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Abstract: GDP-mannose 3,5-epimerase (GM35E) catalyzes the conversion of GDP-mannose towards
GDP-l-galactose and GDP-l-gulose. Although this reaction represents one of the few enzymatic
routes towards the production of l-sugars and derivatives, it has not yet been exploited for that
purpose. One of the reasons is that so far only GM35Es from plants have been characterized, yielding
biocatalysts that are relatively unstable and difficult to express heterologously. Through the mining
of sequence databases, we succeeded in identifying a promising bacterial homologue. The gene
from the thermophilic organism Methylacidiphilum fumariolicum was codon optimized for expression
in Escherichia coli, resulting in the production of 40 mg/L of recombinant protein. The enzyme was
found to act as a self-sufficient GM35E, performing three chemical reactions in the same active site.
Furthermore, the biocatalyst was highly stable at temperatures up to 55 ◦ C, making it well suited for
the synthesis of new carbohydrate products with application in the pharma industry.
Keywords: Methylacidiphilum fumariolicum; biocatalysis; GDP-mannose 3,5-epimerase; l-sugars;
recombinant expression

1. Introduction
Recently, l-sugars have come into focus as they are frequently found to be key constituents
of biologically relevant molecules [1,2], such as bioactive oligosaccharides [3], antibiotics [4], and
clinically useful nucleosides [5], the latter being known as building blocks for anticancer and antiviral
drugs. A pioneering example thereof is 3TC, an l-nucleoside analogue which is highly effective
against HIV and hepatitis B [6]. Some properties that contribute to the interest of the pharmaceutical
industry in l-sugars are an advanced antiviral activity, ameliorated metabolic stability, and favorable
toxicological profiles [7,8]. However, apart from some exceptions (e.g., l-arabinose, l-fucose), these
valuable molecules are rare in nature and are thus rather expensive in contrast to their d-enantiomers.
Despite several efforts in the last decade [7–11], the quest for highly efficient production processes is
still ongoing in order to increase the availability of l-sugars for their exploitation on an industrial scale
and exploration of additional qualities.
On that account, guanosine diphosphate (GDP)-mannose 3,5-epimerase attracts attention as the
enzyme catalyzes the conversion of GDP-d-mannose (GDP-Man) to GDP-l-galactose (GDP-l-Gal) and
GDP-l-gulose (GDP-l-Gul) [12]. Accordingly, this biocatalyst forms a bridge between the abundant
d-sugars and their rare l-counterparts and might thus contribute to the economic production of l-sugars.
Indeed, this catalytic reaction paves the way for the synthesis of both l-galactose and l-gulose, and
derivatives thereof. l-Gulose is known as a component of bleomycin, a glycopeptide antibiotic with
antitumor properties produced by Streptomyces verticillus [4,13]. Actually, the sugar moiety stimulates
the uptake of this drug by cancer cells [14]. Both l-gulose and l-galactose show potential as building
blocks of l-nucleoside-based antiviral and anticancer medications [5,15]. Furthermore, the latter is
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medications [5,15]. Furthermore, the latter is found as a constituent of saponins and some other
biopolymers [16,17]. Due to their large structural diversity, saponins manifest various biological
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The present paper discusses the production and characterization of the first bacterial GM35E
deriving from Methylacidiphilum fumariolicum strain SolV. This thermostable variant displays an optimal
temperature and pH of 60 ◦ C and 7.5 and is hypothesized to play a role in the lipopolysaccharide
biosynthesis of the organism. Based on its properties, the biocatalyst is thought to be highly suitable
for the industrial-scale production of l-sugars and derivatives.
2. Results
2.1. Identification of a Bacterial GM35E Homologue
To date, only GM35E enzymes from plants have been characterized; the one from Arabidopsis
thaliana being the most extensively explored example [12,20–23]. Previous studies on GM35E all focused
on the physiological role of this enzyme, principally in the l-ascorbate acid biosynthetic pathway.
However, GM35E might also be considered as a significant route towards the economical and ecological
production of l-sugars. Accordingly, in the interest of industrial exploitation of this C5-epimerase, the
availability of bacterial homologues might be profitable. Indeed, bacterial enzymes generally display
high catalytic activity and facilitate recombinant expression in prokaryotes. In addition, enzymes
deriving from thermophilic bacteria are presumed to be more (thermo)stable, a property that is highly
valuable as this results in a higher tolerance for the harsh process conditions practiced in industry [31].
For instance, the commonly applied high process temperatures to prevent microbial contamination,
support substrate and product solubility, counteract viscosity of the reaction broth and improve the
process speed [32].
The increasing amount of genomic data that has become available in the past few years
allows straight-forward mining in search of bacterial homologues. UniProt contains 18 unreviewed
bacterial sequences annotated as ‘GDP-mannose 3,5-epimerase’, mostly belonging to the Proteobacteria,
Actinobacteria, and Acidobacteria. Of these sequences, the one from Methylacidiphilum fumariolicum strain
SolV (Mf GM35E, UniProt: I0K0X9) displays the highest sequence identity (50.5%) with the GM35E
gene of Arabidopsis thaliana (AtGM35E, UniProt: Q93VR3). Moreover, Methylacidiphilum fumariolicum
is a thermoacidophilic methanotroph found in volcanic environments, potentially yielding stable
enzymes [33]. Consequently, Mf GM35E was selected for further characterization.
2.2. Optimization of Activity Testing
Recombinant expression of Mf GM35E in Escherichia coli was optimized and after purification,
about 40 mg/L enzyme was recovered, as shown in Figure S1. Subsequently, an initial examination
of the activity of Mf GM35E demonstrated the presence of GDP-Man together with two products of
which the concentrations increased in time until an equilibrium ratio of 80:15:5 was reached. This ratio
is in accordance with the conversion profile of GDP-Man towards GDP-l-Gal and GDP-l-Gul by
AtGM35E [12]. This demonstrated that the recombinant enzyme was active and was able to catalyze
the same epimerization reaction as AtGM35E.
Next, the enzyme inactivation method for activity tests with Mf GM35E was optimized.
As Mf GM35E is supposed to be a thermostable variant, only chemical methods were considered,
as shown in Figure 2. Using 100% ethanol (EtOH) for inactivation resulted in degradation of the
products, as was reported previously [34]. Furthermore, it became apparent that the samples inactivated
in 45% acetonitrile (ACN) displayed a higher conversion towards GDP-l-Gal, suggesting that the
enzyme was not inactivated immediately and thus shows some solvent resistance towards 45%
ACN. Moreover, the enzyme might even be activated by the addition of solvent at this suboptimal
temperature, as has previously been observed with sucrose phosphorylase [35]. The other approaches
share the same efficiency. As inactivation in 0.01 M NaOH results in a high pH which might degrade
NDP-sugars [36], the method of choice for full inactivation of the enzyme was acetonitrile/methanol
(50:50). This optimization formed the basis for further characterization of Mf GM35E, revealing a
specific activity of 0.47 (± 0.03) U/mg.
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Figure 2. Evaluation of enzyme inactivation methods. Reaction mixtures (2 mM GDP-Man, 0.01
mg/mL MfGM35E, pH 8) were incubated at 37 °C. At defined time points, samples were 10× diluted
in various inactivation solutions (0.01 M NaOH, 45% acetonitrile (ACN), acetonitrile/methanol
(MeOH) (50:50), or 100% ethanol (EtOH)). The y-axis represents the conversion of GDP-Man towards
GDP-L-Gal.
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Accordingly, this paper presented the characterization of the first bacterial GM35E from the
thermoacidophilic organism Methylacidiphilum fumariolicum strain SolV. This biocatalyst entails the

Int. J. Mol. Sci. 2019, 20, 3530

7 of 13

efficient synthesis of GDP-l-Gal and GDP-l-Gul from GDP-Man, thereby combining three catalytic
reactions in a single active site. This is a special feature with respect to bacteria as it was already
shown that bacteria tend to split complex catalytic reactions over several enzymes whereas plant
enzymes immediately combine these reactions into one enzyme [28,29]. The characterized bacterial
homologue displays a very high stability and optimal temperature as compared to the GM35Es that
are available today. In addition, the enzyme exhibits some solvent resistance as it was not immediately
inactivated in 45% of ACN. This property was linked to thermostability already and is of interest
as organic solvent systems are sometimes preferred in industry, e.g., for the glycosylation of certain
pharmaceuticals [35,42]. Indeed, these systems can result in an amplified solubility of hydrophobic
substrates or in the inhibition of water-dependent side reactions [43]. Moreover, the use of an organic
co-solvent might alter an enzyme’s specificity or selectivity and improve its stability and activity [44–46].
Consequently, it might be interesting to further explore solvent engineering of Mf GM35E [47].
Next to the biochemical characterization of Mf GM35E, the occurrence of GM35E in bacteria raises
the question what role the enzyme might play in these organisms, and in Methylacidiphilum fumariolicum
in particular. Studies on the biosynthetic pathway of the anticancer compound bleomycin, which
contains l-gulose as a building block, revealed the presence of blmG, a sugar epimerase which was
hypothesized to catalyze the conversion of NDP-d-mannose to NDP-l-gulose [13]. A BLAST search
with the respective sequence (UniProt: Q9FB21) exposed 42% sequence identity with AtGM35E,
fortifying the assumption that this concerns a GM35E. Furthermore, the activity of GM35E was
recently described in the biosynthetic pathway of the nucleoside antibiotic A201A found in
Marinactinospora thermotolerans [48]. This antibiotic contains an l-galactose moiety in its furanose
configuration which is essential for the bioactivity of this drug. From these findings, it can be deduced
that bacterial GM35Es feasibly play a role in antibiotic biosynthesis. On the other hand, l-sugars in
general have been described as components of lipopolysaccharides (LPS), potentially influencing the
organism’s virulence. This principally concerns deoxy amino l-sugars, which are attractive targets for
vaccine development as these structures are specific for bacteria and do not appear in eukaryotes [49,50].
An example thereof is 2,6-dideoxy-2-acetamidino-l-galactose, a component of the O-antigen of LPS
of Pseudomonas aeruginosa O12 and Escherichia coli O145 [51]. The synthesis of this compound also
depends on the activity of epimerases [52]. Investigation of the genomic context of Mf GM35E
implies involvement in LPS biosynthesis as well, as shown in Figure S3. Indeed, a gene encoding
a phosphatidylglycerolphosphate synthase (UniProt: I0K0X5) was found in close proximity to the
GM35E gene. Phosphatidylglycerol, an amphiphilic lipid, is known to be a basic component of bacterial
membranes [53,54]. The presence of a glycosyltransferase (UniProt: I0K0Y0) next to Mf GM35E and a
nearby methyltransferase (UniProt: I0K0Y2) supports this hypothesis [55,56].
From an application-oriented point of view, the epimerization reaction of Mf GM35E gives access
to two expedient NDP-sugars, namely GDP-l-Gal and GDP-l-Gul. Today, an efficient production
process for these activated sugars is lacking, resulting in the scarce availability and a high price
(€8580/100 mg, Carbosynth 2019) of the former and the commercial absence of the latter. Recently,
the production of GDP-l-galactose from l-galactose was established by Ohashi et al. in a single
step reaction catalyzed by the promiscuous l-fucokinase/GDP-l-fucose pyrophosphorylase [57].
High conversion yields (92%) were obtained, however, the use of l-galactose as starting material
significantly drives up production costs. The exploitation of Mf GM35E for production on a preparative
scale would allow the synthesis of about 15 g/L GDP-l-Gal and 5 g/L GDP-l-Gul starting from 100 g/L
GDP-Man. Subsequently, the recovery of the nucleotide sugars might be realized by an anion exchange
chromatography protocol [58,59]. Interestingly, the availability of these NDP-sugars forms a gateway
to glycorandomization, a process in which the carbohydrate moiety of antibiotics is altered in order to
tailor their pharmacological properties and/or biological activity [60–62]. As l-galactose and l-gulose
are two l-sugars that are known to be present in natural antibiotics, they form an interesting starting
point for this technique [4,48]. Moreover, the l-Gul moiety in bleomycin facilitates its uptake by cancer
cells, assuming that it might be interesting to link this l-sugar to other anticancer drugs as well [14].
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Interestingly, most glycosyltransferases catalyze irreversible reactions, which means that coupling
these enzymes with epimerases would push the epimerization reaction towards product formation,
thereby increasing yields. Eventually, an integrated pathway from cheap substrate towards highly
valuable compounds might be obtained as the biocatalytic production of GDP-mannose starting from
mannose was recently established by various research groups [63,64].
In conclusion, this paper highlighted GM35E from Methylacidiphilum fumariolicum strain SolV as
an industrially attractive biocatalyst with a huge potential in the production of valuable l-sugars and
derivatives. Moreover, this project emphasizes the significance of epimerases for rare sugar synthesis
in general.
4. Materials and Methods
4.1. Materials
All chemicals were obtained from Sigma-Aldrich (Saint Lois, MO, USA) or Carbosynth (Compton,
UK) and were of the highest purity, unless stated otherwise.
4.2. Gene Cloning And Transformation
The codon optimized GM35E genes from Methylacidiphilum fumariolicum strain SolV (UniProt:
I0K0X9) and Arabidopsis thaliana (UniProt: Q93VR3) were synthesized and subcloned into the pET21
vector at NdeI and XhoI restriction sites, providing a C-terminal His6 -tag, by GeneArt Gene Synthesis
(Thermo Fisher Scientific, DWaltham, MA, USA). The constructs were transformed in E. coli BL21(DE3)
electrocompetent cells for protein expression.
4.3. Enzyme Production And Purification
In this study, 250 mL lysogeny broth (LB) medium (10 g/L trypton, 5 g/L yeast extract, and 5 g/L
NaCl) supplemented with 100 µg/mL ampicillin was inoculated with 2% (v/v) stationary culture and
incubated at 37 ◦ C and 200 rpm till the OD600 equaled 0.6. Subsequently, cultures were cooled down to
20 ◦ C and enzyme production was induced by the addition of isopropyl β-d-thiogalactopyranoside
(IPTG) to a final concentration of 1 mM (overnight incubation at 20 ◦ C and 200 rpm). Cells were
harvested by centrifuging for 30 min at 9000 rpm and 4 ◦ C. The obtained pellets were frozen and stored
at −20 ◦ C for at least 1 h. For enzyme extraction and purification, each pellet of a 250 mL culture was
resuspended in 8 mL of lysis buffer (500 mM NaCl, 10 mM imidazole, 100 µM phenylmethane sulfonyl
fluoride (PMSF) and 1 mg/mL lysozyme in 50 mM sodium phosphate buffer pH 7.4) and cooled on
ice for 30 min. Next, the cells were subjected to 3 times 2.5 min of sonication (Branson sonifier 250,
level 3, 50% duty cycle). Cell debris was collected by 15 min of centrifugation at 12,000 rpm and 4 ◦ C.
The supernatant, containing the soluble protein fraction, was subsequently filtered through a 0.2 µm
polyethersulfone membrane filter (VWR, Leuven, Belgium). Next, the His6 -tagged proteins were
purified to apparent homogeneity by Ni-NTA chromatography, with small variations to the supplier’s
description (Thermo Fisher Scientific, Waltham, MA, USA). The resin was washed twice with 8 mL
wash buffer (500 mM NaCl, 20 mM imidazole in 50 mM sodium phosphate buffer pH 7.4). Protein was
eluted with 3 times 4 mL elution buffer (500 mM NaCl, 250 mM imidazole in 50 mM sodium phosphate
buffer pH 7.4). As a final step, buffer was exchanged to 50 mM HEPES pH 8 by using Amicon Ultra-15
centrifugal filter units with 30 kDa cut-off (Merck Millipore Darmstadt, Germany). About 40 mg/L of
enzyme was recovered.
The protein content was determined by measuring the absorbance at 280 nm with the
NanoDrop2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The extinction
coefficient and molecular weight of His6 -tagged GM35Es were calculated using the ProtParam tool on
the ExPASy server (https://web.expasy.org/protparam/). Molecular weight and purity of the protein
were verified by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 12% gel).
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The enzyme’s electrophoretic behavior corresponded well with its predicted molecular mass of about
37 kDa.
4.4. Optimization of Product Analysis and Enzyme Inactivation
First, the separation of NDP-sugars using high performance anion exchange chromatography
and pulsed amperometric detection (HPAEC-PAD; Dionex ICS-3000 system, Thermo Fisher Scientific,
Waltham, MA, USA) was addressed. Based on product formation by AtGM35E (2 mM GDP-Man
and 1 mg/mL purified enzyme in a total of 200 µL 50 mM HEPES pH 8.0 at 21 ◦ C), it was found that
GDP-Man, GDP-l-Gal, and GDP-l-Gul could be separated by an isocratic method using a mixture of
850 mM NaOAc and 100 mM NaOH for 20 min.
Secondly, the enzyme inactivation method was evaluated. Reaction mixtures contained 2 mM
GDP-Man and 0.1 mg/mL Mf GM35E in a total volume of 500 µL 50 mM HEPES pH 8.0. Reactions
were incubated at 30 ◦ C and 1000 rpm. Then, 30 µL of the reaction mixture was inactivated in 270 µL
inactivation solution (0.01 M NaOH, 50% acetonitrile, acetonitrile/methanol (50:50), or 100% ethanol).
4.5. Activity Testing and Enzyme Characterization
The enzymatic activity was assayed by the converting activity towards GDP-l-Gal. For all activity
tests, samples were taken at defined time points and inactivated in a mixture of acetonitrile and
methanol (50:50) unless stated otherwise. Afterwards, samples were analyzed on the Dionex ICS-3000
system as described in Section 4.4.
For the initial examination of Mf GM35E’s activity, 2 mM GDP-Man, 1 mM NAD, and 1 mg/mL
purified enzyme were incubated in 50 mM HEPES pH 8.0 at 21 ◦ C (200 µL total reaction volume).
Samples were inactivated in 0.01 M NaOH. The represented specific activity was determined with
2 mM GDP-Man and 0.1 mg/mL purified enzyme in a total reaction volume of 500 µL 50 mM HEPES
pH 8.0 at 50 ◦ C. The influence of pH on enzyme activity was evaluated in the presence of 2 mM
GDP-Man, McIlvain buffer pH 6.0–8.0 at 40 ◦ C, and the optimal temperature was determined with
2 mM GDP-Man in 50 mM HEPES pH 8.0 (500 µL total reaction volume). The enzyme’s kinetic
stability was examined by incubating purified protein (0.04 mg/mL) at 50 and 60 ◦ C in 100 mM MOPS
pH 7.5. Then, the residual activity was measured (2 mM GDP-Man, 100 mM MOPS pH 7.5, 55 ◦ C)
and compared to the activity of untreated enzyme. For the kinetic parameters, the enzyme’s activity
incubated with various substrate concentrations (20–2000 µM) was evaluated in 100 mM MOPS pH 7
at 60 ◦ C. For each condition, appropriate enzyme concentrations (0.04–1 mg/mL) were employed. The
effect of NAD(H) was checked with 2 mM GDP-Man, 0.05 mg/mL purified enzyme in a total volume
of 500 µL 100 mM MOPS pH 7.5 at 50 ◦ C. The kinetic parameters, including the Michaelis–Menten
constant (KM ) and turnover number (kcat ), were determined using a Michaelis–Menten plot created in
SigmaPlot (Systat Software, San Jose, CA, USA).
4.6. Thermal Shift Assay
The melting temperature of the proteins was measured using differential scanning fluorimetry
(DSF) in a CFX Connect 96 machine (Bio-Rad, Hercules, CA, USA). Briefly, 5 µg of purified enzyme was
mixed with 10 µL 1/400 SYPRO Orange in a total volume of 25 µL 50 mM HEPES pH 8.0. All samples
were loaded in triplicate in a 96-well plate and sealed afterwards. The fluorescence was measured
while increasing the temperature 1 ◦ C/min from 20 ◦ C till 95 ◦ C. The fluorescence resonance energy
transfer (FRET) option was chosen to allow excitation at 450 to 490 nm and emission at 560 to 580 nm.
4.7. Sequence Analysis
Bacterial homologues of GM35E from Arabidopsis thaliana were found through a basic local
alignment search tool analysis at the UniProt server using default parameters (https://www.uniprot.org/
blast/). All necessary sequences were retrieved from the UniProt database (https://www.uniprot.org).
Multiple sequence alignments were performed with Clustal Omega using default parameters (https:
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//www.ebi.ac.uk/Tools/msa/clustalo/) [65]. The Ensembl Bacteria web interface (https://bacteria.ensembl.
org/index.html) was used to browse the genomic region surrounding MfGM35E.
4.8. Homology Modelling
YASARA was used to generate a homology model of Mf GM35E using default parameters.
The crystal structure of the Arabidopsis thaliana GM35E served as template (Protein Data Bank ID: 2C5A,
2C54, 2C5E, and 2C59). Figures were made with PyMOL v2.0.
Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/20/14/3530/s1,
Figure S1: SDS-PAGE of Mf GM35E purification; Figure S2: Melting curves obtained through DSF; Figure S3:
Genomic context of GM35E in Methylacidiphilum fumariolicum strain SolV.
Author Contributions: Conceptualization, O.G.; T.D.; S.V.O. and K.B.; methodology, O.G.; validation, S.V.O.;
T.D. and K.B.; formal analysis, O.G.; investigation, O.G.; data curation, O.G.; writing—original draft preparation,
O.G.; writing—review and editing, T.D.; S.V.O. and K.B.; visualization, O.G.; supervision, T.D. and K.B.; project
administration, O.G.
Funding: This research was funded by the Fund for Scientific Research Flanders (FWO-Vlaanderen) via a doctoral
scholarship for OG (grant NO. 1S16817N) and the EpiSwitch project (grant NO. G0F3417N).
Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
GM35E
Gal4E
CEP
GDP-Man
GDP-l-Gal
GDP-l-Gul
l-AA
LPS
SDR
ACN
EtOH
MeOH
LB
IPTG
PMSF
DSF
FRET

GDP-mannose 3,5-epimerase
UDP-glucose 4-epimerase
carbohydrate epimerase
GDP-d-mannose
GDP-l-galactose
GDP-l-gulose
l-ascorbic acid
lipopolysaccharide
short-chain dehydrogenase/reductase
acetonitrile
ethanol
methanol
lysogeny broth
isopropyl β-d-thiogalactopyranoside
phenylmethane sulfonyl fluoride
differential scanning fluorimetry
fluorescence resonance energy transfer

References
1.

2.
3.
4.

5.
6.

Hélaine, V.; Mahdi, R.; Sudhir Babu, G.V.; de Berardinis, V.; Wohlgemuth, R.; Lemaire, M.; Guérard-Hélaine, C.
Straightforward synthesis of terminally phosphorylated l-sugars via multienzymatic cascade reactions.
Adv. Synth. Catal. 2015, 357, 1703–1708. [CrossRef]
Xia, T.Y.; Li, Y.B.; Yin, Z.J.; Meng, X.B.; Li, S.C.; Li, Z.J. Synthesis of l-glucose and l-galactose derivatives
from d-sugars. Chinese Chem. Lett. 2014, 25, 1220–1224. [CrossRef]
Mulloy, B.; Forster, M.J. Conformation and dynamics of heparin and heparan sulfate. Glycobiology 2000, 10,
1147–1156. [CrossRef] [PubMed]
Yu, Z.; Schmaltz, R.M.; Bozeman, T.C.; Paul, R.; Rishel, M.J.; Tsosie, K.S.; Hecht, S.M. Selective tumor cell
targeting by the disaccharide moiety of bleomycin. J. Am. Chem. Soc. 2013, 135, 2883–2886. [CrossRef]
[PubMed]
Mathé, C.; Gosselin, G. l-Nucleoside enantiomers as antivirals drugs: A mini-review. Antiviral Res. 2006, 71,
276–281. [CrossRef]
Gumina, G.; Song, G.Y.; Chu, C.K. l-Nucleosides as chemotherapeutic agents. FEMS Microbiol. Lett. 2001,
202, 9–15.

Int. J. Mol. Sci. 2019, 20, 3530

7.
8.
9.
10.
11.
12.

13.

14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

28.
29.
30.

11 of 13

Beerens, K.; Desmet, T.; Soetaert, W. Enzymes for the biocatalytic production of rare sugars. J. Ind.
Microbiol. Biotechnol. 2012, 39, 823–834. [CrossRef]
Ahmed, Z. Production of natural and rare pentoses using microorganisms and their enzymes.
Electron. J. Biotechnol. 2001, 4, 103–111. [CrossRef]
D’Alonzo, D.; Guaragna, A.; Palumbo, G. Recent advances in monosaccharide synthesis: A journey into
l-hexose world. Curr. Org. Chem. 2009, 13, 71–98. [CrossRef]
Zhang, W.; Zhang, T.; Jiang, B.; Mu, W. Enzymatic approaches to rare sugar production. Biotechnol. Adv.
2017, 35, 267–274. [CrossRef]
Frihed, T.G.; Bols, M.; Pedersen, C.M. Synthesis of l-hexoses. Chem. Rev. 2015, 115, 3615–3676. [CrossRef]
[PubMed]
Major, L.L.; Wolucka, B.A.; Naismith, J.H. Structure and function of GDP-mannose-30 ,50 -epimerase: An
enzyme which performs three chemical reactions at the same active site. J. Am. Chem. Soc. 2005, 127,
18309–18320. [CrossRef] [PubMed]
Du, L.; Sánchez, C.; Chen, M.; Edwards, D.J.; Shen, B. The biosynthetic gene cluster for the antitumor drug
bleomycin from Streptomyces verticillus ATCC15003 supporting functional interactions between nonribosomal
peptide synthetases and a polyketide synthase. Chem. Biol. 2000, 7, 623–642. [CrossRef]
Schroeder, B.R.; Ghare, M.I.; Bhattacharya, C.; Paul, R.; Yu, Z.; Zaleski, P.A.; Bozeman, T.C.; Rishel, M.J.;
Hecht, S.M. The disaccharide moiety of bleomycin facilitates uptake by cancer cells. J. Am. Chem. Soc. 2014,
136, 13641–13656. [CrossRef] [PubMed]
Woodyer, R.D.; Christ, T.N.; Deweese, K.A. Single-step bioconversion for the preparation of l-gulose and
l-galactose. Carbohydr. Res. 2010, 345, 363–368. [CrossRef] [PubMed]
Delattre, C.; Fenoradosoa, T.A.; Michaud, P. Galactans: An overview of their most important sourcing and
applications as natural polysaccharides. Brazilian Arch. Biol. Technol. 2011, 54, 1075–1092. [CrossRef]
Gutiérrez, M.; Capson, T.; Guzmán, H.M.; Quiñoá, E.; Riguera, R. l-Galactose as a natural product: Isolation
from a marine octocoral of the first α-l-galactosyl saponin. Tetrahedron Lett. 2004, 45, 7833–7836. [CrossRef]
Osbourn, A.; Goss, R.J.M.; Field, R.A. The saponins-polar isoprenoids with important and diverse biological
activities. Nat. Prod. Rep. 2011, 28, 1261–1268. [CrossRef] [PubMed]
Goudsmit, E.M.; Neufeld, E.F. Formation of GDP-l-galactose from GDP-d-mannose. Biochem. Biophys.
Res. Commun. 1967, 26, 730–735. [CrossRef]
Siow, R.S.; Teoh, S.; Teo, S.S.; Shukor, M.Y.B.A.; Phang, S.M.; Ho, C.L. Molecular cloning and characterization
of GDP-mannose-30 ,50 -epimerase from Gracilaria changii. J. Appl. Phycol. 2013, 25, 1309–1318. [CrossRef]
Hebda, P.A.; Behrman, E.J.; Barber, G. The guanosine 50 -diphosphate d-mannose:guanosine l-galactose
epimerase of Chlorella pyrenoidosa. Arch. Biochmistery Biophys. 1979, 194, 496–502. [CrossRef]
Watanabe, K.; Suzuki, K.; Kitamura, S. Characterization of a GDP-d-mannose 300 ,500 -epimerase from rice.
Phytochemistry 2005, 67, 338–346. [CrossRef] [PubMed]
Wolucka, B.A.; Van Montagu, M. GDP-mannose 30 ,50 -epimerase forms GDP-l-gulose, a putative intermediate
for the de novo biosynthesis of vitamin C in plants. J. Biol. Chem. 2003, 278, 47483–47490. [CrossRef]
Bulley, S.; Laing, W. The regulation of ascorbate biosynthesis. Curr. Opin. Plant Biol. 2016, 33, 15–22.
[CrossRef] [PubMed]
Van Overtveldt, S.; Verhaeghe, T.; Joosten, H.J.; van den Bergh, T.; Beerens, K.; Desmet, T. A structural
classification of carbohydrate epimerases: From mechanistic insights to practical applications. Biotechnol. Adv.
2015, 33, 1814–1828. [CrossRef] [PubMed]
Beerens, K.; Soetaert, W.; Desmet, T. UDP-hexose 4-epimerases: A view on structure, mechanism and
substrate specificity. Carbohydr. Res. 2015, 414, 8–14. [CrossRef] [PubMed]
Beerens, K.; Soetaert, W.; Desmet, T. Characterization and mutational analysis of the UDP-Glc (NAc)
4-epimerase from Marinithermus hydrothermalis. Appl. Microbiol. Biotechnol. 2013, 97, 7733–7740. [CrossRef]
[PubMed]
Lau, S.T.B.; Tanner, M.E. Mechanism and active site residues of GDP-fucose synthase. J. Am. Chem. Soc. 2008,
130, 17593–17602. [CrossRef]
Giraud, M.-F.; Naismith, J.H. The rhamnose pathway. Curr. Opin. Struct. Biol. 2000, 10, 687–696. [CrossRef]
Watt, G.; Leoff, C.; Harper, A.D.; Bar-Peled, M. A bifunctional 3,5-epimerase/4-keto reductase for
nucleotide-rhamnose synthesis in Arabidopsis. Plant Physiol. 2004, 134, 1337–1346. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 3530

31.
32.
33.

34.
35.

36.

37.

38.

39.

40.

41.
42.

43.
44.
45.

46.
47.
48.

49.
50.
51.

12 of 13

Bloom, J.D.; Labthavikul, S.T.; Otey, C.R.; Arnold, F.H. Protein stability promotes evolvability. Proc. Natl.
Acad. Sci. USA 2006, 103, 5869–5874. [CrossRef]
Eijsink, V.G.H.; Gaseidnes, S.; Borchert, T.V.; van den Burg, B. Directed evolution of enzyme stability.
Biomol. Eng. 2005, 22, 21–30. [CrossRef]
Pol, A.; Barends, T.R.M.; Dietl, A.; Khadem, A.F.; Eygensteyn, J.; Jetten, M.S.M.; Op den Camp, H.J.M. Rare
earth metals are essential for methanotrophic life in volcanic mudpots. Environ. Microbiol. 2014, 16, 255–264.
[CrossRef]
Gil, A.; Siegel, D.; Permentier, H.; Reijngoud, D.; Dekker, F.; Bischoff, R. Stability of energy metabolites—An
often overlooked issue in metabolomics studies: A review. Electrophoresis 2015, 36, 2156–2169. [CrossRef]
Cerdobbel, A.; De Winter, K.; Aerts, D.; Kuipers, R.; Joosten, H.-J.; Soetaert, W.; Desmet, T. Increasing the
thermostability of sucrose phosphorylase by a combination of sequence- and structure-based mutagenesis.
Protein Eng. Des. Sel. 2011, 24, 829–834. [CrossRef]
Hill, B.L.; Figueroa, C.M.; Diez, M.D.A.; Lunn, J.E.; Iglesias, A.A.; Ballicora, M.A. On the stability of nucleoside
diphosphate glucose metabolites: Implications for studies of plant carbohydrate metabolism. J. Exp. Bot.
2017, 68, 3331–3337. [CrossRef]
Dowdle, J.; Ishikawa, T.; Gatzek, S.; Rolinski, S.; Smirnoff, N. Two genes in Arabidopsis thaliana encoding
GDP-l-galactose phosphorylase are required for ascorbate biosynthesis and seedling viability. Plant J. 2007,
52, 673–689. [CrossRef]
Rosano, C.; Bisso, A.; Izzo, G.; Tonetti, M.; Sturla, L.; De Flora, A.; Bolognesi, M. Probing the catalytic
mechanism of GDP-4-keto-6-deoxy-d-mannose epimerase/reductase by kinetic and crystallographic
characterization of site-specific mutants. J. Mol. Biol. 2000, 303, 77–91. [CrossRef]
Somers, W.S.; Stahl, M.L.; Sullivan, F.X. GDP-fucose synthetase from Escherichia coli: Structure of a unique
member of the short-chain dehydrogenase/reductase family that catalyzes two distinct reactions at the same
active site. Structure 1998, 6, 1601–1612. [CrossRef]
Kavanagh, K.L.; Jörnvall, H.; Persson, B.; Oppermann, U. The SDR superfamily: Functional and structural
diversity within a family of metabolic and regulatory enzymes. Cell. Mol. Life Sci. 2008, 65, 3895–3906.
[CrossRef]
Beerens, K.; Van Overtveldt, S.; Desmet, T. The “epimerring” highlights the potential of carbohydrate
epimerases for rare sugar production. Biocatal. Biotransform. 2017, 35, 230–237. [CrossRef]
Vazquez-Figueroa, E.; Yeh, V.; Broering, J.M.; Chaparro-Riggers, J.F.; Bommarius, A.S. Thermostable variants
constructed via the structure-guided consensus method also show increased stability in salts solutions and
homogeneous aqueous-organic media. Protein Eng. Des. Sel. 2008, 21, 673–680. [CrossRef]
Doukyu, N.; Ogino, H. Organic solvent-tolerant enzymes. Biochem. Eng. J. 2010, 48, 270–282. [CrossRef]
Serebryakova, L.T.; Zorin, N.A.; Karyakin, A.A. Improvement of hydrogenase enzyme activity by
water-miscible organic solvents. Enzyme Microb. Technol. 2009, 44, 329–333. [CrossRef]
Liu, C.; Yang, G.; Wu, L.; Tian, G.; Zhang, Z.; Feng, Y. Switch of substrate specificity of hyperthermophilic
acylaminoacyl peptidase by combination of protein and solvent engineering. Protein Cell 2011, 2, 497–506.
[CrossRef]
Stepankova, V.; Bidmanova, S.; Koudelakova, T.; Prokop, Z.; Chaloupkova, R.; Damborsky, J. Strategies for
stabilization of enzymes in organic solvents. ACS Catal. 2013, 3, 2823–2836. [CrossRef]
Klibanov, A.M. Improving enzymes by using them in organic solvents. Nature 2001, 409, 241–246. [CrossRef]
Zhu, Q.; Chen, Q.; Song, Y.; Huang, H.; Li, J.; Ma, J.; Li, Q.; Ju, J. Deciphering the sugar biosynthetic pathway
and tailoring steps of nucleoside antibiotic A201A unveils a GDP-l-galactose mutase. Proc. Natl. Acad.
Sci. USA 2017, 114, 4948–4953. [CrossRef]
Sanapala, S.R.; Kulkarni, S.S. Expedient route to access rare deoxy amino l-sugar building blocks for the
assembly of bacterial glycoconjugates. J. Am. Chem. Soc. 2016, 138, 4938–4947. [CrossRef]
Allard, S.T.M.; Giraud, M.-F.; Naismith, J.H. Epimerases: Structure, function and mechanism. Cell. Mol.
Life Sci. 2001, 58, 1650–1665. [CrossRef]
King, J.D.; Mulrooney, E.F.; Vinogradov, E.; Kneidinger, B.; Mead, K.; Lam, J.S. lfnA from Pseudomonas
aeruginosa O12 and wbuX from Escherichia coli O145 encode membrane-associated proteins and are required
for expression of 2,6-dideoxy-2-acetamidino-l-galactose in lipopolysaccharide O an. J. Bacteriol. 2008, 190,
1671–1679. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 3530

52.

53.
54.
55.

56.

57.
58.

59.

60.

61.
62.
63.

64.

65.

13 of 13

Mulrooney, E.F.; Poon, K.K.H.; McNally, D.J.; Brisson, J.R.; Lam, J.S. Biosynthesis of UDP-N-acetyl-lfucosamine, a precursor to the biosynthesis of lipopolysaccharide in Pseudomonas aeruginosa serotype O11.
J. Biol. Chem. 2005, 280, 19535–19542. [CrossRef]
Zhang, Y.M.; Rock, C.O. Membrane lipid homeostasis in bacteria. Nat. Rev. Microbiol. 2008, 6, 222–233.
[CrossRef]
Sohlenkamp, C.; Geiger, O. Bacterial membrane lipids: Diversity in structures and pathways.
FEMS Microbiol. Rev. 2015, 40, 133–159. [CrossRef]
Stadthagen, G.; Sambou, T.; Guerin, M.; Barilone, N.; Boudou, F.; Korduláková, J.; Charles, P.; Alzari, P.M.;
Lemassu, A.; Daffé, M.; et al. Genetic basis for the biosynthesis of methylglucose lipopolysaccharides in
Mycobacterium tuberculosis. J. Biol. Chem. 2007, 282, 27270–27276. [CrossRef]
Lerouge, I.; Verreth, C.; Michiels, J.; Carlson, R.W.; Datta, A.; Gao, M.Y.; Vanderleyden, J. Three genes
encoding for putative methyl- and acetyltransferases map adjacent to the wzm and wzt genes and are essential
for O-antigen biosynthesis in Rhizobium etli CE3. Mol. Plant. Microbe. Interact. 2003, 16, 1085–1093. [CrossRef]
Ohashi, H.; Wahl, C.; Ohashi, T.; Elling, L.; Fujiyama, K. Effective synthesis of guanosine
50 -diphospho-b-l-galactose. Adv. Synth. Catal. 2017, 359, 4227–4234. [CrossRef]
Eastwood, H.; Xia, F.; Lo, M.; Zhou, J.; Jordan, J.B.; McCarter, J.; Barnhart, W.W.; Gahm, K.-H. Development
of a nucleotide sugar purification method using a mixed mode column & mass spectrometry detection.
J. Pharm. Biomed. Anal. 2015, 115, 402–409.
Schmölzer, K.; Gutmann, A.; Diricks, M.; Desmet, T.; Nidetzky, B. Sucrose synthase: A unique
glycosyltransferase for biocatalytic glycosylation process development. Biotechnol. Adv. 2015, 34, 88–111.
[CrossRef]
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