigler
et al., 2001). For instance, in bean epicotyls, SuSy was demonstrated to bind directly
to the catalytic unit of cellulose synthase, and thus providing UDP-Glc directly for
cellulose synthesis (Fujii et al., 2010). The in vivo roles of Arabidopsis SuSy have been
the subject of much debate (Barratt et al., 2009; Baroja-Fernández et al., 2012; Smith
et al., 2012). On the other hand, recent studies have shown that reducing the SuSy
activity in stems of alfalfa and Populus by approx. 95% or 94% (by co-suppression and
RNAi, respectively) caused no major growth alterations. This suggested that SuSy
activity is not essential for providing UDP-Glc to cellulose synthase, but appears to be
involved in sucrose metabolism (Gerber et al., 2014; Samac et al., 2015). Besides
producing UDP-Glc, SuSy was also suggested to have an important role in ADP-Glc
synthesis, by using ADP instead of UDP, as one of its substrates. The produced ADPGlc could then be used for starch biosynthesis (e.g Baroja-Fernández et al., 2003;
Baroja-Fernández et al., 2004; Baroja-Fernández et al., 2009; Smith et al., 2012;
Bahaji et al., 2014), the roles of SuSy (and of the controversies involved) was recently
reviewed by Kleczkowski and Decker (2015).
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5.2. UDP-sugar interconversion mechanisms
Formed UDP-sugars can subsequently be converted to other nucleotide-sugars by
various secondary mechanisms (Figure 2), such as the nucleotide-sugar oxidative
pathway by UDP-Glc dehydrogenase and UDP-GlcA decarboxylase, forming UDPGlcA and UDP-Xyl, respectively. Products of this pathway can then be used as
substrates for a number of epimerases to form their corresponding C4-epimers (such
as UDP-Gal, UDP-GalA and UDP-Ara). In barley, it was shown that a C4-epimerase
can interconvert UDP-GlcNAc and UDP-GalNAc (Zhang et al., 2006). UDP-Glc can
also be used as a precursor for synthesis of UDP-sulfoquinovose or UDP-rhamnose.
The previously mentioned UDP-sugars are pyranoses, but UDP-GlcA may be used to
form UDP-apiose which is in furanose form. UDP-Ara may also be converted into its
active furanose form by a mutase. No mechanisms for direct conversion between the
pools of UDP-sugars and UDP-NAc-sugars has been reported (Bar-Peled and O´Neill,
2011).
More comprehensive and in depth descriptions of the UDP-sugar interconversion
mechanisms can be found in Bar-Peled and O´Neill (2011) or Kleczkowski and Decker
(2015).

6. Perspectives
Although UDP-sugar metabolizing pyrophosphorylases have been studied for many
years (especially UGPase) there is still room for further studies. These may reveal the
fine details on how plants may control their UDP-sugar metabolizing activities by
transcriptional, translational and post-translational control, but also at the level of
enzyme regulation by metabolic effectors. This could contribute to a more
comprehensive understanding as to how UGPase, USPase and UAGPase, together with
the UDP-sugar-interconverting enzymes, function in planta to serve the needs of
different tissues, developmental stages and in response to different conditions. For
instance, very little is known about the significance of reported post-translational
modifications (phosphorylation and redox regulation) of plant UGPase (Soares et al.,
2014). Also more studies are needed to analyze further the mechanism of (de)
oligomerization of plant UGPase, given that there are currently two models: one based
on crystal structure of Arabidopsis UGPase-A1 (McCoy et al., 2007; Decker et al.,
2012), and another - based on small-angle X-ray scattering analyses of the purified
sugarcane protein (Soares et al., 2014) (see also paper #1 in this thesis).
Among plant UDP-sugar metabolizing pyrophosphorylases, only Arabidopsis UGPaseA1 has been crystallized and its structure resolved (McCoy et al., 2007). Structures of
plant USPase and UAGPase can only be modelled on corresponding proteins from nonplant eukaryotes, Leishmania in the case of USPase (Dickmanns et al., 2011), and
mammals and yeast – for UAGPase (Peneff et al., 2001) (Maruyama et al., 2007). Given
the differences in substrate specificity between different UDP-sugar metabolizing
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pyrophosphorylases (Kleczkowski and Decker, 2015) such resolved and predicated
models may aid in understanding which amino acids determine substrate specificity
(see paper #4 in this thesis).
Classical reverse genetics studies to elucidate in vivo functions of UDP-sugar
metabolizing pyrophosphorylases have frequently been hampered by the fact that plant
mutants with impaired expression of a given gene were impaired in their reproductive
abilities (e.g. Schnurr et al., 2006; Kotake et al., 2007; Meng et al., 2009b; Park et al.,
2010; Geserick and Tenhaken, 2013a; Chen et al., 2014). The resulting male sterility
prevents obtaining homozygous mutants for those proteins, and to a large extent
precludes more detailed information on the in vivo importance of those proteins, in
processes other than fertility-oriented, during plant growth and development. In
addition, other genes coding for related proteins (e.g. USPase in an UGPase mutant)
could possibly compensate for some aspects of a silenced UDP-sugar metabolizing
pyrophosphorylases (Meng et al., 2009b). To circumvent these problems alternative
approaches may aid in defining the physiological roles of the UDP-sugar metabolizing
pyrophosphorylases. An example of such an alternative approach is so called reverse
chemical genetics which postulates the use of specific inhibitors affecting one or more
of the pyrophosphorylases in vivo (see paper #2 and #3 in this thesis).

27

Goals of the thesis
Despite the presumed importance of plant UDP-sugar metabolizing
pyrophosphorylases, still relatively little is known about their enzymatic and physical
properties. This concerns especially USPase and UAGPase, which were the subjects of
only few studies (at least in plants for the later). In addition, the research on the
pyrophosphorylases lacked a comprehensive approach, where comparative studies on
all three enzymes would be systematically carried out. The same concerns elucidations
of their in vivo roles in transgenic plants. Earlier studies generally could not univocally
unveil the physiological roles of the UDP-sugar metabolizing pyrophosphorylases due
to reproductive problems in mutants and compensatory mechanisms. UGPase, USPase
and UAGPase should be further characterized in order to advance the understanding
of their biochemical properties and in vivo functions, and especially the later may be
aided by attempting a novel approach.
There were two principal aims of this Ph.D. thesis:
(i)

To further characterize enzymatic/ biochemical properties of purified plant
UGPases, USPases and a UAGPase. In this way, we would be in a unique
position of having a full set of purified UDP-sugar metabolizing
pyrophosphorylases, all tested under the same conditions, allowing e.g. for
direct comparison of their substrate specificities as well as kinetic and
physical properties.

(ii)

To identify and characterize inhibitors strongly affecting activities of the
pyrophosphorylases, to determine the mode of action of selected inhibitors
and to optimize inhibitor properties to increase their potency and specificity.
The ultimate goal would be to identify compounds which act as selective and
potent inhibitors of each or all of the pyrophosphorylases, and which can be
applied to living cells/ tissues to inhibit the relevant enzymatic activities in
vivo. This may provide tools for a future unveiling of the in vivo roles of the
pyrophosphorylases.
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Results and discussion
1. Paper #1
The main goal of this paper was to comprehensively characterize basic kinetic
characteristics of barley UGPase, focusing both on forward and reverse reactions
carried out by this enzyme (reexamination of substrate kinetics, pH optimum,
determination of the equilibrium constant). Another goal was to further characterize
its regulation by a (de)oligomerization mechanism, using GEMMA approach.
Previous studies on dicot (Arabidopsis) and monocot (barley) UGPases had mainly
been focused on the enzyme´s reverse (UPD-Glc degradation) reaction, but had also
revealed an interesting role of oligomerization(Martz et al., 2002; Meng et al., 2009a).
In an attempt to further shed light on the possible roles of monocotyledous UGPases,
we investigated both the forward and reverse reaction of the barley UGPase in more
detail and also studied possible effects of substrates on the oligomerization status of
the UGPase.
The forward activity of UGPase was detected by coupling the formed PPi (which is
produced in equimolar amounts as UDP-Glc) to a PPase activity, followed by Pi
detection (Fiske-Subbarow). The Km of barley UGPase was found to be 0.33 mM for
Glc-1-P and 0.25 mM with UTP (Table 1). These kinetic characteristics are similar to
those observed for UGPases from other plants, e.g. Kms for potato UGPase with Glc-1P and UTP were 0.18 mM and 0.17 mM respectively (Sowokinos et al., 1993), for
Arabidopsis UGPase1 - 0.14 mM and 0.08 mM, respectively, and for Arabidopsis
UGPase1 - 0.36 and 0.17 mM, respectively (Meng et al., 2008).
For some plant tissues (only non-photosynthetic as far as the author is aware) there
have been reports of the cytosolic concentrations of these compounds (Table 1).
Taking into account both Km values for barley UGPase substrates/products and their
cytosolic concentrations, at least in the barley endosperm, it appears that barley
UGPase could operate in both directions of its reaction, but that breakdown of UDPGlc would be prevalent. Both UDP-Glc and PPi are present at concentrations that are
at least 3-fold higher than their reported Km values (0.034 and 0.039 mM respectivly)
(Meng et al., 2009a) and the determined equilibrium constant (Keq) ([UDPGlc]*[PPi]/[UTP]*[Glc-1-P]) of barley UGPase is 0.4, which indicates a mild preference
for the reverse reaction. This supports the previously suggested role for UGPase in the
barley endosperm and oilseed rape embryos as the coupling mechanism using SuSyderived UDP-Glc as a substrate to produce Glc-1-P, which will subsequently serve as
substrate for AGPase to form ADP-Glc for starch synthesis. In this way, UGPase may
function as a connection between sucrose breakdown and starch synthesis in
developing cereal and oilseed rape seeds (Kleczkowski, 1996; Bahaji et al., 2014;
Schwender et al., 2015).

30

Table 1: UGPase substrate/products. (A) Reported estimates of cytosolic
in vivo concentrations of UGPase substrates/ products (Farre et al., 2001;
Tiessen et al., 2002; Tiessen et al., 2012). (B) UGPase Km values for
substrate/products (Sowokinos et al., 1993; Meng et al., 2009a).

To examine the substrate specificity of barley UGPase, the C4-epimer of Glc-1-P, Gal1-P was also examined. Very low levels of barley UGPase activity were observed with
Gal-1-P and UTP, however at very high concentrations of Gal-1-P (Km > 10 mM) which
may suggest that this reaction is unlikely to occur in vivo as high Gal-1-P
concentrations have been reported to be toxic, both in yeast (Lang and Botstein, 2011)
and humans (concentrations above 5 mM caused disease symptoms) (Fridovich-Keil,
2006) Substrate specificity studies of barley UGPase were continued and expanded
upon in paper #4, where UGPase substrate specificity was directly compared to that
of USPase and UAGPase.
The pH optima of the barley UGPase in both directions of its reaction were also
examined. The enzyme was found to operate optimally at a pH range of 6 – 9 in the
UDP-Glc synthesis direction, and pH range of 6.5 – 8.5 in the UDP-Glc degrading
direction. In comparison, the UDP-Glc degrading activity of potato UGPase has a pH
optimum of 7.5 – 9.0 (Sowokinos et al., 1993). It is unknown whether this wider range
of pH optimum for barley UGPase, in comparison to the potato enzyme, has any
implications for operation of this enzyme in vivo.
The barley UGPase pH optima for UDP-Glc synthesis resemble those reported for other
pyrophosphorylases, such as Arabidopsis USPase, for which optimal rates were
observed between 6.0 - 8.0 (Kotake et al., 2007). Considering activity with Glc-1-P, the
pH optimum for Arabidopsis USPase was at pH 7.5 – 8.5; at pH closer to 5 the enzyme
appeared to be inactivated (Litterer et al., 2006b). The strictest range of optimal
31

activity was observed for UAGPase (pH 7.6 – 8.0 for UDP-GlcNAc synthesis), however,
the enzyme showed at least some activity at pH 2.5 – 10 (Yang et al., 2010). The pH
optima would allow UGPase, UAGPase and USPases to be active in most compartments
while only UAGPase also could function in more acidic conditions.
Previous studies have shown that barley UGPase, although present as a mixture of
monomers, dimers and higher order oligomers, is only active as a monomer (Martz et
al., 2002). It was also shown that the β–helix containing C-terminal portion of the
UGPase was involved in controlling monomer/dimer ratio (and thus activity) (Meng et
al., 2009a) and similarly β–helix-to-β–helix interactions have previously been
reported to be involved in assembly of higher order oligomers of e.g. carbonic
anhydrases (Parisi et al., 2004; Ferry, 2011). The Arabidopsis UGPase crystal structure
available at the time suggested that plant UGPases may form a head-to-toe dimer in
which the active site is blocked, although the exact interfacing between the two
monomers was unclear (McCoy et al., 2007) (Figure 3A). To study possible factors
affecting the quaternary structure of the barley UGPase, we used Gas-phase
Electrophoretic Mobility Macromolecule Analysis (GEMMA) to determine the
oligomeric status of UGPase under different conditions. In the presence of substrates
for either the forward (Glc-1-P and/or UTP) or the reverse reaction (PPi and/or UDPGlc), we observed a shift to lower order oligomers. As active site binding of Glc-1-P and
PPi needs prior binding of UTP and UDP-Glc, respectively, and the active site of the
UGPase in the dimer would be blocked, binding of the substrates to the active site
would require an independent allosteric site for the substrates (Decker et al., 2012)
(Führing et al., 2013b). Such a site is to date unknown but this may represent a plant
specific mechanism (Führing et al., 2013b). Magnesium was not included during
GEMMA studies, but for human UGPase it has been suggested to only be required for
catalysis of the reaction but not essential for substrate binding (Führing et al., 2013a).
A more recent paper on sugarcane (a monocot as barley) UGPase used Small Angle XRay Scattering (SAXS) to determine the quaternary structure of the purified protein in
solution. They observed a dimer in which the interaction between the two monomers
occurred between the respective C-terminal domains (Figure 3B). The formation of
such a dimer could induce conformational changes, which may affect activity (Soares
et al., 2014). This is in contrast to the “head-to-toe” model for crystallized Arabidopsis
UGPase, where the inactivation is brought about by physical obstruction of the access
of substrates to the active site (McCoy et al., 2007). This type of dimer would also allow
substrates to directly interact with the active site which may subsequently affect the
oligomerization status. It would also more closely resemble the dimer structure
observed in other eukaryote UGPases such as human or yeast, although these require
the formation of higher order oligomers for activity (Roeben et al., 2006; Führing et
al., 2015). Further studies are required to determine if these oligomerizations occur in
vivo, if other partners than UGPase are involved, and if so elucidate the roles of these
interactions.
UGPase from another eukaryotic source (Entamoeba and Giardia) was previously
shown to be redox regulated, but as the required intramolecular cysteine-pair
(Martínez et al., 2011; Ebrecht et al., 2015) may not be present in plants based the
homology model of barley UGPase (paper I), future studies are required to explain
the recently observed redox regulation of sugarcane UGPase activity (Soares et al.,
2014).
32

2. Paper #2
The main goal of this paper was to design a new type of assay system for the UDP-sugar
metabolizing pyrophosphorylases, which would allow for a fast and efficient highthroughput screening (HTS) of thousands of samples containing UGPase or USPase
activities.
For detection of the target enzymes (barley UGPase and Leishmania USPase), we
considered previously used assays, however, to simplify automation we excluded
multistep endpoint assays such as inorganic phosphate (Pi) detection (by FiskeSubbarrow or malachite green detection of Pi originating from degradation of PPi,
formed by UGPase or USPase, by a PPase, and we also excluded assays based on
NAD(P)H detection at 340 nm as many compounds in the chemical library have
absorbance within this range. Finally, we decided to repurpose an assay which was
previously used for DNA-sequencing to suit our needs. The UDP-Glc synthesis of
UGPase or USPase was detected by converting the formed PPi (which is formed in
equimolar amounts as UDP-Glc) into ATP (by the action of ATP-sulphurylase) which
is subsequently used by firefly luciferase to produce bioluminescence (Agah et al.,
2004). This assay gave a quantitative measurement of UGPase and USPase activities
(which were both linear over time and proportional to the amount of added enzyme),
which could be detected down to a pmol/min level and neither DTT nor Pi interfered
with the bioluminescence assay.
Subsequently, to perform a HTS for identification of inhibitors against UGPase and/or
USPase (see paper #3), we wanted to find a range where the substrates were limiting
(to allow identification of competitive, uncompetitive and non-competitive inhibitors)
but activity was still easily detectable. For this, we determined apparent Kms of the
target-enzymes with their substrates. For barley UGPase, Kms values with UTP and
Glc-1-P were 0.14 and 0.26 mM, respectively, which were in the same order of
magnitude as previously reported (paper #1). For Leishmania USPase, the respective
apparent Km values with UTP, Glc-1-P and Gal-1-P were 0.4, 2.9 and 3.9 mM. These
values were higher than previously reported (2-4 fold) which may be caused by
differences in assay conditions, e.g. 5 vs. 10 mM MgCl2 (Damerow et al., 2010) or by
using un-saturating second substrates.
The above-described luminescence-based assay could also be used for detection of
some other PPi producing nucleotide-sugar metabolizing pyrophosphorylases (e.g.
GDP-Man pyrophosphorylase or UAGPase). In our case, we used this assay for HTS of
chemical libraries to identify inhibitors against UGPase and/or USPase (see paper
#3).
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3. Paper #3
The main goal here was to identify compounds that could strongly inhibit activities of
purified UGPase and USPase, and which could be used in studies on physiological
functions of these enzymes. The other goals were the optimization of the identified
compounds and identification of a suitable plant system for the in vivo studies.
Genetic studies on mechanisms of UDP-sugar formation were frequently hampered
both by reproductive impairment of the resulting mutants (Park et al., 2010; Geserick
and Tenhaken, 2013b; Chen et al., 2014) and by functional-complementation from
related enzyme(s), hindering clear interpretation of the results (Meng et al., 2009b). It
was thus difficult to unequivocally assess the in vivo roles of the separate UDP-sugar
forming enzymes. In an attempt to provide a complement to the previous studies in
which UGPase, USPase or UAGPase protein levels were interfered with at gene or
transcription level, we wanted to directly interfere with the activity of the UGPase
and/or USPase by using specific-inhibitors. As no such inhibitors are known, we
decided to identify such compounds by performing a HTS against a chemical library of
potential inhibitors against the UDP-sugar metabolizing pyrophosphorylases we had
access to at the time (barley UGPase and Leishmania USPase). The procedure is
outlined in Figure 5.

Figure 5. Summary of screening procedure to identify UGPase and
USPase inhibitors. Yellow boxes describe assays and criteria-based
selection steps, light blue boxes show number of compounds which were
accepted in different stages of the HTS and green boxes describe
confirmation experiments which were orthogonal to the screens. Inset
summarizes the semi-robotized HTS methodology used (well content is
described in detail in paper #2).
34

The luciferase-coupled assay described in paper #2 was used to identify compounds
which inhibited UGPase or USPase. The screening campaign was initiated when we
routinely could produce plates with a Z´score above 0.5 (which indicated we had an
acceptable detection window for identification of inhibitors) (Zhang et al., 1999).
Initially we screened UGPase against the LCBU library (containing 17,500 compounds
which were selected to cover a large chemical space) at 10 µM. To confirm compounds
identified in the primary screen, all compounds were rescreened and subsequently
luciferase inhibitors were identified by circumventing UGPase in the assay. These
identified luciferase-inhibitors were subsequently excluded in later screens of the
LCBU-library.
We subsequently re-screened the LCBU library separately against UGPase and USPase.
This time the compounds were provided at 50 µM concentration, while both substrates
were provided at limiting concentrations. Compounds which inhibited either target
enzyme were re-screened in a manner similar to the screen described above to exclude
compounds which had an effect on the assay-system or could not be repeated. The
identified inhibitors were inhibiting both UGPase and USPase activities, possibly
reflecting common structural features of active sites of these enzymes (Kleczkowski et
al., 2011b). Dose-response studies against both target enzymes revealed that they all
had IC50 values in the µM-range against both targets. The lack of stronger inhibitors
was not very surprising as inhibitors effective at nM-ranges should have been picked
up in the initial screen.
The potential of our identified candidate compounds for plant uptake was evaluated by
analyzing their physicochemical properties. This type of methodology is commonly
applied in the pharmaceutical field, and was famously described by Lipinski et al.
(2001) as “the rule of 5”. The principal assumption was that compounds with more
than 5 hydrogen bond donors, 10 hydrogen-bond acceptors, molecular mass over 500
and lipophilicity (Log P) over 5 commonly were found to have poor oral uptake in
humans. These physicochemical properties could therefore be used as guidelines to
avoid possibly problematic compounds (Lipinski et al., 2001). Subsequently, this
method has been refined by abandoning the rule-based system for quantitative
methods (Bickerton et al., 2012). Recently, desirability functions for uptake and
translocation in plant roots, based on the physicochemical properties of a given
compound, were proposed which could allow scoring of the identified UGPase and
USPase inhibitors based on the likelihood of plant uptake (quantitative estimation of
plant translocation, QEPT) (Limmer and Burken, 2014). This analysis that cmp #6 was
the most promising. When studying the in vivo effects of UGPase and USPase
inhibitors, we decided not to use them on whole plants to avoid possible unwanted
effects such as a decreasing concentrations gradients originating from the zone of
applications, tissue-specific effects, etc. Instead, the in vivo effects of the inhibitors
were evaluated in two more homogeneous plant systems: Arabidopsis pollen
germination (Boavida and McCormick, 2007) and Arabidopsis cell culture (Kunz et al.,
2014). The cmp #6 acted as strong inhibitor of both pollen germination tests and cell
growth, which verified the results of our QEPT analysis, and indicated that indeed the
inhibitor was able to enter plant cells to reach its target(s).
In order to identify even stronger inhibitors of UGPase and/or USPase, we performed
a so-called hit-expansion, where compounds which are analogous to the topcandidate(s) are examined to identify superior inhibitors. We used #6 as starting point,
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since it was relatively effective in vitro (effect in µM-range against both UGPase and
USPase), in vivo (effect in µM-range against both pollen germination and cell culture),
had acceptable QEPT and there were many commercially available analogs. Two
rounds of hit-expansion allowed us to evaluate the importance of different parts of the
cmp #6 molecule, and gave clues to the structure-activity-relationship (SAR) for our
target enzymes and the #6 and its analogs, shown in Figure 6.
The SAR analyses of cmp #6 and its analogs have revealed that the salicylamide
derivative (aromatic ring A and R1-R2) was present in most active compounds
(inhibition of both UGPase and USPase), with the exception of #6H which may
represent a different mode of inhibition. Modifications of the first portion of the linker
(R3, between ring A and B) led to abolished inhibition, whereas changes of the length
of the linker were acceptable (R4). Considering aromatic ring B, modifications of the
meta-positions (R5 and R7) led to inactive inhibitors, changes in the para-position
(R6) could alter the strength of the inhibitors, and halogens were accepted, while Omethyl (#6D) and S-methyl (#6D2) substituents led to increased potency. Little/no
inhibition was observed for dimethylamine substituents in the para-position (R6)
against USPase activity, whereas UGPase was inhibited which could mean that this
compound (#6B) may be used as a starting point to identify more specific inhibitors.

Effect
Inhibition (%)
Inhibitor in‐
of UGPase at A
house name
50 µM
#6D2
#6H
#6D
#6B
#6D4
#6I
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#6D1
#6K
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#6E
#6C
#6F
#6J
#6D3
PA
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The final molecule (#6D2), which was selected based on potency, contains four main
parts, all potentially problematic and had to be evaluated. Two of the parts resemble
known metabolites: ring A and substituents R1-R3 resemble salicylic acid, while ring B
and substituents R3-R7 are similar to p-coumaric acid. These two compounds were,
however, not able to cause similar effects as cmp #6D and #6D2, neither in vivo nor in
vitro. Both #6D and #6D2 also contain structures which could potentially serve as
metal-chelators (R3) and/or Michael-acceptors (R4), but those were unlikely to play a
role for UGPase/ USPase inhibition, as they were also present in inactive compounds.
Based on the SAR originating from the lead compound (#6), the most promising
candidate inhibitors, based on their potency, were cmp #6D and #6D2, and they were
subsequently selected for further studies. They acted as uncompetitive inhibitors
against both UGPase and USPase (with e.g. inhibition constants for cmp #6D2 of 30
and 40 µM against UTP and Glc-1-P, respectively, for UGPase; and 70 and 50 µM
against UTP and Glc-1-P, respectively, for USPase), and were strongly inhibiting during
pollen test, with their apparent inhibition constants of less than 1 µM. The
uncompetitive mode of inhibition by cmp #6D and #6D2 seems useful for in vivo
studies, as the effect of the inhibitor will not be outcompeted (as in the case of
competitive inhibitors) by accumulating substrates.
In an attempt to functionally-complement the effects of the inhibitor, and to link the
observed #6D2-dependent inhibition of pollen germination to UDP-sugar metabolism,
which may be caused by reduced UGPase/USPase activity, effects of the inhibitor were
also studied in the presence of UDP-sugars applied to the pollen. In such cases, the
inhibitory effects of cmp #6D2 on pollen germination were relieved in the presence of
UDP-Glc and UDP-Gal, but not by UDP-GlcA. As UDP-Glc and UDP-Gal can be
interconverted by epimerases, whereas UDP-GlcA can be formed from UDP-Glc, but
not vice versa (Figure 2), the observed effects are consistent with the inhibitor
affecting either UDP-Glc and/or UDP-Gal metabolism. Alternatively, the target could
be a GT which would have to be competitively inhibited by #6D2, with UDP-Glc and/or
UDP-Gal outcompeting the inhibitor. Plants are also known to synthesize different
forms of glycosylated salicylic acids, the major being SA-2-O-β-D-glucoside (SAG) and
the minor SA-Glc ester (SGE), with both forms being inactive and stored in the plant
vacuoles (Rivas-San Vicente and Plasencia, 2011). In analogy, perhaps a #6D2glucoside can also be formed (by glycosylation of ring A and R1-R2) and subsequently
sequestered. Transgenic plants with altered UGPase gene expression were shown to
have altered levels of SAGs (Coleman et al., 2007; Payyavula et al., 2014). If such
sequestering occurs, however, it should also happen with cmp #6A and #6K (which
were inactive against the target enzymes, but still caused blocked pollen germination,
probably by affecting off-targets in a manner that could not be relieved by UDP-Glc
supplementation).
Our heuristic complementation studies have not disproven the hypothesis that the
observed in vivo effects are caused by a specific inhibition of UGPase and/or USPase,
but a direct proof that off-targets are not responsible is required. To address this in the
future, application of inhibitors on plants lacking UGPase and/or USPase activity could
allow identification of effects caused by off-targets. However, as the production of such
plants is problematic, an alternative strategy for this could be to produce a plant
lacking native UGPase into which a #6D2-immune UGPase is introduced. Such an
UGPase enzyme would have a disrupted #6D2-binding site. This might be the case in
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a structurally unrelated bacterial UGPase or a plant UGPase where the inhibitor
binding site is mutated, but the resulting mutant remains active. Thus, future work
may include: performing a direct-complementation to connect the observed in vivo
effects with e.g. UGPase, production of a plant in which the native UGPase is removed
and replaced with an UGPase which is unaffected by the UGPase/ USPase-inhibitors.
Such an endeavor would be greatly aided by knowing the exact binding site of the
UGPase/USPase-inhibitors. Attempts at crystallization of the UGPase with the
UGPase/USPase-inhibitors have not yet been successful, but preliminary in silico
docking predictions have suggested some possible binding sites. For some of these
cases one may produce site-mutated versions of the UGPase enzymes, which are still
active, but may have lower or/no affinity to the inhibitors. If such an enzyme is
introduced to a plant with no native UGPase and subsequently treated with
UGPase/USPase-inhibitor, any observed inhibitory effects could then be attributed to
off-target(s).
Overall, the results suggest that #6D and #6D2 and its analogs may represent useful
tools to study in vivo roles of the UDP-sugar metabolizing pyrophosphorylases and
may serve as a complement to the genetic approaches, especially as they may
distinguish enzymatic and structural roles of the proteins. Further hit expansion on
cmp #6 analogs and, perhaps, on other inhibitors identified during the chemical library
screening, may yield compounds which will act even stronger against the
pyrophosphorylases than cmp #6D2 (#6H and #6I may be a promising starting-point
as they may function differently from the other #6-analogs), and could be useful for in
vivo studies. Finding inhibitors that specifically affect a given pyrophosphorylase
activity should be one of the priorities.

4. Paper/manuscript #4
Studies on enzyme specificity of the UDP-sugar metabolizing pyrophosphorylases have
commonly been performed using a single enzyme to examine a range of sugar-1-phospates and
NTPs and vice versa (Ritter et al., 1996; Kotake et al., 2007; Litterer et al., 2006b; Yang et al.,
2010). The choice of tested substrates usually reflected their commercial availability at the time
of the studies, and what was already known about substrate specificity of a given enzyme.
In this manuscript, substrate specificities of several purified plant UDP-sugar metabolizing
pyrophosphorylases, including barley and Arabidopsis (two isozymes) UGPases, Arabidopsis
USPase as well as Arabidopsis UAGPase2, were investigated using as many as 11 different
sugar-1-phosphates and 5 NTPs. The sugar-1-phosphates covered a wide range of
configurations/substituents on most positions of the sugar. Some of them were used to
possibly explain the origin of certain rare nucleotide sugars previously reported in plants (BarPeled and O’Neill, 2011; Kleczkowski and Decker, 2015). The data obtained from the initial
substrate-combination screens were used to construct a rudimentary QSAR-model which
suggested some promising additional substrate combinations to examine further.
Neither of the tested UGPases, USPase nor UAGPase appeared to favor purine substrates (ATP
or GTP), nor the pyrimidine CTP, but all preferentially used UTP as nucleotide donor, and they
differed in their specificity for sugar-1-P. UGPases had high activity with D-Glc-1-P, but could
also react with β-D-Frc-1-P (Km over 10 mM). Contrary to an earlier report, their activity with
Gal-1-P was extremely low. USPase reacted with a range of sugar-1-phosphates, including DGlc-1-P, D-Gal-1-P, D-GalA-1-P (Km of 1.3 mM), β-L-Ara-1-P and α-D-Fuc-1-P (Km of 3.4 mM).
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In contrast, UAGPase2 reacted only with D-GlcNAc-1-P, D-GalNAc-1-P (Km of 1 mM) and, to
some extent, with D-Glc-1-P (Km of 3.2 mM). The results were discussed with respect to the
roles of the pyrophosphorylases as providers of direct precursors for the formation of
glycosylated end products in plants.
Generally, enzyme affinities toward substituents on C2, C4 and C6 of the pyranose ring of a
sugar were crucial determinants of substrate specificity of a given pyrophosphorylase. All three
enzymes were strictly accepting Glc-like substrates with regard to configuration on the
anomeric carbon or on C2. Comparisons of structural models of UDP-sugar binding to UGPase,
USPase and UAGPase2 revealed similarities in UDP-moiety binding, and differences in sugar
binding, which may partially explain differences in substrate specificity of these proteins.
UAGPase2 was also found to be inhibited by the same compounds that were earlier shown to
affect UGPase and USPase activities, probably by targeting a common feature of the
pyrophosphorylases.
Future studies of UGPase, USPase and UAGPase should also aim at understanding how the
enzyme/substrate interactions are changing during the catalytic cycle, similarly to what was
described for Leishmania UGPase (Führing et al., 2013a). However, until resolved crystal
structures are available for plant USPase and UAGPases, homology models may still help in
elucidating some aspects of how UGPase,USPase and UAGPase bind their substrates.
In the future, one could examine sugar-1-phosphates which have been inferred from the QSARmodels as possible substrates for USPase, as those compounds become available. As the
methods used here could easily be applied to assay other pyrophosphorylases, such as AGPase
or GDP-mannose pyrophosphorylases (VTC1), this could possibly reveal the
mechanisms/origin of those nucleotide sugars which are not produced by either
UGPase/USPase/UAGPase activity, but were earlier reported to be present in plant
preparations (Bar-Peled and O’Neill, 2011; Kleczkowski and Decker, 2015), e.g. a GlcN-1-P
dependent pyrophosphorylase activity (Ritter et al., 1996). Also, one could repeat the same
type of substrate-specificity screens for the same enzymes, but purified from plant extracts or
overexpressed/purified using a eukaryotic system (e.g. yeast) rather than
overexpressed/purified in prokaryotic systems. This would facilitate the determination of
whether post-translational modifications have any effect on substrate specificity of a given
pyrophosphorylase. A similar comparative study found striking differences in substrate
specificity for potato SuSy1 (Sauerzapfe et al., 2008) but differences were also observed for pea
USPase purified from plant and prokaryote sources (Kotake et al., 2004).
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5. Paper #5
In this review, studies on USPase from a wide range of organisms, both prokaryotes
and eukaryotes, were comprehensively discussed, focusing both on enzymatic and
structural properties as well as presumed functions of this protein. This was the first
review on USPase from any source. Substrate specificity with different sugar-1phosphates of USPases from different species was reviewed, with emphasis on the roles
of each of the UDP-sugars produced by a given USPase enzyme. The first structural
model for plant USPase was presented, based on the just then available crystal
structure of USPase from Leishmania. The model allowed for recognition of the
common structural architecture of USPase with other plant UDP-sugar metabolizing
pyrophosphorylases. Some strategies for future research on USPase were discussed,
including possibility of using inhibitors to study USPase in vivo functions.

6. Paper #6
This review paper provided a survey of distinct plant nucleotide-sugar
pyrophosphorylases (all using NTP as one of the substrates and differing in sugar
specificity) as well as nucleotide-sugar phosphorylases and SuSy (all using NDP as one
of substrates). Thus, besides UGPase, USPase and UAGPase, the other surveyed
pyrophosphorylase-type enzymes were AGPase, VTC1 and fucose kinase:GDP-Fuc
pyrophosphorylase, whereas phosphorylases included ADP-Glc phosphorylase and
GDP-Gal phosphorylase (VTC2/VTC5). We also examined the activation mechanism
of 3-deoxy-D-manno-octulosonic acid (Kdo) by CMP-Kdo synthetase, leading to the
formation of a unique NMP-linked sugar (CMP-Kdo). Brief analyses were also
provided for reactions involving interconversions of nucleotide sugars. All these
enzymes were discussed with respect to their substrate specificities and structural
features (if known) and their proposed in vivo functions. Since fertility problems were
evident in transgenic plants defective in expression of many of these NDP-sugar
metabolizing enzymes, the use of specific inhibitors was postulated as a feasible
alternative to study their in vivo functions.
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