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Abstract 

Nucleotide sugars act as donor substrates in enzymatic glycosylation reactions and thus play 

central roles in cellular metabolism. Their lack can lead to defective macromolecular 

structures, resulting in interference with growth and cell signaling. In humans, uridine 5’-

diphosphate (UDP)-glucose (UDP-Glc) is utilized by UDP-Glc dehydrogenase (hUGDH) to 

produce UDP-glucuronic acid (UDP-GlcUA), which in turn acts as substrate in synthesis of 

UDP-xylose (UDP-Xyl) by UDP-Xyl synthase (hUXS). The products of these complex 

nicotinamide adenine dinucleotide (NAD
+
)-dependent multi-step transformations are vital in 

build-up of extracellular matrix proteoglycans. 

In situ 
1
H NMR studies were used to investigate interaction between hUGDH and a thio-

hemiacetal intermediate. In the case of hUXS, a combination of structural studies, reaction 

course analysis and molecular dynamics simulations served to elucidate the three distinct 

steps in the enzyme-catalyzed oxidative decarboxylation. The results revealed that distortion 

of the pyranoside ring through a group of highly conserved residues in the active site of hUXS 

is strongly conducive to catalysis by optimally aligning reactive side groups of the ligand with 

the enzyme and led to a detailed mechanistic proposal for the reaction catalyzed by hUXS. 

The significance of residue conservation in hUXS was further explored by mutational studies 

that gave insights into structure-function relationships in the enzyme. 

Notwithstanding their high biological importance, synthetic ways towards both UDP-GlcUA 

and UDP-Xyl are not well established. Therefore, an enzymatic redox cascade employing 

hUGDH and hUXS for production of these compounds from UDP-Glc was developed. 

Coupling of the biosynthetic reaction to three-step chemo-enzymatic co-enzyme regeneration 

by Candida tenuis xylose reductase and bovine liver catalase was crucial to overcome 

inhibitory effects of reduced NAD
+
 and to achieve high product yields. 

Production of 
2
H- and 

13
C-labeled as well as deoxygenated UDP-GlcUA was a prerequisite 

for subsequent investigation of UDP-apiose (UDP-Api)/UDP-Xyl synthase (UAXS). D-apiose 

(Api), a branched carbohydrate unique to plants, serves to crosslink different polysaccharide 

chains in glycoconjugates in the cell wall. UAXS catalyzes the chemically intriguing decar-

boxylation/pyranoside ring contraction reaction from UDP-GlcUA to the Api precursor UDP-

Api. Comprehensive probing of the enzymatic reaction using the synthesized compounds 

allowed to decipher the elusive mechanism of UAXS and delineated how the enzyme 

chemically achieves a reorganization of the carbon skeleton from pyranoside to furanoside. 
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Zusammenfassung 

Nukleotidzucker sind Donorsubstrate in enzymatischen Glykosylierungsreaktionen und haben 

daher wichtige metabolische Funktionen. Ihr Fehlen kann zu defekten makromolekularen 

Strukturen führen, was Wachstum und zelluläre Kommunikation beeinträchtigt. Im Menschen 

verwendet Uridin-5‘-Diphosphat (UDP)-Glucose (UDP-Glc)-Dehydrogenase (hUGDH) UDP-

Glc zur Produktion von UDP-Glucuronsäure (UDP-GlcUA), welche wiederum als Substrat in 

der Synthese von UDP-Xylose (UDP-Xyl) durch UDP-Xyl-Synthase (hUXS) fungiert. Die Pro-

dukte dieser nicotinamidadenindinukleotid (NAD
+
)-abhängigen komplexen mehrstufigen Um-

wandlungen sind im Aufbau von Proteoglykanen in der extrazellulären Matrix unerlässlich. 

Um die Interaktion zwischen hUGDH und einem Thiohemiacetalintermediat zu untersuchen, 

wurden in situ 
1
H-NMR-Messungen verwendet. Im Fall von hUXS diente eine Kombination 

aus strukturellen Studien, Analyse des Reaktionsverlaufs und Moleküldynamiksimulationen 

dazu, die drei Schritte der enzymkatalysierten oxidativen Decarboxylierung aufzuklären. Die 

Ergebnisse zeigten, dass eine Verformung des Pyranosidrings durch eine hochkonservierte 

Aminosäuresequenz im aktiven Zentrum von hUXS die Katalyse durch die optimale Orientie-

rung von reaktiven Seitengruppen des Liganden mit dem Enzym fördert und führten zu einem 

detaillierten mechanistischen Vorschlag für die hUXS-katalysierte Reaktion. Die Bedeutung 

der Aminosäuresequenzkonservierung in hUXS wurde durch Mutationsstudien, welche Ein-

blicke in Struktur-Funktions-Beziehungen im Enzym gaben, weitererforscht. 

Synthetische Wege zu UDP-GlcUA und UDP-Xyl sind trotz deren hoher biologischer Bedeu-

tung kaum vorhanden, weshalb eine enzymatische Redoxkaskadenreaktion mit hUGDH und 

hUXS zur Herstellung dieser Verbindungen entwickelt wurde. Um eine Inhibierung durch re-

duziertes NAD
+
 zu verhindern und hohe Erträge zu erzielen, war es entscheidend, die biosyn-

thetische Reaktion mit einer dreistufigen chemoenzymatischen Kaskade zur Coenzymregene-

rierung mittels Xylosereduktase aus Candida tenuis und Rinderleberkatalase zu koppeln. 

Die Herstellung von 
2
H- und 

13
C-markierter sowie deoxygenierter UDP-GlcUA stellte die 

Voraussetzung für die nachfolgende Untersuchung von UDP-Apiose (UDP-Api)/UDP-Xyl-

Synthase (UAXS) dar. D-Apiose (Api) ist ein nur in Pflanzen vorkommender verzweigter Zu-

cker, der der Quervernetzung verschiedener Polysaccharidketten in Glykokonjugaten in der 

Zellwand dient. UAXS katalysiert die chemisch interessante Decarboxylierung-Pyranosid-

ringkontraktion von UDP-GlcUA zum Api-Vorläufer UDP-Api. Eine umfassende Untersu-

chung der enzymatischen Reaktion mithilfe der erzeugten Stoffe ermöglichte, den bemerkens-

werten Mechanismus von UAXS zu entschlüsseln und zeigte, wie das Enzym die Pyranosid-

zu-Furanosid-Reorganisation des Kohlenstoffgerüsts chemisch realisiert.  



 

6 

Table of contents 

 

Catalytic mechanism of human UDP-glucose 6-dehydrogenase: in situ proton NMR 

studies reveal that the C-5 hydrogen of UDP-glucose is not exchanged with bulk water 

during the enzymatic reaction 

Thomas Eixelsberger, Lothar Brecker, Bernd Nidetzky 

Carbohydrate Research 356 (2012), 209-214             7 

 

Structure and mechanism of human UDP-xylose synthase: Evidence for a promoting 

role of sugar ring distortion in a three-step catalytic conversion of UDP-glucuronic acid 

Thomas Eixelsberger, Sabine Sykora, Sigrid Egger, Michael Brunsteiner, Kathryn L. 

Kavanagh, Udo Oppermann, Lothar Brecker, Bernd Nidetzky 

The Journal of Biological Chemistry 287 (2012), 31349-31358         14 

Supplementary Information              26 

 

Catalytic mechanism of human UDP-xylose synthase: significance of conserved residues 

in the active site 

Thomas Eixelsberger, Hansjörg Weber, Bernd Nidetzky 

Manuscript in preparation              38 

 

Enzymatic redox cascade for one-pot synthesis of uridine 5’-diphosphate xylose from 

uridine 5’-diphosphate glucose 

Thomas Eixelsberger, Bernd Nidetzky 

Advanced Synthesis and Catalysis 356 (2014), 3575-3584          58 

Supplementary Information              69 

 

The mechanism of UDP-apiose/UDP-xylose synthase reveals C-branched sugar bio-

synthesis in plants 

Thomas Eixelsberger, Doroteja Horvat, Alexander Gutmann, Hansjörg Weber, Bernd 

Nidetzky 

Submitted manuscript               74 

Supplementary Information            104 

 

Scientific record             133 



7 

Catalytic mechanism of human UDP-glucose 6-dehydrogenase: in situ 

proton NMR studies reveal that the C-5 hydrogen of UDP-glucose is 

not exchanged with bulk water during the enzymatic reaction  



Catalytic mechanism of human UDP-glucose 6-dehydrogenase: in situ proton NMR studies reveal that the 

C-5 hydrogen of UDP-glucose is not exchanged with bulk water during the enzymatic reaction 

8 

 



Catalytic mechanism of human UDP-glucose 6-dehydrogenase: in situ proton NMR studies reveal that the 

C-5 hydrogen of UDP-glucose is not exchanged with bulk water during the enzymatic reaction 

9 

 



Catalytic mechanism of human UDP-glucose 6-dehydrogenase: in situ proton NMR studies reveal that the 

C-5 hydrogen of UDP-glucose is not exchanged with bulk water during the enzymatic reaction 

10 

 



Catalytic mechanism of human UDP-glucose 6-dehydrogenase: in situ proton NMR studies reveal that the 

C-5 hydrogen of UDP-glucose is not exchanged with bulk water during the enzymatic reaction 

11 

 



Catalytic mechanism of human UDP-glucose 6-dehydrogenase: in situ proton NMR studies reveal that the 

C-5 hydrogen of UDP-glucose is not exchanged with bulk water during the enzymatic reaction 

12 

 



Catalytic mechanism of human UDP-glucose 6-dehydrogenase: in situ proton NMR studies reveal that the 

C-5 hydrogen of UDP-glucose is not exchanged with bulk water during the enzymatic reaction 

13 

 



14 

Structure and mechanism of human UDP-xylose synthase: evidence 

for a promoting role of sugar ring distortion in a three-step catalytic 

conversion of UDP-glucuronic acid  



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

15 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

16 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

17 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

18 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

19 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

20 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

21 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

22 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

23 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

24 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

25 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

26 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

27 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

28 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

29 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

30 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

31 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

32 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

33 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

34 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

35 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

36 

 



Structure and mechanism of human UDP-xylose synthase: evidence for a promoting role of sugar ring 

distortion in a three-step catalytic conversion of UDP-glucuronic acid 

37 

 



38 

Catalytic mechanism of human UDP-xylose synthase: significance of 

conserved residues in the active site 



Catalytic mechanism of human UDP-xylose synthase: significance of conserved residues in the active site 

39 

Note 

Catalytic mechanism of human UDP-xylose synthase: 

significance of conserved residues in the active site 

 

Thomas Eixelsberger
1
, Hansjörg Weber

2
, Bernd Nidetzky

1,3,* 

 

1
 Institute of Biotechnology and Biochemical Engineering, Graz University of Technology, 

NAWI Graz, Petersgasse 12/I, A-8010 Graz, Austria 

2
 Institute of Organic Chemistry, Graz University of Technology, NAWI Graz, 

Stremayrgasse 9, A-8010 Graz, Austria 

3
 Austrian Centre of Industrial Biotechnology, Petersgasse 14, A-8010 Graz, Austria 

* Corresponding author; e-mail: bernd.nidetzky@tugraz.at, tel.: +43 316 873 8400, 

fax: +43 316 873 108400 

  



Catalytic mechanism of human UDP-xylose synthase: significance of conserved residues in the active site 

40 

Abstract 

Uridine 5’-diphosphate (UDP)-xylose (UDP-Xyl) synthase (UXS) catalyzes the three-step 

oxidative decarboxylation of UDP-glucuronic acid (UDP-GlcUA) to UDP-Xyl. A remarkable 

feature of this transformation is distortion of the pyranoside ring by UXS during the reaction. 

The closely related UDP-glucuronic acid 4-epimerase (UGAE) interconverts UDP-GlcUA 

and UDP-galacturonic acid (UDP-GalUA) in a highly similar manner via oxidation and 

reduction at C-4 of the sugar ring, but is able to prevent decarboxylation of UDP-4-keto-

GlcUA. Human UXS (hUXS) and UGAE from Arabidopsis thaliana exhibit high structural 

similarity in the active site, with the catalytic triad being conserved. Two other catalytically 

important residues in hUXS (Glu
120

 and Arg
277

) are replaced by Ser and Thr in the UGAE 

group. Additionally, Asn
176

, which participates in substrate binding, is changed to Thr. To 

evaluate the significance of these substitutions for product specificity, we analyzed mutants of 

hUXS for C-4 epimerization activity. Although the mutants did not produce UDP-GalUA, 

they gave interesting insights into structure-function relationships in UXS, suggesting that 

interaction between active site and overall enzyme structure rather than distinct conserved 

residues are decisive for product formation. 

 

Keywords: UDP-xylose, UDP-galacturonic acid, epimerization, decarboxylation, UDP-xylose 

synthase 
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Uridine 5‘-diphosphate (UDP)-xylose (UDP-Xyl) synthase (UXS) is responsible for 

production of UDP-Xyl from UDP-glucuronic acid (UDP-GlcUA) in numerous organisms, 

from bacteria to mammals.
1
 The UXS reaction is a complex oxidative decarboxylation in 

three distinct steps that proceeds via UDP-4-keto-GlcUA and UDP-4-keto-Xyl intermediates 

(Scheme 1).
2,3

 Its product, UDP-Xyl, plays a central role in cell physiology.
4,5

 In mammals, it 

is especially important in synthesis of extracellular matrix proteoglycans, as the 

glycosaminoglycan side chains of these macromolecules are attached to a core protein via a 

xylosyl residue in a common tetrasaccharide linker.
6,7

 Loss of UXS activity leads to a 

defective extracellular matrix and malformation of various tissues, e.g. the bone.
8
 The 

sequence of UXS is highly conserved and bacterial forms share 57% sequence identity with 

human UXS (hUXS).
8
 The enzyme belongs to the diverse group of “extended short-chain 

dehydrogenases/reductases (SDR)” that have nucleotide sugar epimerization and dehydration 

as their main activities.
9
 One remarkable feature of UXS is that the pyranoside ring of UDP-

GlcUA is heavily distorted upon being bound by the enzyme (
4
C1→BO,3), and adopts different 

conformations during the catalytic cycle (
2
SO, 

2
H1, 

4
C1), which is strongly conducive to 

catalysis (Scheme 1).
3
 This is achieved through six residues in the active site that are almost 

invariant in the UXS group of enzymes. Three of these residues (Thr, Tyr and Lys) represent 

a typical SDR catalytic triad, while Ser, Glu and Arg are distinct features of UXS. 

Replacement of Tyr by Phe or Arg by Asn resulted in disruption of the catalytic cycle and 

release of UDP-4-keto-Xyl and NADH.
3 

Within the group of extended SDRs, UDP-glucuronic acid 4-epimerases (UGAEs) are closely 

related to UXS and catalyze the interconversion of UDP-GlcUA and UDP-galacturonic acid 

(UDP-GalUA) in a highly similar transformation via oxidation and reduction at C-4.
10-12

 

However, UGAE is able to prevent decarboxylation of UDP-4-keto-GlcUA, in contrast to 

UXS. Different accommodation of the glucuronic acid moiety in the active site was suggested 

as possible explanation, as the pattern of residue conservation in the active site of UGAE 
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differs from that of UXS.
3
 While the catalytic triad is essentially unchanged, Glu is replaced 

by Ser and Arg by Thr in the UGAE group. Additionally, an Asn residue not directly involved 

in catalysis in UXS is altered to Thr. These changes are highly conserved among UGAE 

(Figure 1A), however, the impact of these differences on the product pattern has not yet been 

investigated. As a crystal structure of UGAE was not available, we used the Phyre2 suite to 

create a homology model of the enzyme from Arabidopsis thaliana (AtUGAE).
13

 Comparison 

with the crystal structure of hUXS revealed very high structural similarity in the active site 

(Figure 1B), although sequence identity between AtUGAE and hUXS was only 22%. 

Therefore, it was suspected that replacement of Glu
120

, Asn
176

 and/or Arg
277

 in the active site 

of hUXS by the respective amino acids found in AtUGAE could result in the mutant enzymes 

producing UDP-GalUA or anther product with altered stereochemistry at C-4. Evidence 

gained from analysis of these mutants could thus be helpful in identifying the origin of the 

unique features of UXS and getting a better understanding of structure-function relationships 

in the enzyme. Additionally, knowledge about the interesting residue conservation pattern 

within different SDR subgroups could be enhanced.
14

 

Starting from wild-type hUXS1, we created Glu
120

→Ser (E120S) and Arg
277

→Thr (R277T) 

single mutants, a Glu
120

→Ser/Arg
277

→Thr (E120S/R277T) double mutant and a 

Glu
120

→Ser/Asn
176

→Thr/Arg
277

→Thr (E120S/N176T/R277T) triple mutant using established 

protocols.
15

 Wild-type and mutant enzymes were expressed in E. coli BL21 Gold (DE3), and 

after His6-tag affinity chromatography purification, SDS-PAGE showed one band at 39 kDa, 

in accordance with the expected molecular weight of 38.6 kDa.
3
 Expression yields of the 

mutants were comparable to wild-type hUXS1, however, all mutants showed considerably 

lower initial activities (at least 1000-fold reduction). R277T, the double and the triple mutant 

showed formation of NADH upon incubation with UDP-GlcUA (Figure 2), in contrast to 

E120S and wild-type enzyme (data not shown). Measurement of absorption spectra in the end 

of the reaction confirmed that indeed NADH was present and the increase in absorption did 
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not only represent unspecific scattering, e.g. due to enzyme denaturation. As this result was 

indicative of a catalytic cycle that does not (or only partly) involve reduction of an 

intermediate, which is a prerequisite for formation of UDP-GalUA, a complete switch from 

oxidative decarboxylation to C-4 epimerization by exchange of the selected active site 

residues seemed unlikely. Analysis of the reactions by HPLC and capillary zone 

electrophoresis showed appearance of unknown peaks, but identification of the formed 

compounds was unsuccessful, as authentic standards for reaction intermediates and products 

were unavailable or could not be separated from the substrate, respectively. 

1
H NMR analysis was therefore chosen to elucidate the product pattern of the mutant 

enzymes. Suspected compounds included UDP-GalUA, UDP-Xyl, UDP-4-keto-GlcUA and 

UDP-4-keto-Xyl. The results are summarized in Table 1. E120S exclusively produced UDP-

Xyl, not even traces of UDP-4-keto-Xyl could be detected, in contrast to a Glu
120

→Ala 

mutant investigated in previous studies (Figure 3).
3
 Glu

120
, although highly

 
conserved in UXS, 

therefore does not seem to be an essential residue determining product specificity and is not 

necessary for formation of UDP-Xyl. Investigation of the R277T mutant showed that mainly 

UDP-4-keto-Xyl, but also small amounts of UDP-Xyl were formed, similar to an 

Arg
277

→Asn (R277Q) mutant studied previously.
3
 The products formed by R277T contained 

two deuterium atoms at C-5 when the reaction was done in D2O (Figure 3), in contrast to the 

wild-type enzyme, which showed single deuteration (from protonation of the enolate 

intermediate; see Scheme 1). In the R277Q mutant, this effect was ascribed to a water 

molecule in the active site, allowing for D/H exchange, which was excluded in the wild-type 

through a different hydrogen bonding network and space restrictions due to the longer Arg
277

 

side group.
3
 Therefore, a similar impact of the R277T mutation likely seemed to be the reason 

for the observed effect. As mutation of Arg
277

 was previously shown to influence 

accommodation of UDP-4-keto-GlcUA in the active site, but this compound could not be 

detected in the R277T reaction mixture, we used in situ 
1
H NMR measurement to check for 
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transient formation of this intermediate (Figures 4A and 4B). However, within 70 hrs of 

reaction, no hints for formation of a non-decarboxylated intermediate could be found. Thus, 

replacement of Arg
277

 by Thr did not aid in preventing decarboxylation. Interestingly, the 

E120S/R277T double mutant did not produce any UDP-Xyl, but only UDP-4-keto-Xyl 

(Figure 3). The E120S single mutant, in contrast, formed only UDP-Xyl (see above). The 

effect of the E120S substitution therefore seems to depend on the active site structure, and a 

direct catalytic effect of the second substitution is less likely than different accommodation of 

the pyranoside ring of substrate and intermediates in the active site of the double mutant. This 

could align it better for initial oxidation and decarboxylation, but worse for reduction of UDP-

4-keto-Xyl by NADH and Tyr
147

. This is strengthened by the fact that activity of 

E120S/R277T was considerably increased compared to R277T. Another remarkable effect is 

that only one deuterium is found at C-5 of UDP-4-keto-Xyl produced by the double mutant. 

This result indicates that space restriction due to Arg
277

 in wild-type hUXS1 cannot be the 

only reason for single deuteration, as in the double mutant one would expect even more space 

due to the smaller Ser
120

 side chain. However, it is possible that here water is excluded from 

the active site due to the different binding between the UDP-4-keto-GlcUA intermediate and 

the enzyme, which would support the finding of higher activity in the double mutant. 

However, unfortunately also E120S/R277T did not show formation of UDP-4-keto-GlcUA, 

UDP-GalUA or the corresponding decarboxylated analogue in an in situ 
1
H NMR experiment 

over 90 hrs (Figures 4C and 4D). The E120S/N176T/R277T triple mutant only formed UDP-

4-keto-Xyl with one deuterium at C-5 at a very low rate, indicating that substitution of Asn
176

 

had no effect on product specificity (Figure 3). In both in situ experiments (R277T and 

E120S/R277T, respectively) rise of a small signal around 5.60 ppm could be detected (Figures 

4A and 4C). However, two-dimensional NMR spectroscopy of an E120S/R277T reaction 

mixture showed small amounts of GlcUA 1-phosphate, e.g. degradation of UDP-GlcUA 

without formation of UDP-4-keto-Xyl or UDP-Xyl had occurred. This can be ascribed to a 
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low pyrophosphorylase activity that is not detectable in wild-type hUXS, as it was reported 

for other enzymes containing the Rossmann fold motif.
16,17 

Although the in silico determined differences between UXS and UGAE seemed suitable to 

explain the unique activities of the enzymes, it was not possible to detect any C-4 

epimerization activity in the created hUXS1 mutants. Especially as the mode of 

accommodation of substrate/intermediate is an essential factor in catalysis, our data suggest 

that the complex transformations catalyzed by UXS and UGAE depend on carefully 

interrelated interactions between active site residues and the overall structure of the enzyme 

rather than on distinct amino acids alone.
18

 This is in accordance with the reaction catalyzed 

by UDP-apiose/UDP-Xyl synthase (UAXS), whose active site also shows high similarity to 

UXS (or UGAE; respectively), but leads to a very different transformation involving 

decarboxylation and pyranoside ring contraction.
19 

 

1. Experimental 

1.1 Chemicals and enzymes 

UDP-D-glucuronic acid (> 98% purity) was purchased from Sigma-Aldrich (Vienna, Austria) 

and NAD
+
 (> 98% purity) was obtained from Roth (Karlsruhe, Germany). All other chemicals 

were purchased either from Sigma-Aldrich or Roth and were of the highest purity available. 

Site-directed mutagenesis of hUXS1 was done using a reported two-stage PCR protocol in 

which a pET-derived expression vector (p11) encoding the wild-type enzyme was used as 

template.
15

 An expression strain was created by transformation of electro-competent E. coli 

BL21 Gold (DE3) after the gene had been sequenced to confirm introduction of the desired 

mutations. Expression and purification of wild-type and mutant hUXS1 were done as 

described previously.
3
 Purified enzymes were stored at -70° C. 
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1.2 Enzymatic assays 

Reactions were performed at 37 °C on a Thermomixer Comfort (Eppendorf, Hamburg, 

Germany) without agitation. If not stated otherwise, 2 mM UDP-GlcUA and 2.5 mM NAD
+
 

in 50 mM potassium phosphate buffer (PPB) pH 7.5 were used. The hUXS1 concentration 

varied depending on the experiment and is mentioned individually. Samples were taken in 

regular intervals, as indicated. For stopping the reaction, samples were heated to 99 °C for 

5 min or mixed with acetonitrile (1:1 ratio). Online NADH measurements and UV-Vis spectra 

were recorded using a Beckman Coulter DU800 spectrophotometer (Beckman Coulter GmbH, 

Vienna, Austria) with temperature-controlled sample holder (λ = 340 nm, T = 37 °C). 

1.3 High performance liquid chromatography 

Samples were analyzed on an Agilent 1200 HPLC system equipped with a 5 mm Zorbax SAX 

analytical HPLC column (4.6 × 250 mm; Agilent, Santa Clara, CA, USA) and a UV detector 

(λ = 262 nm). An injection volume of 30 µL, a temperature of 25 °C and a flow rate of 

1.5 mL min
-1

 were used in analysis. For elution, an isocratic flow with 5 mM PPB (pH 3.2) 

over 5 min was followed by a linear gradient up to 360 mM PPB over 20 min. The column 

was washed (15 min each) with 600 mM and 5 mM PPB after each analysis. Authentic 

standards were used for calibration. 

1.4 Capillary zone electrophoresis 

Capillary zone electrophoresis analyses were performed at 18 °C on an HP 3D CE system 

(Hewlett Packard, Palo Alto, CA, USA) equipped with an extended light path fused silica 

capillary (5.6 mm × 56 cm) from Agilent and a diode array detector (λ = 262 nm). The 

electrophoresis buffer was 20 mM sodium tetraborate (pH 9.3). Prior to each sample, the 

capillary was pre-conditioned with 2 min H2O, 2 min NaOH 0.1 M, 3 min H2O and 10 min 

electrophoresis buffer. Samples were injected by pressure (50 mbar, 5 s or 10 s) and analyzed 
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with a voltage of up to 30 kV for 20 min. Preparation of the samples was done according to 

HPLC analysis except that caffeine was added as internal standard. 

1.5 NMR spectroscopy 

A Varian (Agilent) INOVA 500-MHz NMR spectrometer and the VNMRJ 2.2D software 

were used for all measurements. 
1
H NMR spectra (499.89 MHz) were measured on a 5 mm 

indirect detection PFG-probe. Enzymatic in situ reactions were performed at 37 °C in a total 

volume of 600 μL potassium phosphate buffer 50 mM pD 7.5 in D2O containing 2 mM UDP-

GlcUA, 2.5 mM NAD
+
 and 100 µM mutant hUXS1. The pD was determined as pH meter 

reading plus 0.4.
20

 
1
H NMR spectra were recorded with pre-saturation of the water signal by a 

shaped pulse. Standard pre-saturation sequence was used: relaxation delay 2 s; 90° proton 

pulse; 2.048 s acquisition time; spectral width 8 kHz; number of points 32 k. Arrayed spectra 

were acquired with an array of pre-acquisition delay of 120 min. ACD/NMR Processor 

Academic Edition 12.0 (Advanced Chemistry Development Inc., Toronto, Canada) was used 

for evaluation of spectra. 
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Figure legends 

Scheme 1: Catalytic mechanism of hUXS. Distortion of the pyranoside ring during 

transformation strongly promotes catalysis by optimally aligning the reactive side groups of 

substrate/intermediate with the active site residues. In wild-type hUXS, deuterium 

incorporation at C-5 of UDP-Xyl originates from protonation of the enolate intermediate by a 

water molecule present in the active site. 

Figure 1: Comparison of hUXS and AtUGAE. A. Multiple sequence alignment (PRALINE
21

) 

of hUXS and UGAEs from different organisms. It is visible that residues of the catalytic triad 

are conserved among UXS and UGAE, but distinct UXS features are not present in UGAE 

and replaced by other conserved residues, respectively. Colored boxes indicate enzymes used 

for structural comparison. B. Alignment of the crystal structure of hUXS with bound UDP 

and NAD
+
 (grey; PDB code 2B69) and a Phyre2-predicted homology model of AtUGAE 

(turquoise).
13

 The catalytic triad is labeled in green, distinct UXS features that were suspected 

to be decisive for product formation are labeled in blue. 

Figure 2: NADH formation profiles of hUXS mutants (5 µM). A. R277T. B. E120S/R277T. 

C. E120S/N176T/R277T. 

Figure 3: 
1
H NMR spectra after 19 hrs reaction time. 2 mM UDP-GlcUA and 2.5 mM NAD

+
 

in 50 mM PPB pH 7.5 in D2O were incubated with 46 µM E120S (red), 60 µM R277T 

(green), 80 µM E120S/R277T (blue) or 100 µM E120S/N176T/R277T (orange). Enzyme 

concentrations were chosen based on expected activity. References containing UDP-GlcUA 

(grey) and UDP-Xyl (black) produced by 100 µM wild-type hUXS were used for comparison. 

Consumption of UDP-GlcUA (G) and formation of UDP-4-keto-Xyl (K) and UDP-Xyl (X) 

are shown by means of the anomeric proton signal.
22

 In the area between 3.60 ppm and 

4.00 ppm, signals of H-5 of UDP-4-keto-Xyl and UDP-Xyl, respectively, indicate single or 

double deuterium incorporation at C-5 (in the reactions of E120S/R277T and 
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E120S/N176T/R277T a singlet is visible at 3.83 ppm, which is not present in the R277T 

reaction). 

Figure 4: In situ 
1
H NMR measurement of UDP-GlcUA conversion by R277T (A) and 

E120S/R277T (C). Signals of UDP-GlcUA (G), UDP-4-keto-Xyl (K), UDP-Xyl (X) and a 

degradation product (D) are indicated.
22

 Time between two spectra is 14 hrs. In case of the 

double mutant, the first spectrum shown is after 21 hrs. The corresponding progress curves 

are depicted in Panels B (R277T) and D (E120S/R277T), with filled circles representing 

UDP-GlcUA, empty circles UDP-4-keto-Xyl, filled rectangles UDP-Xyl and filled triangles 

the degradation product. 
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Tables 

Table 1: Comparison of product formation by hUXS1 wild-type and mutants 

n.d.: not determined 

  

UXS UDP-Xyl 
UDP-4-keto-

Xyl 
Degradation 

C-5 

deuteration 

wild-type ● - n.d. Single 

E120S ● - n.d. Single 

R277T ● ● ● Double 

E120S/R277T - ● ● Single 

E120S/N176T/R277T - ● n.d. Single 
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Scheme 1. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Abstract 

D-Apiose (Api), a C-branched sugar unique to plants, plays an important role in cell wall 

development. An enzyme-catalysed, chemically intriguing decarboxylation/pyranoside ring 

contraction reaction leads from UDP--D-glucuronic acid (UDP-GlcUA) to the Api precursor 

UDP--D-apiose (UDP-Api). We deciphered the elusive mechanism of UDP-Api/UDP--D-

xylose synthase (UAXS) through comprehensive probing of the reaction with site-selectively 

13
C- or 

2
H-labelled and deoxygenated substrates. Isotopic labelling delineated the carbon 

skeleton reorganization and revealed hydrogen transfer, via enzyme-bound NAD, from 

substrate C-4 to the exocyclic Api C-3’. Kinetic isotope effects (KIEs) from intermolecular 

competition between 
1
H-3/

2
H-3 substrates support a retroaldol-aldol mechanism of 

pyranoside-to-furanoside ring conversion. The analogue UDP-2-deoxy-GlcUA, which 

prevents the C-2/C-3 retroaldol cleavage, was completely inactive, indicating strong coupling 

between oxidative decarboxylation and sugar ring opening. Rearrangement and ring-

contracting aldol addition in an open-chain intermediate gives UDP-Api aldehyde, which is 

intercepted via reduction by enzyme-NADH. KIEs from 
2
H-4 in substrate show that this 

reduction step is pulling the aldehyde from a highly unfavourable equilibrium towards UDP-

Api. The UAXS reaction pathway presents a mechanistic paradigm for biosynthesis of C-

branched carbohydrates. 
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Uridine 5’-diphosphate (UDP)--D-apiose (1) is the precursor of D-apiose in the plant cell wall 

polysaccharides rhamnogalacturonan II and apiogalacturonan.
1
 The biological importance of 

D-apiose residues lies in their ability to crosslink the polysaccharide chains through formation 

of a borate tetraester.
2,3

 It has been shown that the absence of such crosslinks heavily 

interferes with growth and morphogenesis of the plant.
4
 Nucleotide sugar 1 is derived from 

UDP--D-glucuronic acid (2) in a decarboxylation/pyranoside ring contraction reaction 

catalysed by UDP--D-apiose/UDP--D-xylose synthase (UAXS).
1
 This chemically intriguing 

biotransformation has attracted considerable interest for a long time. It is thought to proceed 

via nicotinamide adenine dinucleotide (NAD
+
)-assisted oxidation at C-4 of substrate 2, 

followed by decarboxylation of the resulting UDP-4-keto--D-glucuronic acid (3) and 

formation of UDP-4-keto--D-xylose (4).
1
 Several research groups have conducted studies on 

selected aspects of the reaction using 
3
H- and 

14
C-labelled substrates that gave an idea how 

intermediate 4 might be converted to product 1 (Figure 1a).
5-11

 Rearrangement of the carbon 

skeleton would start with bond cleavage between C-2/C-3 of 4 in a retroaldol reaction, 

yielding intermediates 5 and 6. Re-cyclization by aldol addition between C-2/C-4 of 6 would 

result in UDP--D-apiose 3’-aldehyde (7) that is then converted to product 1 by the reduced 

NAD
+
 (NADH) formed in the initial reaction step.

5-13
 In aqueous solutions, -D-

apiofuranosyl-1,2-cyclic phosphate (8) is spontaneously formed from 1 due to its 

instability.
11,14

 More recently, Liu and co-workers suggested the possibility of a different 

mechanism, where aldehyde 7 would be formed directly out of intermediate 4 in a 1,2-bond 

shift mechanism.
12,13 

UDP--D-xylose (9) could be formed from intermediate 4 through 

reduction of the 4-keto function by NADH prior to the ring contraction step(s), as done by the 

related UDP-xylose synthase (UXS), or from intermediate 5 via aldol addition between C-

2/C-3 followed by reduction.
12,13,15

 UAXS was able to convert a phosphonate analogue of 1 to 

the corresponding xylosyl compound, however, no conversion of product 9 to product 1 was 

observed.
1,13,16

 This finding was explained by 9 adopting two stable chair conformations, of 
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which the more favourable one is inhibiting the enzyme.
13

 UDP-2-deoxy-2-fluoro--D-

glucuronic acid was shown to be an inhibitor of UAXS, too.
12

 

Despite the development of these mechanistic concepts, core features of the UAXS-catalysed 

transformation, such as the way aldehyde 7 is formed (retroaldol-aldol vs. bond-shift 

mechanism), remain fundamentally elusive. Comprehensive analysis of the reaction’s 

multiple steps, including dissection of the ring rearrangement through tracking of the 

individual atoms from substrate 2 to products 1 and 9, has not been performed. The 

mechanistic options considered for UAXS should therefore be substantiated more rigorously 

to obtain definite evidence about the chemistry of this enzymatic transformation. The UAXS 

mechanism, although highly specialized, possesses fundamental significance, as other C-

branched carbohydrates, like D-streptose, are thought to be formed via mechanistically highly 

similar transformations.
17-19

 Furthermore, a reductoisomerase-catalysed C-branching 

rearrangement comparable to that of UAXS initiates the biosynthetic diversion of 1-deoxy-D-

xylulose 5-phosphate into isoprenes in plants and certain microbial taxa.
20

 The 

reductoisomerase mechanism was investigated using kinetic isotope effect (KIE) 

measurements, however, results from different studies were non-conclusive.
20-22

 Elucidation 

of the mechanistic principles employed by UAXS is therefore of broad relevance in 

enzymology of nucleotide sugar biosynthesis and even beyond. UAXS expands the 

fascinating diversity of complex multi-step NAD
+
/NADH-dependent enzymatic reactivities 

(e.g. oxidoreductive epimerization, oxidative decarboxylation with and without reduction) 

that evolved within the superfamily of short-chain dehydrogenases-reductases from the 

ancestral reactivity of a simple single-step NAD
+
/NADH-dependent oxidation/reduction.

15,23
 

We present here direct observation of the carbon skeleton rearrangement promoted by UAXS, 

which was made possible by employing site-selectively 
13

C-2-, 
13

C-3-, 
2
H-3- and 

2
H-4-

labelled substrates combined with NMR-spectroscopic analysis (Figures 1b and 1c). The 

substrate analogue UDP-2-deoxy-GlcUA (10) and KIEs from intermolecular competition 
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between 
1
H-3 and 

2
H-3 substrates served to target the question of retroaldol-aldol or bond-

shift mechanism.
24

 Crucial steps were the development of multi-step chemo-enzymatic 

cascades for synthesis of isotope-labelled 2 from D-glucose (11) as well as compound 10 from 

D-glucal (12).
25-28 

 

Results 

Synthesis of UDP--D-glucuronic acid (2) and UDP-2-deoxy--D-glucuronic acid (10) 

The biocatalytic synthesis route leading to substrate 2 is depicted in Supplementary Fig. S1.
25-

27
 One-pot enzymatic transformation of monosaccharide 11 and uridine 5’-triphosphate (UTP) 

to UDP--D-glucose (13) had a yield of 85-99% after 24 hrs (Supplementary Fig. S2). 

Addition of inorganic pyrophosphatase (PPase) was necessary to avoid inhibition of UDP-

glucose pyrophosphorylase (UGPase) and enzymatic hydrolysis of 13.
29,30

 Conversion of 

intermediate 13 to final product 2 was initiated when synthesis of 13 had finished. The 

applied chemo-enzymatic coenzyme regeneration cascade ensured full conversion by 

avoiding inhibition of UDP-glucose dehydrogenase (UGDH) by NADH, and after three hours, 

the reaction was complete (> 99% yield; Supplementary Fig. S3).
25,31

 After anion exchange 

and size exclusion chromatography, compound 2 was obtained as sodium salt (isolated yield 

> 60%; Supplementary Fig. S4 and S5). 
1
H and 

13
C NMR spectroscopy were used to show 

identity and purity (> 90%) of the produced substrates (Supplementary Fig. S6-S11).
32

 

Substrate analogue 10 was produced as shown in Supplementary Figure S12.
28

 Here, one-pot-

transformation of 12, phosphate and UTP to UDP-2-deoxy--D-glucose (14) had a yield of 

41% after 70 hrs. Conversion of intermediate 14 to compound 10 was done as described 

above, however, the yield was lower (47%), which was explained by 14 being structurally 

different from the native substrate of UGDH (Supplementary Fig. S13). Compound 10 was 

obtained as sodium salt (12% isolated yield) in a purity of 86% using anion exchange and size 

exclusion chromatography (Supplementary Fig. S14-S19). 
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Reaction course analysis with 
13

C-labelled substrates 

UAXS from Arabidopsis thaliana (gene AXS1) was used.
1
 Recombinant production of the 

enzyme resulted in good yields (32 mg/L culture medium) of highly pure UAXS 

(Supplementary Fig. S20). As activity and ratio of products 1 and 9 formed during conversion 

of substrate 2 were strongly pH-dependent, with both being highest at pH 8.5 (Supplementary 

Table T1), this pH was used in all experiments. 

In Figure 2, consumption of 
13

C-2 (Figure 2a) and 
13

C-3 (Figure 2c) substrate 2 and formation 

of products 8 and 9 during in situ 
13

C NMR measurements are shown. Due to the applied 

short acquisition time, signals of non-labelled carbons were not visible. Heteronuclear 

correlation spectroscopy (HETCOR; Figure 2b) was used to assign the 
13

C NMR signals to 

the respective carbons in case of 
13

C-2 substrate 2 (see Supplementary Fig. S21-S23 for 

product reference spectra).
14

 The detected correlation signal at 
13

C, 
1
H = 78.85, 4.51 ppm 

confirmed that the labelled carbon in 8 is bound to H-2 of the compound, i.e. the 
13

C-2 

product 8 was obtained. Although no correlation signal for the very small doublet at 

71.65 ppm could be observed, from 
1
H NMR spectroscopy (Supplementary Fig. S24) and the 

proposed mechanism(s) it can be assumed that 
13

C-2 product 9 was obtained (see Figure 1b). 

Interestingly, the phosphorus coupling of 
13

C-2 seen in 2 and 9 was not observed in 8, most 

probably due to a different spatial geometry of this compound.
33

 

In case of the 
13

C-3 substrate, heteronuclear single quantum coherence (HSQC) spectroscopy 

revealed the presence of the 
13

C label at positions C-3’ of product 8 and C-3 of product 9 

(Figure 2d). The chemical shifts of the protons attached to the observed carbons (
13

C, 
1
H = 

63.14, 3.51 ppm and 72.98, 3.63 ppm) were in accordance with the references for H-3’ of 8 

(3.53 ppm) and H-3 of 9 (3.65 ppm), respectively.
14,34

 Furthermore, the negative phase of the 

signal of product 8 (blue colour) indicated a CH2 group at C-3’, in accordance with the 

structure of 8 (see Figure 1a). 
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Reaction course analysis with 
2
H-labelled substrates 

The 
1
H NMR spectrum after conversion of the 

2
H-3 substrate is shown in Figure 3a. Only 

signals of products 8 and 9 are visible, as expected. The ratio 8:9 was approximately 1.9:1, 

which is in line with the value obtained for conversion of unlabelled substrate (Supplementary 

Table T2). While in unlabelled cyclic phosphate 8 the H-3’ protons appear as two doublets 

(Supplementary Fig. S21), there is only one singlet visible in the spectrum of the labelled 

compound, in accordance with presence of a C
2
H

1
H group at position 3’. Binding between 

this proton and C-3’ of 8 was confirmed by HSQC (Figure 3b). The absence of a second H-3’ 

signal proved that no incorporation of hydrogen had occurred during catalytic ring 

rearrangement. No signal of product 9 H-3 was visible, as expected. 

Product 8 obtained from conversion of 
2
H-4 substrate 2 also contained a C

2
H

1
H group at 

position 3’ (Figures 3c and 3d), however, the hydrogen replaced by deuterium differed from 

that in reaction with the 
2
H-3 substrate (cf. Figures 3a, 3c and Supplementary Fig. S21: in 3a, 

the singlet is located at 3.55 ppm, while it is at 3.51 ppm in 3c). This is consistent with 

transfer of the deuteride at C-4 of substrate 2 to NAD
+
 in the initial oxidation step and 

stereospecific re-transfer to C-3’ of intermediate 7 in reduction of the aldehyde function.
5
 No 

loss of the label was observed, in accordance with previous results.
7
 The 8:9 ratio was 

distinctly lower than in reactions with unlabelled substrate (1.5:1 vs. 1.8:1; Supplementary 

Table T2), and conversion of 
2
H-4 substrate 2 was approximately 1.5-fold slower than 

conversion of unlabelled substrate. These findings indicate that due to 
2
H-4 the reduction of 

aldehyde 7 became slightly rate-limiting during synthesis of product 1, as the lower reaction 

rate can be explained with slower transfer of the deuteride to aldehyde 7.
35

 A lower rate in this 

step also led to increased formation of product 9 due to the reversibility of the ring contraction 

steps.
12

 In product 9, deuterium was found at C-4, as expected. 
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Secondary kinetic isotope effects from intermolecular competition between 
1
H-3 and 

2
H-

3 substrates 

In synthesis of product 1, secondary KIEs on kcat/Km arising from the 
2
H-3 label can result 

either from aldol cleavage in intermediate 4 (sp
3
→sp

2
 hybridization change at C-3) or from 

reduction of aldehyde 7 (sp
2
→sp

3
 hybridization change at C-3’).

20
 Formation of product 9, by 

contrast, could only be affected if it proceeded via the retroaldol-aldol mechanism (Figure 1a). 

Table 1 summarizes the results of an intermolecular competition experiment with unlabelled 

and 
2
H-3 substrate 2 (for references on methods and interpretation, see 20, 24, 36, 37). After 

full conversion, there was no elevated hydrogen level detectable at position 3’ of product 8. 

However, at 50% conversion 
1
H was enriched by 21% in product 8 and by 19% in product 9. 

As shown in Table 1, the resulting KIEs are normal (≥ 1.00) and approach upper limits for a 

fully expressed secondary deuterium KIE, indicating rate limitation by the isotope-sensitive 

step or steps in the reaction. Considering the relatively small KIE resulting from 
2
H-4 in 

substrate on the reduction of aldehyde 7, the preferred incorporation of hydrogen in the 

apiosyl compound suggested that the rate-determining step in its synthesis was the aldol 

cleavage in intermediate 4.
20

 In combination with the lack of 
1
H enrichment in product 8 after 

full conversion, these results were also conclusive in suggesting formation of the xylosyl 

compound via intermediate 5 rather than via direct reduction of intermediate 4. In the latter 

case, one would expect hydrogen enrichment in product 8 and concomitant deuterium 

enrichment in product 9 after full conversion 

Reaction course analysis with UDP-2-deoxy--D-glucuronic acid 

Analogue 10 was investigated because formation of an apiosyl product from it would only be 

possible in the case of the bond-shift mechanism. In the retroaldol-aldol mechanism, by 

contrast, the missing hydroxyl group at C-2 would impede aldol cleavage. Consequently, also 

formation of UDP-2-deoxy--D-xylose (15) could only be achieved through direct reduction 

of UDP-2-deoxy-4-keto--D-xylose (16), without involvement of an open-chain intermediate 
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(Supplementary Fig. S25). To exclude that substrate analogue 10 was intrinsically unreactive 

to become transformed into the 4-keto compound in the initial oxidative decarboxylation step 

of the reaction, as it was observed for a 2-fluoro analogue of substrate 2,
12

 we also analysed 

conversion of 10 by UXS. The human form of UXS was used.
15

 

HPLC analysis of a reaction mixture containing compound 10, NAD
+
 and UXS indeed 

showed formation of a nucleotide sugar, which was subsequently identified as product 15 by 

NMR spectroscopy (Supplementary Fig. S26-S28). Therefore, this clearly demonstrates the 

possibility of synthesis of 15 via intermediates UDP-2-deoxy-4-keto--D-glucuronic acid (17) 

and intermediate 16. However, UAXS by contrast showed neither formation of UDP-2-deoxy-

-D-apiose (18) nor formation of product 15 or any intermediate from substrate analogue 10 

under a range of conditions (different pH values, substrate, coenzyme and enzyme 

concentrations; see Supplementary Fig. S29-31). In accordance with the results from 

intermolecular competition experiments, these findings are consistent with the retroaldol-aldol 

mechanism and formation of product 9 from intermediate 5 rather than from 4. 

 

Discussion 

The herein chosen research approach of probing the UAXS reaction with site-selectively 

labelled substrate variants and a deoxygenated analogue of substrate 2 proved fruitful in 

deciphering the multi-step mechanism of the enzyme. In particular, it revealed the elusive 

catalytic chemistry of pyranoside ring contraction. Development of efficient synthetic ways 

towards the critically required "substrate probes" was therefore a highly important part of this 

work. Considering that methodology for chemical and/or enzymatic synthesis of 2 is not well 

established, we think this per se is a significant result of broader interest from the current 

study.
38,39

 

13
C-labelling of selected carbon atoms in the pyranoside ring of 2 provided a highly sensitive 

“on-molecule probe” for NMR spectroscopy, as the rearrangement of the carbon skeleton 
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could be monitored conveniently by the distinct 
13

C chemical shifts of substrate and 

products.
40,41

 In both suggested reaction routes to product 1, C-2 of this product (as well as C-

2 of product 9) should originate from C-2 of substrate 2, which was proven by our studies. C-

3 of 2, in contrast, would be shifted out of the sugar ring during catalytic rearrangement, 

which is why it should be present in an exocyclic CH2 group in the apiosyl product (C-3’). 

Likewise, H-3 of substrate 2 should be part of this CH2 group (H-3’). Indeed, both atoms 

could be tracked unambiguously from the substrate to their respective positions in product 1, 

giving strong evidence that UAXS rebuilds the carbon skeleton by bond formation between 

C-2 and C-4 of intermediate 6. We could also demonstrate that 
2
H-4 from substrate 2 was 

stereospecifically transferred to C-3’ in aldehyde reduction. These findings altogether give 

conclusive evidence for the pyranoside-to-furanoside ring rearrangement as shown in Figure 

1a. 

Preferred incorporation of hydrogen over deuterium originating from position 3 of substrate 2 

in both the apiosyl and xylosyl product during the course of the reaction can be rationalized 

by the fact that the overall rate-determining step of the reaction involves aldol cleavage in the 

4-keto-pentose species (4). However, this excludes direct formation of 9 prior to the ring 

opening, which could be confirmed as no product 15 was formed from substrate analogue 10 

by UAXS, although its formation was possible using UXS. The bond-shift mechanism in 

formation of the apiosyl product could also be excluded, as no formation of product 18 was 

detectable. Combined evidence from intermolecular competition and substrate analogue 

experiments therefore strongly supported the retroaldol-aldol mechanism with formation of 

product 1 from aldol addition between C-2/C-4 of intermediate 6. Product 9 is formed through 

aldol addition between C-2/C-3 of intermediate 5. Interestingly, not even formation of the 4-

keto intermediates 17 or 16 was visible when incubating UAXS with substrate analogue 10. 

This finding is interpreted as evidence for a strong coupling between the initial oxidative 

decarboxylation and sugar ring opening, that is, the 4-keto intermediates are only formed in 
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detectable amounts when aldol cleavage in intermediate 4 is possible. As this is impeded in 

the C-2 deoxy intermediate 16, no reaction at all occurs. 

In summary, we present a comprehensive mechanistic characterization of the UAXS catalytic 

reaction. Retroaldol-aldol chemistry is suggested to underlie the enzymatic pyranoside ring 

contraction. Unexpectedly and contrary to previous proposals,
1,5-11,14

 point of divergence of 

the UAXS and UXS pathway is probably early in the reaction, that is, prior to formation of 4 

as intermediate of the enzymatic pathway. The final mechanistic proposal, which is formation 

of products 1 and 9 from different “exit points” in the retroaldol-aldol route where 

interception of intermediate 7 via reduction by enzyme-NADH is the decisive step towards 

product 1, is developed to a degree that chemical enzymology can best achieve. Our results 

therefore elucidate biosynthesis of C-branched sugars that play important biological roles not 

only in plant cell wall development, but also, like D-streptose, in bacterial secondary 

metabolism.
4,18

 Furthermore, the high potential of selective isotope labelling in dissection of 

chemical and enzymatic reaction mechanisms is emphasized.
20,24,26,40 

 

Methods 

Chemicals and strains 

Isotope-labelled D-glucose was acquired from Omicron Biochemicals (South Bend, Indiana, 

USA) and had purities of 99% (
13

C-labelled) or 98% (
2
H-labelled). UTP (> 99% purity) was 

purchased from Carbosynth (Compton, UK), UDP--D-glucuronic acid (> 98% purity), 9,10-

phenanthrenequinone (> 99% purity) and bovine serum albumin (BSA; > 98% purity) were 

from Sigma-Aldrich (Vienna, Austria). NAD
+
 (> 98% purity) was obtained from Roth 

(Karlsruhe, Germany). Deuterium oxide for NMR measurements (99.96% 
2
H) was from 

Euriso-Top (Saint-Aubin Cedex, France). All other chemicals were purchased either from 

Sigma-Aldrich or Roth and were of the highest purity available. 
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Bovine liver catalase (3809 U/mg), S. cerevisiae hexokinase (25 U/mg), rabbit muscle 

phosphoglucomutase (≥ 100 U/mg) and S. cerevisiae inorganic pyrophosphatase (PPase; 

≥ 500 U/mg) were purchased from Sigma-Aldrich. Expression and purification of the 

recombinant human UGDH, Candida tenuis xylose reductase (CtXR), Cellulomonas uda 

cellobiose phosphorylase (CuCPase) and human UXS are described elsewhere.
15,28,42,43

 Gene 

BLLJ_1074 coding for UTP-glucose-1-phosphate uridylyltransferase (UGPase) from 

Bifidobacterium longum subsp. longum JCM 1217 (UniProt: E8MIY8), cloned into a pET-

30a vector using NdeI and XhoI restriction sites for expression with a C-terminally fused His6 

tag, was kindly provided by Dr. Motomitsu Kitaoka (National Agriculture and Food Research 

Organization, Japan). The gene was sequenced before creating an expression strain by 

transformation of electrocompetent E. coli BL21 Gold (DE3) cells. 

The sequence of gene AXS1 (GenBank: NM_128345) from Arabidopsis thaliana, coding for 

UAXS, was codon-optimized for expression in E. coli and a synthetic gene (Supplementary 

Fig. S32) was ordered from GenScript (Piscataway, New Jersey, USA). The gene was cloned 

in a pET-26b(+) vector by the supplier using NdeI and XhoI restriction sites, fusing it to a C-

terminal His6 tag. After transformation of electrocompetent E. coli BL21 Gold (DE3) cells, 

the construct was validated by sequencing (LGC Genomics, Berlin, Germany; Supplementary 

Fig. S33). For long-term storage, cells from a liquid culture (see below) were frozen with 40% 

(v/v) glycerol and stored at -70 °C. 

Expression and purification of UAXS 

Recombinant production of the enzyme was done according to established protocols.
15

 A pre-

culture containing 50 mL LB medium (50 mg/L kanamycin) in a 300 mL baffled flask was 

inoculated and grown overnight at 37 °C and 130 rpm. Main cultures contained 250 mL LB 

medium with kanamycin in 1 L baffled flasks and were inoculated to an OD600 of 0.01. The 

cultures were incubated at 37 °C and 130 rpm until the OD600 reached a value of 0.6-0.8, 

when 250 µM IPTG were added and the temperature was decreased to 18 °C. Afterwards, 



The mechanism of UDP-apiose/UDP-xylose synthase reveals C-branched sugar biosynthesis in plants 

87 

expression of UAXS was performed overnight in a Certomat BS-1 incubator (Sartorius 

Stedim, Vienna, Austria). 

Cells were harvested by centrifugation at 5000 rpm and 4 °C using a Sorvall Evolution RC 

centrifuge (Thermo Fisher Scientific, Waltham, Massachusetts, USA) equipped with a F10-S 

rotor and the pellet was stored at -20 °C. For purification, cells were disrupted by a French 

Pressure Cell Press (American Instrument Company, Silver Spring, Maryland, USA) and 

solid parts were removed by centrifugation (16000 g, 4 °C, 60 min) on an Eppendorf 5415 R 

centrifuge (Eppendorf, Hamburg, Germany). The supernatant was filtered through a 1.2 µm 

Minisart filter (Sartorius Stedim) and loaded on a self-packed Cu
2+

-loaded IMAC sepharose 

column (GE Healthcare, Vienna, Austria) using a BioLogic DuoFlow liquid chromatograph 

(Bio-Rad, Vienna, Austria). Elution was done using 50 mM Tris/HCl pH 7.5 buffers 

containing 5% (v/v) glycerol (buffer A and B) and 400 mM imidazole (buffer B). UAXS 

started eluting at 120 mM imidazole. All enzyme-containing fractions were pooled and the 

buffer was exchanged to 50 mM Tris/HCl pH 7.5 containing 5% (v/v) glycerol and 1 mM 

dithiothreitol using Amicon Ultra-15 centrifugal concentrators (Millipore, Vienna, Austria). 

Enzyme preparations were stored at -70 °C. Purity of the enzyme was checked by SDS-PAGE 

(NuPAGE 4-12% Bis-Tris-Gel, Life Technologies, Vienna, Austria) and Silver Staining 

(Supplementary Fig. S20). UAXS concentrations were determined by UV spectroscopy (λ = 

280 nm) on a DeNovix DS-11+ microvolume spectrophotometer (DeNovix, Wilmington, 

Delaware, USA) using a molar extinction coefficient ϵ of 48360 M
-1

 cm
-1

 and a molecular 

weight of 44703 Da (calculated by the ExPASy ProtParam web service). 

Synthesis of UDP--D-glucuronic acid (2) 

The method for enzymatic synthesis of intermediate 13 was adapted from literature.
26,27

 The 

reaction mixture (3 mL) contained 15 mM (isotope-labelled) monosaccharide 11 (8.11 mg, 

0.045 mmol), 40-50 mM UTP (58.1-72.6 mg, 0.120-0.150 mmol), 5 mM MgCl2 (1.43 mg, 

0.015 mmol), 10 µM -D-glucose 1,6-bisphosphate and 0.13% (w/v) BSA (3.9 mg) dissolved 
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in 50 mM Tris/HCl buffer (pH 7.5). 12 U/mL hexokinase (36 U), 6 U/mL 

phosphoglucomutase (18 U), 1.2 U/mL UGPase (3.6 U) and 1.2 U/mL inorganic PPase 

(3.6 U) were added and the reaction was incubated at 30 °C for 24 hrs. Upon completion, the 

mixture was split in three 1-mL-batches and synthesis of compound 2 was started by 

increasing temperature to 37 °C and adding 2 mM NAD
+
 (1.33 mg, 0.002 mmol), 25 µM 

9,10-phenanthrenequinone (19), 20 mM hydrogen peroxide (H2O2; 0.68 mg, 0.020 mmol), 

2.4 U/mL CtXR (2.4 U), 100 U/mL catalase (100 U) and 0.9 U/mL hUGDH (0.9 U) to each 

batch. The mixtures were incubated for 180 min and H2O2 was fed in regular intervals, as 

described previously.
25 

Prior to chromatographic purification of substrate 2, enzymes were removed by ultrafiltration 

using Vivaspin-6 centrifugal concentrators (Sartorius Stedim). Purification of the produced 

nucleotide sugars was done using an ÄKTA FPLC liquid chromatograph (GE Healthcare) 

equipped with a 5 mL HiTrap Q HP (GE Healthcare) anion exchange column and a 2 mL 

sample loop. A step-wise gradient of 7.5 mL min
-1

 sodium chloride (buffer A: 20 mM and 

buffer B: 500 mM) in a 20 mM sodium acetate buffer (pH 4.2) was used for elution of bound 

compounds (Supplementary Fig. S4). The steps were as follows: 6 mL NaCl 0 mM, 36.5 mL 

NaCl 75 mM, 26 mL NaCl 125 mM, 15 mL NaCl 500 mM, 15 mL NaCl 0 mM. Prior to each 

run, the column was regenerated by flushing with at least three column volumes of buffer B 

and buffer A. UV absorption (λ = 254 nm) was used to detect the target compounds, which 

were collected. All product-containing fractions were pooled and concentrated on a Laborota 

4000 rotary evaporator (Heidolph, Schwabach, Germany) at 45 °C and 20 mbar to a final 

volume of approximately 4 mL. 

NaCl was removed from nucleotide sugar preparations using ÄKTA FPLC with a 2 mL 

sample loop and a Superdex Peptide 10/300 GL size exclusion column (GE Healthcare). 

Elution was performed with deionized water at a flow rate of 1 mL min
-1

. The target 

compound was detected by UV absorption (λ = 254 nm; Supplementary Fig. S5). Product-
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containing fractions were collected, pooled and concentrated on the Laborota 4000 at 45 °C 

and 20 mbar to a final volume of approximately 5-10 mL. Residual H2O was removed by 

lyophilization on a Christ Alpha 1-4 lyophilizer (B. Braun Biotech International, Melsungen, 

Germany), after which nucleotide sugars were obtained as white powder. 

Synthesis of UDP-2-deoxy--D-glucuronic acid (10) 

Compound 12 was converted to 2-deoxy--D-glucose 1-phosphate (20) by CuCPase using a 

modification of the method published by Wildberger et al.
28

, and further on to intermediate 14 

by UGPase, as described for synthesis of substrate 2. The reaction mixture (3 × 1 mL) 

contained 40 mM compound 12 (17.5 mg, 0.120 mmol), 20 mM UTP (29.1 mg, 0.060 mmol), 

5 mM MgCl2 (1.43 mg, 0.015 mmol) and 0.13% (w/v) BSA (3.9 mg) dissolved in 31 mM 

potassium phosphate buffer (pH 7.0). After addition of 0.5 U/mL inorganic PPase (1.5 U), 

84.5 U/mL UGPase (253.5 U) and 15 µM CuCPase (0.045 µmol), the reaction was incubated 

at 30 °C for 70 hrs. For synthesis of substrate analogue 10, the pH was set to 7.5 and 

temperature was increased to 37 °C. After addition of 2 mM NAD
+
 (1.33 mg, 0.002 mmol), 

25 µM compound 19, 20 mM H2O2 (0.68 mg, 0.020 mmol), 2.64 U/mL CtXR (2.64 U), 

100 U/mL catalase (100 U) and 1.8 U/mL hUGDH (1.8 U) to each batch, the mixtures were 

incubated for 5.5 hrs. H2O2 was fed in regular intervals as described previously.
25

 

Purification was done according to substrate 2, however, a 1 mL SuperQ 650M column 

(Tosoh Bioscience GmbH, Stuttgart, Germany), a flow rate of 3 mL min
-1

 and the following 

steps were used: 16 mL NaCl 0 mM, 92 mL NaCl 20 mM, 20 mL NaCl 150 mM, 17 mL 

NaCl 500 mM, 16 mL NaCl 0 mM (Supplementary Fig. S14). NaCl was separated from 

compound 10 as described for substrate 2 (Supplementary Fig. S15). Water was always 

removed under N2 flow due to the instability of 10. 
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UAXS enzymatic assays 

Reactions were performed at 30 °C on a Thermomixer Comfort (Eppendorf) without 

agitation. If not stated otherwise, 2 mM of substrate were used and the buffer was 50 mM 

potassium phosphate pH 8.5. For measuring the pH profile, this buffer was used in the pH 

range 6.0-8.5 and 50 mM citrate was used between pH 5.0 and 6.0 as well as 50 mM Tris/HCl 

between pH 8.5 and 9.5. 20 µM UAXS were added to start the reaction and a sample was 

drawn immediately. Further samples were taken in regular intervals, as indicated. For 

stopping the reaction, samples were heated to 99 °C for 5 min or mixed with acetonitrile (1:1 

ratio). Concentrations of substrate stock solutions were always confirmed by UV 

spectroscopy (λ = 262 nm) on a DeNovix DS-11+ microvolume spectrophotometer 

(DeNovix) using a molar extinction coefficient ϵ of 10 mM
-1

 cm
-1

.
44

 

KIEs from intermolecular competition experiments 

Reaction conditions were the same as for standard enzymatic assays, except that 1 mM 

unlabelled substrate 2 and 1 mM 
2
H-3 substrate 2 were mixed to yield the final substrate 

concentration. After the reaction had proceeded to the desired level, enzymes were removed 

by ultrafiltration, as described for synthesis of substrate 2. Purification of the reaction 

products was done using an ÄKTA FPLC liquid chromatograph (GE Healthcare) equipped 

with a 5 mL HiTrap Q HP anion exchange column (GE Healthcare) and a 2 mL sample loop. 

A continuous gradient of 7.5 mL min
-1

 ammonium formate buffer (buffer A: 20 mM and 

buffer B: 500 mM; pH 4.2) was used for elution of bound compounds (Supplementary Fig. 

S34). Collected 5-mL-fractions were lyophilized and subjected to desalting on a Superdex 

Peptide 10/300 GL column (GE Healthcare), as described above. After lyophilization and 

dissolution in D2O, all fractions were analysed by NMR spectroscopy.
37

 

Evaluation of the spectra for determination of the 
1
H/

2
H ratio was done using ACD/NMR 

Processor Academic Edition NMR Processor Academic Edition 12.0 (Advanced Chemistry 
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Development Inc., Toronto, Canada). Peaks were fitted with a Gauss+Lorentz function and 

optimized using a Levenberg-Marquadt algorithm (starting Lorentz fraction: 0.5). 

High performance liquid chromatography 

Samples were analysed on a Shimadzu Prominence HPLC system (Shimadzu, Korneuburg, 

Austria) equipped with a 5 µm Kinetex C18 analytical HPLC column (4.6 × 50 mm; 

Phenomenex, Aschaffenburg, Germany) and a UV detector (λ = 262 nm). Precipitated protein 

was removed from samples by centrifugation (16000 g, 4 °C, 5 min) on an Eppendorf 5415 R 

centrifuge (Eppendorf), and after proper dilution, samples were measured using an injection 

volume of 5 µL, a temperature of 35 °C and a flow rate of 2 mL min
-1

. Isocratic elution was 

performed using 87.5% 40 mM tetrabutylammonium bromide in 20 mM potassium phosphate 

buffer (pH 5.9) and 12.5% acetonitrile. Analysis time was 3.5 min (without UTP) or 4.5 min 

(with UTP). Authentic standards were used for calibration. 

NMR spectroscopy 

A Varian (Agilent) INOVA 500-MHz NMR spectrometer (Agilent Technologies, Santa Clara, 

California, USA) and the VNMRJ 2.2D software were used for all measurements. 
1
H NMR 

spectra (499.98 MHz) were measured on a 5 mm indirect detection PFG-probe, while a 5 mm 

dual direct detection probe with z-gradients was used for 
13

C NMR spectra (125.71 MHz). 

Enzymatic in situ reactions were performed at 30 °C in a total volume of 500 μL potassium 

phosphate buffer 50 mM (pD 8.5) in D2O containing 2 mM of the respective substrate and 

20 µM UAXS. The pD was determined as pH meter reading plus 0.4.
45

 
1
H NMR spectra were 

recorded with pre-saturation of the water signal by a shaped pulse in case of in situ 

experiments. Standard pre-saturation sequence was used: relaxation delay 2 s; 90° proton 

pulse; 2.048 s acquisition time; spectral width 8 kHz; number of points 32 k. 
13

C NMR 

spectra during in situ experiments were recorded with the following pulse sequence: standard 

13
C pulse sequence with 45° carbon pulse, relaxation delay 2 s, Waltz decoupling during 
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acquisition, 2 s acquisition time. Up to 256 scans were accumulated in one measurement. 

Arrayed spectra were acquired with an array of pre-acquisition delay of 30 min or 60 min. 

HSQC spectra were measured with 128 scans per increment and adiabatic carbon 180° pulses. 

HETCOR spectra were recorded with 4 scans per increment and 256 increments. For KIE 

analysis, a standard proton experiment with relaxation delay of 25 s was used to record 
1
H 

NMR spectra. ACD/NMR Processor Academic Edition 12.0 (Advanced Chemistry 

Development Inc.) was used for evaluation of spectra. 
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Figure legends 

Figure 1: Previous mechanistic suggestions for conversion of substrate 2 by UAXS and 

detailed proposal of the mechanism resulting from evidence obtained in this study. a) 

Depiction of possible ways for formation of products 1 and 9 via retroaldol-aldol or bond-

shift mechanism (UMP = uridine 5’-monophosphate). Small coloured arrows indicate actions 

belonging to the respective pathway of the same colour. Dashed lines indicate possibilities for 

synthesis of products 1 and 9 directly from intermediate 4. The framed steps of oxidative 

decarboxylation and ring opening appear to be strongly coupled in UAXS and involve rate 

limitation by retroaldol cleavage, as suggested by KIEs. b) Expected distribution of 
13

C from 

substrate 2 to products 1 and 9 during enzymatic transformation. c) Expected distribution of 

2
H from substrate 2 to products 1 and 9 during enzymatic transformation, assuming no 

2
H/

1
H 

exchange with the solvent. 

Figure 2: Results of reaction course analysis with 
13

C-labelled substrates. a) In situ 
13

C NMR 

measurement of 
13

C-2 substrate 2 conversion. Signals belonging to substrate 2 (G), product 8 

(cA) and product 9 (X) are shown.
14

 Time between two spectra is 150 min. b) HETCOR 

spectrum of the reaction mixture with 
13

C-2 substrate 2 (F1 axis = 
1
H, F2 axis = 

13
C). The 

signal at 78.85, 4.51 ppm belongs to product 8 and shows binding of the 
13

C label and H-2 of 

the compound. The signal at 71.41, 3.53 ppm belongs to the substrate. c) In situ 
13

C NMR 

measurement of 
13

C-3 substrate 2 conversion. Signals belonging to substrate 2 (G), product 8 

(cA) and product 9 (X) are shown. Time between two spectra is 150 min. d) HSQC spectrum 

of the reaction mixture with 
13

C-3 substrate 2 (F1 axis = 
13

C, F2 axis = 
1
H; blue = negative 

phase, orange = positive phase). The signal at 3.51, 63.14 ppm belongs to product 8 and 

shows binding of the 
13

C label and H-3 of the compound. Binding between the 
13

C label and 

H-3 of product 9 is confirmed by the signal at 3.63, 72.98 ppm. The signal at 3.70, 72.51 ppm 

belongs to the substrate. 
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Figure 3: Results of reaction course analysis with 
2
H-labelled substrates. a) 

1
H NMR 

spectrum after conversion of 
2
H-3 substrate 2. Signals belonging to substrate 2 (G), product 8 

(cA) and product 9 (X) are shown. Only one proton is stereospecifically exchanged by 

deuterium originating from position 3 of substrate 2. b) HSQC spectrum of the reaction 

mixture shown in panel 2a (F1 axis = 
13

C, F2 axis = 
1
H; blue = negative phase, orange = 

positive phase). The signal at 3.54, 63.06 ppm belongs to product 8 and shows binding of the 

2
H label and C-3’ of the compound. c) 

1
H NMR spectrum after conversion of 

2
H-4 substrate 

2. Signals belonging to substrate 2 (G), product 8 (cA) and product 9 (X) are shown. Only one 

proton is stereospecifically exchanged by deuterium originating from position 4 of substrate 

2. d) HSQC spectrum of the reaction mixture shown in panel 2c (F1 axis = 
13

C, F2 axis = 
1
H; 

blue = negative phase, orange = positive phase). The signal at 3.50, 62.92 ppm belongs to 

product 8 and shows binding of the 
2
H label and C-3’ of the compound. 
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Table 1: Results from intermolecular competition experiments using mixture of substrates 

containing 
1
H-3 and 

2
H-3. Products obtained from conversion of unlabelled substrate 2 were 

used to calculate relative signal areas. If no KIE occurred, values would be 100% for H-1, H-2 

and H-4, 75% for H-3’ and 50% for H-3. The values obtained in intermolecular competition 

experiments for H-3’ and H-3 after partial substrate conversion are significantly higher (21% 

and 19%, respectively), indicating a KIE affecting formation of both products. See text for 

further explanations. 

Product Conv. 
Signal area (%) compared to unlabelled products

a
 

kH-3
obs.

/kH-3
calc.

 
H-1 H-2 H-3’a/b H-3 H-4(a/b)

b
 

8 
full -

c 
102.0 75.5 - 100.4 

1.21 ± 0.01
d
 

50% -
c
 99.2 80.4 - 101.8 

        

9 
full 98.0 -

c
 - 48.5 100.8 

1.19 ± 0.03
d
 

50% 97.6 97.1 - 59.5 -
c
 

a
 Variability < 3% 

b
 Product 9 only contains one proton at position 4. 

c
 Not analysable due to signal overlap. 

d
 Determined after 50% substrate conversion. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Supplementary Tables 

Reaction course analysis with 
13

C-labelled substrates 

Supplementary Table T1: Kinetic properties of UAXS 

pH value
a
 

UAXS specific activity
b
  

[𝐏𝐫𝐨𝐝𝐮𝐜𝐭 𝟏]𝐜

[𝐏𝐫𝐨𝐝𝐮𝐜𝐭 𝟗]
 

mU/mg % absolute % 

5.5 2.10 23.2 7.61∙10
-2 

4.1 

6.5 2.23 24.6 0.167 9.1 

7.5 3.05 33.6 0.928 50.4 

8.5 9.07 100 1.84 100 

9.5 2.36 26.0 1.24 67.4 
a
 Buffers used: 50 mM citrate (pH 5.5), 50 mM phosphate (pH 6.5-8.5), 50 mM Tris/HCl (pH 9.5) 

b
 Measured under standard conditions (2 mM substrate, 20 µM enzyme) 

c
 Measured as UMP 

 

Reaction course analysis with 
2
H-labelled substrates 

Supplementary Table T2: Product ratios obtained from conversions of different substrates 

Substrate  
[𝐏𝐫𝐨𝐝𝐮𝐜𝐭 𝟏]𝐚

[𝐏𝐫𝐨𝐝𝐮𝐜𝐭 𝟗]
  

Unlabelled 1.84 
2
H-3 1.92 

2
H-4 1.48 

a
 Measured as UMP 
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Supplementary Figures 

Synthesis of UDP--D-glucuronic acid (2) and UDP-2-deoxy--D-glucuronic acid (10) 

 

Supplementary Figure S1. Depiction of synthesis route for production of substrate 2 via 

intermediates D-glucose 6-phosphate (21), -D-glucose 1-phosphate (22) and nucleotide sugar 

13. Phenanthrene hydroquinone (23) in the coenzyme regeneration cascade is non-

enzymatically oxidized to 19. 

 

 

Supplementary Figure S2. Representative time course of synthesis of nucleotide sugar 13 

from 15 mM monosaccharide 11 (blue: compound 13, red: UDP, green: UTP). 
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Supplementary Figure S3. Representative time course of synthesis of substrate 2 from 

nucleotide sugar 13 (blue: compound 13, grey: substrate 2, black: H2O2). 

 

 

Supplementary Figure S4. Purification of substrate 2 (indicated by black box) using anion 

exchange chromatography (blue: UV signal, red: conductivity signal). 
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Supplementary Figure S5. Removal of salt by size exclusion chromatography. Substrate 2 

(indicated by black box) could be separated from NaCl in one step (blue: UV signal, red: 

conductivity signal). 
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Supplementary Figure S6. Commercial substrate 2 (purchased from Sigma-Aldrich). 
1
H NMR (500 MHz, D2O)  ppm 7.87 (d, J=8.30 Hz, 1 H), 5.88 - 5.93 (m, 2 H), 5.54 (dd, 

J=7.57, 3.66 Hz, 1 H), 4.27 - 4.31 (m, 2 H), 4.21 (br. s., 1 H), 4.08 - 4.18 (m, 2 H), 4.06 (d, 

J=9.76 Hz, 1 H), 3.71 (t, J=9.28 Hz, 1 H), 3.50 (dt, J=9.76, 3.17 Hz, 1 H), 3.43 (t, J=9.76 Hz, 

1 H); 
13

C NMR (125 MHz, D2O)  ppm 176.4, 166.2, 151.9, 141.6, 102.7, 95.4, 88.2, 83.3 (d, 

J=8.63 Hz), 73.7, 73.0, 72.6, 71.9, 71.4 (d, J=7.67 Hz), 69.7, 64.9 
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Supplementary Figure S7. Synthesized unlabelled substrate 2. 
1
H NMR (500 MHz, D2O) 

 ppm 7.85 (d, J=8.30 Hz, 1 H), 5.87 - 5.92 (m, 2 H), 5.53 (dd, J=7.32, 3.42 Hz, 1 H), 4.26 - 

4.30 (m, 2 H), 4.20 (br. s., 1 H), 4.07 - 4.17 (m, 2 H), 4.05 (d, J=10.25 Hz, 1 H), 3.69 (t, 

J=9.28 Hz, 1 H), 3.50 (dt, J=9.76, 2.93 Hz, 1 H), 3.42 (t, J=9.76 Hz, 1 H) 
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Supplementary Figure S8. Synthesized 
13

C-2 substrate 2. 
1
H NMR (500 MHz, D2O)  ppm 

7.87 (d, J=8.30 Hz, 1 H), 5.88 - 5.93 (m, 2 H), 5.54 (dd, J=7.57, 2.20 Hz, 1 H), 4.27 - 4.30 

(m, 2 H), 4.21 (br. s., 1 H), 4.10 - 4.18 (m, 2 H), 4.08 (d, J=10.25 Hz, 1 H), 3.67 - 3.74 (m, 

1 H), 3.64 (dt, J=9.76, 2.93 Hz, 0.5 H), 3.44 (t, J=9.52 Hz, 1 H), 3.36 (dt, J=9.76, 3.40 Hz, 

0.5 H); 
13

C NMR (125 MHz, D2O)  ppm 71.4 (d, J=8.63 Hz) 
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Supplementary Figure S9. Synthesized 
13

C-3 substrate 2. 
1
H NMR (500 MHz, D2O)  ppm 

7.88 (d, J=8.30 Hz, 1 H), 5.88 - 5.93 (m, 2 H), 5.52 - 5.57 (m, 1 H), 4.28 - 4.32 (m, 2 H), 4.21 

(br. s., 1 H), 4.09 - 4.18 (m, 2 H), 4.07 (d, J=10.25 Hz, 1 H), 3.86 (t, J=9.76 Hz, 0.5 H), 3.56 

(t, J=9.76 Hz, 0.5 H), 3.50 (dt, J=13.18, 3.42 Hz, 1 H), 3.40 - 3.47 (m, 1 H); 
13

C NMR 

(125 MHz, D2O)  ppm 72.6 
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Supplementary Figure S10. Synthesized 
2
H-3 substrate 2. 

1
H NMR (500 MHz, D2O)  ppm 

7.88 (d, J=8.30 Hz, 1 H), 5.89 - 5.93 (m, 2 H), 5.55 (dd, J=7.81, 2.93 Hz, 1 H), 4.28 - 4.32 

(m, 2 H), 4.21 (br. s., 1 H), 4.09 - 4.18 (m, 2 H), 4.07 (d, J=10.25 Hz, 1 H), 3.50 (br. s., 1 H), 

3.44 (d, J=10.25 Hz, 1 H) 
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Supplementary Figure S11. Synthesized 
2
H-4 substrate 2. 

1
H NMR (500 MHz, D2O)  ppm 

7.90 (d, J=8.30 Hz, 1 H), 5.91 - 5.95 (m, 2 H), 5.60 (dd, J=6.59, 3.17 Hz, 1 H), 4.34 (s, 1 H), 

4.29 - 4.33 (m, 2 H), 4.23 (br. s., 1 H), 4.11 - 4.21 (m, 2 H), 3.77 (d, J=9.76 Hz, 1 H), 3.55 (dt, 

J=9.28, 3.42 Hz, 1 H) 

 

 

Supplementary Figure S12. Depiction of synthesis route for production of substrate 

analogue 10 via intermediate 20 and nucleotide sugar 14. 
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Supplementary Figure S13. Time course of synthesis of substrate analogue 10 from UTP 

and compound 12 (blue: uridine, red: UMP, green: UDP, black: UTP, grey: nucleotide sugar 

14, orange: substrate analogue 10). 

 

 

Supplementary Figure S14. Purification of substrate analogue 10 (indicated by black box) 

using anion exchange chromatography (blue: UV signal, pink: conductivity signal, green: 

concentration buffer B). 
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Supplementary Figure S15. Removal of NaCl from substrate analogue 10 (indicated by 

black box) by size exclusion chromatography (blue: UV signal, pink: conductivity signal).  
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Supplementary Figure S16. Synthesized substrate analogue 10. The singlet at 1.86 ppm is 

residual sodium acetate from purification. 
1
H NMR (500 MHz, D2O)  ppm 7.91 (d, 

J=8.30 Hz, 1 H), 5.90 - 5.97 (m, 2 H), 5.67 (d, J=6.35 Hz, 1 H), 4.29 - 4.35 (m, 2 H), 4.23 

(br. s., 1 H), 4.09 - 4.21 (m, 2 H), 4.05 (d, J=9.76 Hz, 1 H), 3.96 (ddd, J=11.35, 9.40, 5.13 Hz, 

1 H), 3.41 (t, J=9.52 Hz, 1 H), 2.24 (dd, J=12.94, 4.64 Hz, 1 H), 1.71 (t, J=12.69 Hz, 1 H) 
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Supplementary Figure S17. Correlation spectroscopy (COSY) spectrum of synthesized 

substrate analogue 10. Signals from solvent impurities are indicated with red circles. 
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Supplementary Figure S18. HSQC (top) and heteronuclear multiple-bond correlation 

(HMBC; down) spectra of synthesized substrate analogue 10 (F1 axis = 
13

C, F2 axis = 
1
H). 

Signals from solvent impurities are indicated with red circles. 
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Supplementary Figure S19. HPLC trace (UV detection,  = 262 nm) of synthesized 

substrate analogue 10. UDP (< 15%) originates from partial decomposition during solvent 

removal. 

 

Reaction course analysis with 
13

C-labelled substrates 

 

Supplementary Figure 20. SDS-PAGE of purified UAXS (44.7 kDa), compared to a 

molecular weight standard (masses in kDa) and UXS (38.6 kDa). 
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Supplementary Figure S21. Cyclic phosphate 8 (contaminated with co-eluting UMP). 

Signals of H-1, H-2, H-3’ and H-4 are indicated.
1
 The signal of H-1 partly overlaps with 

signals from UMP. 
1
H NMR (500 MHz, D2O)  ppm 7.98 (d, J=8.30 Hz, 1 H), 5.86 - 5.95 (m, 

3 H), 4.50 (dd, J=6.10, 4.64 Hz, 1 H), 4.33 (t, J=4.88 Hz, 1 H), 4.28 (t, J=4.88 Hz, 1 H), 4.21 

(br. s., 1 H), 3.94 - 4.05 (m, 2 H), 3.90 (d, J=9.28 Hz, 1 H), 3.81 (d, J=9.28 Hz, 1 H), 3.55 (d, 

J=12.69 Hz, 1 H), 3.51 (d, J=12.69 Hz, 1 H) 
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Supplementary Figure S22. HSQC (F1 axis = 
13

C, F2 axis = 
1
H) of cyclic phosphate 8 

(contaminated with co-eluting UMP). Signals indicated are from position 1 (102.71, 5.9) 

position 2 (78.81, 4.5), position 3’ (63.22, 3.53) and position 4 (70, 3.81 and 70, 3.9).
1
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Supplementary Figure S23. Nucleotide sugar 9. Signals of H-1, H-2, H-3, H-4 and H-5 are 

indicated.
2
 
1
H NMR (500 MHz, D2O)  ppm 7.90 (d, J=8.30 Hz, 1 H), 5.90 - 5.95 (m, 2 H), 

5.50 (dd, J=6.83, 3.42 Hz, 1 H), 4.30 - 4.35 (m, 2 H), 4.24 (br. s., 1 H), 4.12 - 4.22 (m, 2 H), 

3.68 - 3.73 (m, 2 H), 3.65 (t, J=9.28 Hz, 1 H), 3.59 (dd, J=9.03, 7.08 Hz, 1 H), 3.47 (dt, 

J=9.52, 2.81 Hz, 1 H) 
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Supplementary Figure S24. 
1
H NMR spectrum after conversion of 

13
C-2 substrate 2 by 

UAXS in D2O. Signals of the anomeric protons from substrate (G-1), product 8 (cA-1) and 

product 9 (X-1) are indicated.
1
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Reaction course analysis with UDP-2-deoxy--D-glucuronic acid 

 

Supplementary Figure S25. Possible routes for conversion of substrate analogue 10 by 

UAXS. The retroaldol-aldol mechanism is not possible due to the missing hydroxyl group. 

 

 

Supplementary Figure S26. Conversion of substrate analogue 10 by UXS (green: 10, red: 

product 15, blue: UMP, purple: UDP). 
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Supplementary Figure S27. 
1
H NMR spectrum after conversion of substrate analogue 10 by 

UXS. Signals of the anomeric protons from substrate analogue 10 (DG-1) and product 15 

(DX-1) are indicated. 
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Supplementary Figure S28. HSQC spectrum (F1 axis = 
13

C, F2 axis = 
1
H) of reaction 

mixture containing substrate analogue 10, NAD
+
 and UXS. Formation of product 15 is 

visible. 
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Supplementary Figure S29. In situ 
1
H NMR experiment with 1 mM substrate analogue 10 

and 20 µM UAXS (time between two spectra is 180 min). No product formation could be 

observed. 
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Supplementary Figure S30. Conversion of substrate analogue 10 by 50 µM UAXS. No 

product formation could be observed (green: substrate analogue 10, blue: UMP, purple: 

UDP). 

 

 

Supplementary Figure S31. Conversion of 1 mM substrate analogue 10 by 50 µM UAXS in 

presence of 2 mM NAD
+
. No formation of NADH could be observed. 
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Methods 

CLUSTAL O(1.2.1) multiple sequence alignment 

 

GenBank             ---ATGGCGAATGGAGCTAATAGAGTGGATCTCGACGGGAAACCGATACAACCGTTGACA 57 

Synthetic_gene      CATATGGCAAATGGTGCGAACCGTGTGGACCTGGACGGCAAACCGATTCAACCGCTGACG 60 

                       ***** ***** ** **  * ***** ** ***** ******** ****** ****  

 

GenBank             ATATGCATGATCGGCGCCGGAGGTTTCATCGGTTCACATCTCTGTGAAAAGCTCTTGACC 117 

Synthetic_gene      ATCTGTATGATTGGTGCTGGCGGCTTTATTGGTAGTCATCTGTGCGAAAAACTGCTGACC 120 

                    ** ** ***** ** ** ** ** ** ** ***   ***** ** ***** **  ***** 

 

GenBank             GAGACGCCACATAAGGTGCTTGCGCTCGATGTTTACAACGATAAGATCAAACACTTGCTT 177 

Synthetic_gene      GAAACGCCGCACAAAGTTCTGGCCCTGGATGTCTATAACGACAAAATCAAACATCTGCTG 180 

                    ** ***** ** ** ** ** ** ** ***** ** ***** ** ********  ****  

 

GenBank             GAGCCTGATACCGTTGAATGGAGTGGTCGGATCCAGTTTCATCGTATCAATATTAAGCAT 237 

Synthetic_gene      GAACCGGATACCGTTGAATGGAGCGGCCGTATTCAGTTTCATCGCATTAACATCAAACAC 240 

                    ** ** ***************** ** ** ** *********** ** ** ** ** **  

 

GenBank             GATTCGAGACTTGAAGGTCTTGTTAAGATGGCGGATCTGATTATAAATCTTGCTGCGATC 297 

Synthetic_gene      GATTCTCGCCTGGAAGGTCTGGTCAAAATGGCAGACCTGATTATCAATCTGGCGGCCATT 300 

                    *****  * ** ******** ** ** ***** ** ******** ***** ** ** **  

 

GenBank             TGTACTCCAGCTGATTACAATACACGTCCTCTTGATACTATCTACAGCAATTTCATTGAT 357 

Synthetic_gene      TGTACGCCGGCTGATTATAACACCCGTCCGCTGGACACGATCTACAGTAATTTCATTGAT 360 

                    ***** ** ******** ** ** ***** ** ** ** ******** ************ 

 

GenBank             GCGCTTCCAGTTGTGAAATACTGTTCTGAGAACAACAAGCGTCTCATTCACTTTTCTACC 417 

Synthetic_gene      GCACTGCCGGTGGTTAAATACTGCAGTGAAAACAACAAACGCCTGATCCATTTTTCCACC 420 

                    ** ** ** ** ** ********   *** ******** ** ** ** ** ***** *** 

 

GenBank             TGTGAAGTTTATGGAAAAACCATTGGAAGCTTTCTTCCTAAGGATCATCCTCTGCGTGAT 477 

Synthetic_gene      TGTGAAGTGTACGGCAAAACGATTGGTTCCTTCCTGCCGAAAGATCACCCGCTGCGTGAT 480 

                    ******** ** ** ***** *****   *** ** ** ** ***** ** ********* 

 

GenBank             GATCCTGCTTTCTATGTTCTTAAAGAAGATATTTCCCCTTGCATATTTGGTTCAATTGAG 537 

Synthetic_gene      GACCCGGCTTTTTATGTTCTGAAAGAAGACATTAGTCCGTGCATCTTCGGCTCCATTGAA 540 

                    ** ** ***** ******** ******** ***   ** ***** ** ** ** *****  

 

GenBank             AAGCAGAGGTGGTCATATGCGTGTGCAAAGCAACTGATTGAGAGACTTGTTTACGCTGAG 597 

Synthetic_gene      AAACAGCGTTGGTCTTATGCATGTGCTAAACAACTGATTGAACGCCTGGTCTACGCGGAA 600 

                    ** *** * ***** ***** ***** ** ***********  * ** ** ***** **  

 

GenBank             GGTGCTGAGAATGGGCTTGAGTTCACCATCGTACGACCTTTTAACTGGATTGGACCTAGG 657 

Synthetic_gene      GGCGCCGAAAACGGTCTGGAATTTACCATCGTGCGTCCGTTCAATTGGATTGGCCCGCGC 660 

                    ** ** ** ** ** ** ** ** ******** ** ** ** ** ******** **  *  

 

GenBank             ATGGATTTCATCCCCGGCATTGATGGTCCTAGCGAAGGTGTCCCACGTGTCCTTGCCTGC 717 

Synthetic_gene      ATGGATTTTATTCCGGGCATCGACGGTCCGTCAGAAGGTGTGCCGCGCGTTCTGGCGTGC 720 

                    ******** ** ** ***** ** *****    ******** ** ** ** ** ** *** 

 

GenBank             TTTAGTAACAATCTTCTACGTCGTGAGCCTCTCAAGCTTGTAGATGGTGGAGAATCACAG 777 

Synthetic_gene      TTCTCGAACAATCTGCTGCGTCGCGAACCGCTGAAACTGGTGGATGGCGGTGAAAGCCAG 780 

                    **    ******** ** ***** ** ** ** ** ** ** ***** ** ***   *** 

 

GenBank             AGAACTTTCGTCTACATCAATGATGCTATTGAAGCTGTCCTTTTGATGATTGAAAACCCA 837 

Synthetic_gene      CGTACCTTTGTGTATATCAATGACGCAATTGAAGCTGTTCTGCTGATGATCGAAAACCCG 840 

                     * ** ** ** ** ******** ** *********** **  ******* ********  

 

GenBank             GAGAGGGCAAATGGGCACATCTTCAACGTAGGCAACCCGAACAACGAAGTTACAGTAAGA 897 

Synthetic_gene      GAACGTGCGAATGGCCACATTTTCAACGTTGGTAATCCGAACAATGAAGTCACCGTGCGC 900 

                    **  * ** ***** ***** ******** ** ** ******** ***** ** **  *  

 

GenBank             CAGCTCGCTGAAATGATGACCGAGGTTTACGCAAAAGTGAGTGGAGAAGGAGCCATTGAG 957 

Synthetic_gene      CAACTGGCCGAAATGATGACGGAAGTCTACGCGAAAGTGTCAGGCGAAGGTGCCATCGAA 960 

                    ** ** ** *********** ** ** ***** ******   ** ***** ***** **  

 

 

GenBank             AGCCCAACGGTTGATGTTAGCTCCAAAGAGTTTTACGGGGAAGGTTATGATGACAGTGAC 1017 

Synthetic_gene      TCGCCGACCGTTGATGTCAGCTCTAAAGAATTTTATGGCGAAGGTTACGATGACAGCGAT 1020 

                       ** ** ******** ***** ***** ***** ** ******** ******** **  
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GenBank             AAGAGAATCCCAGACATGACCATCATTAACCGCCAACTCGGATGGAACCCGAAAACATCG 1077 

Synthetic_gene      AAACGTATTCCGGACATGACCATTATCAACCGCCAACTGGGTTGGAATCCGAAAACGAGC 1080 

                    **  * ** ** *********** ** *********** ** ***** ********     

 

GenBank             CTATGGGACTTGCTCGAGTCGACCTTAACCTACCAGCACAGGACATACGCTGAAGCTGTG 1137 

Synthetic_gene      CTGTGGGATCTGCTGGAATCTACCCTGACGTATCAACATCGCACCTATGCCGAAGCAGTG 1140 

                    ** *****  **** ** ** *** * ** ** ** **  * ** ** ** ***** *** 

 

GenBank             AAGAAGGCAACATCCAAACCAGTGGCTTCCTAA--- 1170 

Synthetic_gene      AAAAAAGCTACCAGCAAACCGGTCGCAAGCCTCGAG 1176 

                    ** ** ** **   ****** ** **   *       

Supplementary Figure S32. Sequence comparison of original AXS1 gene from GenBank 

and codon-optimized synthetic AXS1 gene used for recombinant UAXS production (green: 

restriction sites). 

 

CLUSTAL O(1.2.1) multiple sequence alignment 

 

Synthetic_gene      -----------------------------CATATGGCAAATGGTGCGAACCGTGTGGACC 31 

Sequenced_gene      ATTTTGTTTAACTTTAAGAAGGAGATATACATATGGCAAATGGTGCGAACCGTGTGGACC 60 

                                                 ******************************* 

 

Synthetic_gene      TGGACGGCAAACCGATTCAACCGCTGACGATCTGTATGATTGGTGCTGGCGGCTTTATTG 91 

Sequenced_gene      TGGACGGCAAACCGATTCAACCGCTGACGATCTGTATGATTGGTGCTGGCGGCTTTATTG 120 

                    ************************************************************ 

 

Synthetic_gene      GTAGTCATCTGTGCGAAAAACTGCTGACCGAAACGCCGCACAAAGTTCTGGCCCTGGATG 151 

Sequenced_gene      GTAGTCATCTGTGCGAAAAACTGCTGACCGAAACGCCGCACAAAGTTCTGGCCCTGGATG 180 

                    ************************************************************ 

 

Synthetic_gene      TCTATAACGACAAAATCAAACATCTGCTGGAACCGGATACCGTTGAATGGAGCGGCCGTA 211 

Sequenced_gene      TCTATAACGACAAAATCAAACATCTGCTGGAACCGGATACCGTTGAATGGAGCGGCCGTA 240 

                    ************************************************************ 

 

Synthetic_gene      TTCAGTTTCATCGCATTAACATCAAACACGATTCTCGCCTGGAAGGTCTGGTCAAAATGG 271 

Sequenced_gene      TTCAGTTTCATCGCATTAACATCAAACACGATTCTCGCCTGGAAGGTCTGGTCAAAATGG 300 

                    ************************************************************ 

 

Synthetic_gene      CAGACCTGATTATCAATCTGGCGGCCATTTGTACGCCGGCTGATTATAACACCCGTCCGC 331 

Sequenced_gene      CAGACCTGATTATCAATCTGGCGGCCATTTGTACGCCGGCTGATTATAACACCCGTCCGC 360 

                    ************************************************************ 

 

Synthetic_gene      TGGACACGATCTACAGTAATTTCATTGATGCACTGCCGGTGGTTAAATACTGCAGTGAAA 391 

Sequenced_gene      TGGACACGATCTACAGTAATTTCATTGATGCACTGCCGGTGGTTAAATACTGCAGTGAAA 420 

                    ************************************************************ 

 

Synthetic_gene      ACAACAAACGCCTGATCCATTTTTCCACCTGTGAAGTGTACGGCAAAACGATTGGTTCCT 451 

Sequenced_gene      ACAACAAACGCCTGATCCATTTTTCCACCTGTGAAGTGTACGGCAAAACGATTGGTTCCT 480 

                    ************************************************************ 

 

Synthetic_gene      TCCTGCCGAAAGATCACCCGCTGCGTGATGACCCGGCTTTTTATGTTCTGAAAGAAGACA 511 

Sequenced_gene      TCCTGCCGAAAGATCACCCGCTGCGTGATGACCCGGCTTTTTATGTTCTGAAAGAAGACA 540 

                    ************************************************************ 

 

Synthetic_gene      TTAGTCCGTGCATCTTCGGCTCCATTGAAAAACAGCGTTGGTCTTATGCATGTGCTAAAC 571 

Sequenced_gene      TTAGTCCGTGCATCTTCGGCTCCATTGAAAAACAGCGTTGGTCTTATGCATGTGCTAAAC 600 

                    ************************************************************ 

 

Synthetic_gene      AACTGATTGAACGCCTGGTCTACGCGGAAGGCGCCGAAAACGGTCTGGAATTTACCATCG 631 

Sequenced_gene      AACTGATTGAACGCCTGGTCTACGCGGAAGGCGCCGAAAACGGTCTGGAATTTACCATCG 660 

                    ************************************************************ 

 

Synthetic_gene      TGCGTCCGTTCAATTGGATTGGCCCGCGCATGGATTTTATTCCGGGCATCGACGGTCCGT 691 

Sequenced_gene      TGCGTCCGTTCAATTGGATTGGCCCGCGCATGGATTTTATTCCGGGCATCGACGGTCCGT 720 

                    ************************************************************ 

 

Synthetic_gene      CAGAAGGTGTGCCGCGCGTTCTGGCGTGCTTCTCGAACAATCTGCTGCGTCGCGAACCGC 751 

Sequenced_gene      CAGAAGGTGTGCCGCGCGTTCTGGCGTGCTTCTCGAACAATCTGCTGCGTCGCGAACCGC 780 

                    ************************************************************ 
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Synthetic_gene      TGAAACTGGTGGATGGCGGTGAAAGCCAGCGTACCTTTGTGTATATCAATGACGCAATTG 811 

Sequenced_gene      TGAAACTGGTGGATGGCGGTGAAAGCCAGCGTACCTTTGTGTATATCAATGACGCAATTG 840 

                    ************************************************************ 

 

Synthetic_gene      AAGCTGTTCTGCTGATGATCGAAAACCCGGAACGTGCGAATGGCCACATTTTCAACGTTG 871 

Sequenced_gene      AAGCTGTTCTGCTGATGATCGAAAACCCGGAACGTGCGAATGGCCACATTTTCAACGTTG 900 

                    ************************************************************ 

 

Synthetic_gene      GTAATCCGAACAATGAAGTCACCGTGCGCCAACTGGCCGAAATGATGACGGAAGTCTACG 931 

Sequenced_gene      GTAATCCGAACAATGAAGTCACCGTGCGCCAACTGGCCGAAATGATGACGGAAGTCTACG 960 

                    ************************************************************ 

 

Synthetic_gene      CGAAAGTGTCAGGCGAAGGTGCCATCGAATCGCCGACCGTTGATGTCAGCTCTAAAGAAT 991 

Sequenced_gene      CGAAAGTGTCAGGCGAAGGTGCCATCGAATCGCCGACCGTTGATGTCAGCTCTAAAGAAT 1020 

                    ************************************************************ 

 

Synthetic_gene      TTTATGGCGAAGGTTACGATGACAGCGATAAACGTATTCCGGACATGACCATTATCAACC 1051 

Sequenced_gene      TTTATGGCGAAGGTTACGATGACAGCGATAAACGTATTCCGGACATGACCATTATCAACC 1080 

                    ************************************************************ 

 

Synthetic_gene      GCCAACTGGGTTGGAATCCGAAAACGAGCCTGTGGGATCTGCTGGAATCTACCCTGACGT 1111 

Sequenced_gene      GCCAACTGGGTTGGAATCCGAAAACGAGCCTGTGGGATCTGCTGGAATCTACCCTGACGT 1140 

                    ************************************************************ 

 

Synthetic_gene      ATCAACATCGCACCTATGCCGAAGCAGTGAAAAAAGCTACCAGCAAACCGGTCGCAAGCC 1171 

Sequenced_gene      ATCAACATCGCACCTATGCCGAAGCAGTGAAAAAAGCTACCAGCAAACCGGTCGCAAGCC 1200 

                    ************************************************************ 

 

Synthetic_gene      TCGAG------------------------------------------ 1176 

Sequenced_gene      TCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCC 1247 

                    *****                                           

Supplementary Figure S33. Sequence comparison of synthetic AXS1 gene as obtained by 

the supplier and sequencing results after plasmid isolation. The C-terminal His6 tag is visible 

(blue). 

 

 

Supplementary Figure S34. Representative purification of UAXS reaction mixture for 

evaluation of intermolecular competition experiments (blue: UV signal, brown: conductivity 

signal, green: concentration buffer B).   
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