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Plant cell wall synthesis requires a number of different nucleotide sugars which provide the building blocks of the 
different polymers. These nucleotide sugars are mainly provided by de novo synthesis but recycling pathways also con-
tribute to the pools. The last enzyme of the recycling pathway is UDP-sugar pyrophosphorylase (USP), a single copy gene 
in Arabidopsis, of which a knockout is lethal for pollen development. Here we analyze the dependency between USP 
enzyme activity and the upstream glucuronokinase. Gene silencing of USP by miRNA cause a concomitant reduction 
of USP and of glucuronokinase activity presumably to prevent the accumulation of sugar-1-phosphates interfering with 
normal metabolism and depleting the phosphate pool of the cell.
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The synthesis of plant cell wall polymers requires a number of 
different nucleotide sugars as building blocks. A complex enzy-
matic network is providing the different GDP- and UDP-sugars 
to polymer synthases in the Golgi apparatus.1 Mutants in nucleo-
tide sugar interconverting enzymes from Arabidopsis have shown 
that a reduction in one (or more) nucleotide sugars alters polymer 
biosynthesis of cell walls.2-4 This can be a reduction in the for-
mation of certain polymer type or changes in their substructure 
composition. Except for UDP-glucose most other nucleotide sug-
ars are present in low concentrations in plant cells, often below 
10 µM in cellular extracts.5 Thus a coordinated and balanced 
formation of nucleotide sugars is a prerequisite for normal cell 
wall polymer biosynthesis

During development of plants the cell wall is remodeled and 
some polymers are degraded or modified by hydrolases which 
release sugar monomers as final products. These sugars are recy-
cled to nucleotide sugars by the action of two principle enzymatic 
reactions. First a number of different substrate specific sugar-
1-kinases activate the monomers into the corresponding sugar-
1-phosphates (Fig.  1). They are substrates for the subsequent 
enzyme UDP-sugar pyrophosphorylase (USP) an enzyme with 
broad substrate specificity (Fig. 1). USP takes at least 5 different 
sugar-1-phosphates as substrates and converts them into the cor-
responding UDP-sugars thereby releasing pyrophosphate.6-9 The 
reaction is energetically reversible so that equilibrium between 
the pairs UTP plus sugar-1-phosphate and UDP-sugar plus pyro-
phosphate is reached. For the USP from pea, the same ratio of the 
metabolite pairs is reached independent on the enzymatic reac-
tion in forward or reverse mode which is for Glc-1-phosphate plus 

UTP about 30% UDP-glucose and 70% Glc-1-phosphate.6 By 
adding pyrophosphatase to the reaction the same reaction results 
in almost 100% UDP-Glc.6 In the cellular context, the hydrolysis 
of the energy-rich pyrophosphate by phosphatases or pyrophos-
phate dependent proton pumps drives the biosynthesis pathway 
toward the UDP-sugars.

USP is encoded by a single copy gene in Arabidopsis 
(At5g52560). Attempts to obtain homozygous knockout mutants 
failed and suggest an essential role of USP for the development 
of vital pollen.10,11 Aberrant formation of the pecto-cellulosic 
network of the intine in pollen grains carrying a defect in the 
USP gene was demonstrated by.10 A recent paper by Geserick and 
Tenhaken (2013) further analyses the function of USP for plant 
cells. They confirmed the lethality of homozygous knockouts in 
USP and developed a strong knockdown line for USP to study 
the role of USP for nucleotide sugar metabolism during plant 
development. Different genetic complementation approaches 
for usp-mutants were performed. Efforts rescuing the recycling 
of single but not all sugars (e.g., glucuronic acid) failed sug-
gesting that the physiological role of USP is broader than the 
salvage of a single sugar. The usp knockdown plant accumu-
lates arabinose and xylose suggesting that these two sugars in 
vivo are important substrates for USP. As shown in Figure 1, 
the substrates for USP are sugar-1-phosphates which were not 
directly measured in the study by.11 Nevertheless, the finding of 
the accumulation of arabinose and xylose most likely in addi-
tion to arabinose-1-phosphate and xylose-1-phosphate suggests 
a biochemical mechanism that prevents the full conversion of 
e.g., arabinose into arabinose-1-phosphate. To understand and 
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dissect this observation we analyzed the activity of glucurono-
kinase12 as a representative enzyme of the sugar-1-kinase group 
and of USP in transgenic lines showing a downregulation of 
USP by expression of a miRNA targeted against the USP gene.

Figure 2 shows the activity of USP in correlation with the 
amount of transcripts for the enzyme. It is evident that a close 
correlation exists between the amount of USP mRNA and USP 
activity. The 3 wild type samples are grouped and circled in 
Figures 2 and 3. The wild type cluster is strongly separated from 
the group of silenced plants. The same transgenic lines were 
used to measure the activity of glucuronokinase. In Figure 3A 
the activity of glucuronokinase is plotted against the activity of 
USP. Surprisingly, the miRNA lines with low USP activity have 
also a low glucuronokinase activity, indicating a link between 
both enzymes. A residual activity of glucuronokinase remains in 
plants which is independent of the USP activity. The transcripts 
for glucuronokinase are lower in silenced USP plants compared 
with wild type plants (Fig. 3B). This suggests that at least part 
of the reduction of glucuronokinase activity, observed in USP 
silenced plants, is due to lower transcription of the glucurono-
kinase gene. However most of the reduction of glucuronokinase 
activity is not explained by the transcript level suggesting a post-
transcriptional modification of the enzyme.

How USP activity controls the amount of glucuronokinase 
is currently unknown. The direct inhibition of either enzyme 
by metabolites is rather unlikely in our measurements because 
all protein extracts were desalted on Sephadex to remove low 
molecular weight compounds including sugar-1-phosphates. 

The downregulation of the sugar-1-kinase is of physiological 
importance as otherwise the cells may deplete the phosphate 
pool to an undesired extend. Furthermore, sugar-1-phosphates 
may interfere with regular cellular pathways causing undesired 
side effects. Given that glucuronokinase and USP act sequen-
tially to convert glucuronic acid into UDP-GlcA it would also 
make sense that both enzymes interact or stabilize each other to 
allow efficient substrate conversion. During evolution, the genes 
of some of the sugar-1-kinases (.e.g. for fucose) have merged 
with appropriate pyrophosphorylases resulting in two-domain 
fusion proteins.13
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Figure 2. Enzymatic activity of USP in USP-miRNA silenced plants. The 
activity of USP is widely correlated with the amount of transcripts for 
USP, which were silenced by the expression of a targeted miRNA against 
the USP gene. A miRNA 319 targeting USP was designed according to 
(http://wmd3.weigelworld.org/cgi-bin/webapp.cgi). The USP enzyme 
activity and transcript levels was measured according to11

Figure 1. Schematic pathway of recycling of nucleotide sugars. The sugar 
monomers are phosphorylated at the 1-position by substrate specific sugar-
1-kinases. The second step is catalyzed by UDP-sugar pyrophosphorylase, 
which accepts several sugar-1-phosphates as substrates. 1) Arabinokinase; 
2) Galactokinase; 3) Galacturonokinase; 4) Glucuronokinase; 5) putative 
Xylokinase; 6) UDP-sugar pyrophosphorylase.
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Figure  3. (A) Glucuronokinase activity plotted against USP activity. (B) 
Glucuronokinase activity plotted against mRNA for the gene. The glucuro-
nokinase enzyme activity was measured according to14 transcripts for gluc-
uronokinase were measured by SybrGreen qPCR using primers GACCATCTCC 
TGAATCGTTT G and ACCATCTTTG CCGAACCATA C and EF1α as a reference 
gene.
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