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Abstract UDP-hexose 4-epimerases are important enzymes
that play key roles in various biological pathways, including
lipopolysaccharide biosynthesis, galactose metabolism
through the Leloir pathway, and biofilm formation. Unfor-
tunately, the determinants of their substrate specificity are
not yet fully understood. They can be classified into three
groups, with groups 1 and 3 preferring non-acetylated and
acetylated UDP-hexoses, respectively, whereas members of
group 2 are equally active on both types of substrates. In this
study, the UDP-Glc(NAc) 4-epimerase from Marinithermus
hydrothermalis (mGalE) was functionally expressed in
Escherichia coli and thoroughly characterized. The enzyme
was found to be thermostable, displaying its highest activity
at 70 °C and having a half-life of 23 min at 60 °C. Activity
could be detected on both acetylated and non-acetylated
UDP-hexoses, meaning that this epimerase belongs to group
2. This observation correlates well with the identity of the
so-called “gatekeeper” residue (Ser279), which has previ-
ously been suggested to influence substrate specificity
(Schulz et al., J Biol Chem 279:32796–32803, 2004). Fur-
thermore, substituting this serine to a tyrosine brings about a
significant preference for non-acetylated sugars, thereby
demonstrating that a single residue can determine substrate
specificity among type 1 and type 2 epimerases. In addition,
two consecutive glycine residues (Gly118 and Gly119) were
identified as a unique feature of GalE enzymes from Thermus
species, and their importance for activity as well as affinity
was confirmed by mutagenesis. Finally, homology modeling

and mutational analysis has revealed that the enzyme’s cata-
lytic triad contains a threonine residue (Thr117) instead of the
usual serine.
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Introduction

UDP-hexose 4-epimerases belong to the superfamily of
short-chain dehydrogenase/reductase (SDR), which typical-
ly show a two-domain structure. The N-terminal domain
forms a modified Rossmann fold and is involved in binding
of the cofactor NAD+, whereas the smaller C-terminal do-
main is responsible for substrate binding (Holden et al.
2003). The mechanistical aspects of these epimerases have
thoroughly been studied and described earlier (Liu et al.
1997; Thoden et al. 1996a, b; Wee and Frey 1973; Wee et
al. 1972). Shortly summarized, a proton is abstracted from
the 4′-hydroxyl group by a tyrosine, which is acidified by a
nearby lysine. A serine facilitates this abstraction by creat-
ing a low-barrier hydrogen bond and so completes the
catalytic triad (SxnYx3K). Subsequent hydride transfer to
the NAD+ cofactor generates a keto intermediate, which is
then flipped over inside the catalytic cleft. The final re-
addition of the proton and hydride thus proceeds at the oppo-
site face of the sugar, resulting in an overall C4-epimerization
of the substrate.

UDP-hexose 4-epimerases are important in numerous
biological pathways such as lipopolysaccharide (LPS) bio-
synthesis (Bhatt et al. 2011b; Ishiyama et al. 2004), galac-
tose metabolism through the Leloir pathway (Holden et al.
2003; Leloir 1951), and biofilm formation (Niou et al.
2009). Defects in UDP-hexose 4-epimerase activity in
humans leads to epimerase-deficient galactosemia (Bhatt et
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al. 2011b). Furthermore, these epimerases are important
targets for drug development since LPS is implicated in
different facets of host–pathogen interactions (Creuzenet et
al. 2000). To do this in an efficient way, however, it is
necessary to understand the enzymes’ determinants for sub-
strate affinity and specificity. Three groups of UDP-hexose
4-epimerases have been described, namely group 1 that
mainly accepts non-acetylated UDP-hexoses, group 2 that
displays similar activity on both non-acetylated and acety-
lated substrates, and group 3 that prefers acetylated UDP-
hexoses (Creuzenet et al. 2000; Ishiyama et al. 2004).

To account for these differences, a model has been pro-
posed that depicts the active site as a hexagonal box
(Demendi et al. 2005; Ishiyama et al. 2004). The bottom
of the box is formed by the NAD+ cofactor, three of the six
walls consist of conserved residues, whereas the other three
are believed to be key determinants for substrate specificity
(Fig. 1). In particular, a so-called gatekeeper residue is
present on one of these walls and the type of amino acid
found at this position roughly defines whether the epimerase
discriminates substrates based on the presence of an N-
acetyl group (Schulz et al. 2004). Indeed, a large residue
such as Tyr results in a narrow substrate pocket, in which
acetylated substrates cannot bind. Smaller residue (Ser,
Cys), in contrast, allow acetylated UDP-hexoses to enter
the catalytic site (Ishiyama et al. 2004). In addition, a
specific stretch of hydrophobic amino acids (the “297–308
belt”) in group 3 enzymes is believed to form tight inter-
actions with the carbohydrate’s N-acetyl group, which could
explain their preference for UDP-GalNAc over UDP-Gal
(Bhatt et al. 2011a, b).

Interestingly, the UDP-hexose 4-epimerase from Escheri-
chia coli has also been found to convert free monosaccharides,

albeit at a much lower rate and with a highKm value (Kim et al.
2011). Epimerases, thus, also hold significant promise for the
production of rare sugars (Beerens et al. 2012), although
considerable optimization will be required to become
industrially viable. Since thermostable enzymes are typically
preferred for industrial applications (Haki and Rakshit 2003;
Turner et al. 2007), we have decided to examine the putative
UDP-Glc(NAc) 4-epimerase from the thermophilic organism
Marinithermus hydrothermalis (mGalE) (Sako et al. 2003). In
this article, we describe the heterologous expression and char-
acterization of the enzyme, including its thermal properties
and substrate specificity. Furthermore, the determinants of its
specificity have been analyzed by means of sequence align-
ments, homology modeling, and site-directed mutagenesis.

Materials and methods

Enzyme expression and purification

A codon optimized sequence encoding mGalE (NCBI
YP_004368664.1) with a His6-tag attached to its N-
terminus (Online Resource 1) was ordered from GenScript
(USA). The gene was cut from the supplied plasmid using
10 U of both NcoI and SpeI restriction enzymes (New
England Biolabs, USA) and subsequently cloned into a
likewise treated empty pTRC99A plasmid (Pharmacia Bio-
tech Inc., USA) containing the same His-tag with linker and
multiple cloning site as the consecutive expression vector
pCXhPxx reported earlier (Aerts et al. 2011), using a 3:1
insert/vector ratio and three Weiss units of T4 DNA ligase
(New England Biolabs) at 22 °C for 1 h. After electropora-
tion in E. coli BL21 (DE3), the culture was grown at 37 °C

Fig. 1 Homology model of
mGalE. The position of S116
and T117 indicates that the
latter is most likely the catalytic
residue. The NAD+ forms the
bottom of the hexagonal box,
whereas T117 (yellow), Y143
(blue), and N172 (orange) are
the three conserved walls. The
gatekeeper S279 (green) and its
tyrosine mutant are both shown
to emphasize their impact on
the size of the active site. Of the
two other variable walls, only
A77 (red) is shown, since
Q178-V186 (purple in Online
Resource 2) would be blocking
the view
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and 200 rpm in Luria broth containing 100 μg/ml ampicil-
lin. For the production of enzyme, 10 mL of an overnight
culture was inoculated in 500-mL fresh medium, which was
then grown until OD600≈0.6. Subsequently, IPTG was
added to a final concentration of 150 μM to induce enzyme
expression. After six more hours of incubation, biomass was
harvested by centrifugation for 20 min at 5,000×g at 4 °C,
and the cell pellet was stored at −20 °C.

For enzyme purification, frozen pellets were thawed on
ice for 15 min and subsequently dissolved in lysis buffer
containing 300 mM NaCl, 50 mM NaH2PO4, 10 mM imid-
azole, 0.1 mM PMSF, 1 mg/mL lysozyme, and 6 U/L
Benzonase® nuclease (Merck, Germany). Lysis was
achieved by 30 min of incubation on ice followed by son-
ication with a Branson sonifier 250 (three times for 2.5 min
at level 3 and 50 % duty cycle). Cell debris was pelleted by
centrifugation (30 min, 13,000×g, 4 °C), and the His-tagged
protein was purified from the lysate by Ni-NTA chromatog-
raphy according to the supplier’s protocol (ThermoScientific,
Belgium), with wash and elution buffers containing 35 and
250 mM imidazole, respectively. After elution, exchange of
the buffer to 10 mM Tris–HCl at pH7.5 was performed using
Centricon YM-30 (Millipore, USA). The protein concentra-
tion of the samples was analyzed with the Pierce® BCA
Protein assay kit (ThermoScientific).

Site-directed mutagenesis

Mutations were introduced according to the protocol de-
scribed by Sanchis et al. (2008). Briefly summarized, reaction
mixtures contained 50–100 ng of wild-type plasmid as tem-
plate, 5 pmol of mutagenic primer, and a non-mutagenic
reverse primer (Table 1), 0.2 mM dNTP mix, 2.5 U of
PfuUltraTM High-Fidelity DNA polymerase, and the supplied
buffer (Stratagene, The Netherlands) in a final volume of 50
μL. The PCR program consisted of the following steps: initial
denaturation for 3 min at 95 °C, followed by 5 cycles of
denaturation for 30 s at 95 °C, annealing for 45 s at 53 °C,
and extension for 1 min/kb according to the megaprimer size
at 72 °C. The second stage consisted of whole plasmid am-
plification starting from the created megaprimer by 20–

25 cycles of 30 s at 95 °C and extension at 2 min/kb of
template at 68 °C. The program was ended by a final exten-
sion of 2 min/kb of template at 68 °C. PCR mixtures where
then digested with DpnI to remove template DNA, purified
using the QIAquick PCR purification kit (Qiagen, TheNether-
lands) and transformed into electrocompetent BL21 cells as
described above. Plasmids were then extracted using the
QIAprep spin miniprep kit (Qiagen), and the mutations were
checked by sequencing (Agowa, Germany).

Activity measurements

The activity of mGalE on UDP-Gal was determined using
the colorimetric GOD-POD assay described earlier (Moreno
et al. 1981). This assay determines the amount of glucose
which is released after acid hydrolysis of the formed UDP-
glucose. The formation of UDP-Gal from UDP-Glc was
measured in a similar fashion, using the commercially avail-
able Lactose/D-Galactose Assay Kit (Megazyme, Ireland).
In general, epimerase reaction mixtures consisted of 50 μg/
mL enzyme and 2 mM substrate in 5 mM Tris–HCl at pH
7.5 and 45 °C. Samples (25 μL) were taken at different time
points and adjusted to pH2.0 by addition of 5 μL of 0.1 N
HCl. After boiling for 6 min, neutralization was achieved
with equimolar amounts of 0.1 N NaOH. Free monosac-
charides were then measured by the addition of 200–250 μl
of the colorimetric reagents. Standards (0.05–1.00 mM of
UDP-Glc or UDP-Gal) were treated in the same way.

The temperature optimum was determined in 5 mM Tris–
HCl at pH8.6, whereas the pH optimum was determined at
45 °C in 5 mM of Tris–HCl (pH2), acetate (pH4–5), citrate
(pH6), GlyGly (pH7.6), Tris–HCl (pH7–9), or glycine (pH
8.6–10.6) buffers. Kinetic studies were performed with eight
different substrate concentrations (0.3–3 mM), and the
Michaelis–Menten parameters were calculated from a
Hanes–Woolf linearization (Copeland 2000). Thermostability
studies were performed by incubating purified enzyme at 45
or 60 °C for different time periods before initiating the reac-
tion by the addition of substrate.

Conversion of the N-acetylated UDP-sugars was per-
formed under the same conditions as for non-acetylated

Table 1 Primers used for site-
directed mutagenesis of mGalE

Mutated codons are underlined
and codon deletions are marked
with an asterisk

Primer Sequence Tm (°C)

Reverse primer 5′-gagctctcccatatggtcgac-3′ 63

S116A_Fw 5′-cagaaaattgtttttgcagccaccggtggcgcaatttatggtgaagttc-3′ 78

T117A_Fw 5′-gtttttgcaagcgccggtggcgcaatttatg-3′ 74

T117S_Fw 5′-gtttttgcaagcagcggtggcgcaatttatg-3′ 73

S279Y_Fw 5′-gtgatggtgacctggaagtttatgttctggatccgacacagc-3′ 76

GG118/119A_Fw 5′-gaaaattgtttttgcaagcacc*gctgcaatttatggtgaagt-3′ 74

GG118/119S_Fw 5′-gaaaattgtttttgcaagcacc*agtgcaatttatggtgaagt-3′ 72
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UDP-sugars. However, samples were immediately inacti-
vated by boiling without prior acidification. Analysis was
then performed using a HPAEC-PAD system (ICS-3000
system, Dionex, Belgium) with a CarboPac PA20 column
(Dionex) at 30 °C. To that end, sodium acetate (NaOAc)
gradient from 0.50 to 0.68 M was applied over a time span
of 12 min. The NaOAc concentration was afterwards
brought back to 0.50 M in 1 min, and the column was re-
equilibrated during 1 min. The flow rate and NaOH con-
centration were kept constant during analysis and re-
equilibration, at 0.5 mL/min and 100 mM, respectively. A
calibration curve was established with 1–100 μM of N-
acetylated UDP-sugar.

The wild-type mGalE and the S279Y mutant were also
tested for their ability to epimerize free monosaccharides
and α-Glc-1-P. The reaction was performed in 5 mM Tris at
pH7.5 and at 45 °C to allow prolonged incubation times
(24 h). High enzyme concentrations (up to 1 mg/mL) were
achieved by concentration of the purified enzyme solutions
with a Centricon YM-30 (Millipore) before adding them to
the substrate (500 mM). Samples were analyzed using the
previously mentioned HPAEC-PAD system. Free monosac-
charides (Fru, Tag, Glc, and Gal) were separated using an
isocratic flow of 10 mM NaOH during 25 min on a PA20
column at 30 °C (0.5 mL/min). A gradient was applied for
the separation of the phosphorylated sugars, α-Gal-1-P, and
α-Glc-1-P. While NaOH concentration was kept constant at
100 mM, the NaOAc concentration gradually increased
from 100 to 175 mM in 7.5 min at a 0.5 mL/min flow rate.

Sequence analysis and homology modeling

The identification of conserved residues was performed by
sequence alignment, using ClustalW2 (Larkin et al. 2007) as
well as the NCBI BLAST tool (Altschul et al. 1990). Ho-
mology models of the wild-type and variant enzymes were
constructed with YASARA (Krieger et al. 2002), using the
default settings and the crystal structures of UDP-Glc 4-
epimerase from E. coli (Thoden et al. 1996a, 1997, 2002)
as template. The structures were visualized with PyMOL
(DeLano 2002).

Results

Sequence analysis and homology modeling

A multiple sequence alignment of GalE enzymes (Online
Resource 2) has revealed that the UDP-hexose 4-epimerase
from M. hydrothermalis shares 30 % amino acid identity
with E. coli GalE, 27 % with human GalE, and 30 % with
the WbpP enzyme from Pseudomonas aeruginosa, which
are typical representatives of the three different types of

substrate specificities (Demendi et al. 2005; Ishiyama et al.
2004). A higher identity of 66 % was found with the UDP-
hexose 4-epimerases from Thermus thermophilis and Ther-
mus aquaticus (tGalE), which are active on UDP-GalNAc as
well as UDP-Gal (Niou et al. 2009). More importantly, a
serine residue (S279) is observed at the gatekeeper position
in both mGalE and tGalE, pointing towards a similar substrate
preference. One notable difference between GalE from Ther-
mus species and other UDP-hexose 4-epimerases, however, is
the presence of two glycine residues (G118 and G119) close to
the catalytic triad, which are replaced by a single alanine or
serine in the other members. Because of this insertion, the
identity of the catalytic residue that is involved in the low-
barrier hydrogen bond is difficult to ascertain. Indeed, S116
has previously been postulated to have this function in tGalE
(Niou et al. 2009), but that residue could correspond to either
S116 or T117 in our alignment. However, the construction of a
homology model has revealed that T117 is positioned close to
the substrate’s C4-OH, whereas S116 is pointing away from
the active site (Fig. 1).

Enzyme production and characterization

The gene coding for mGalE was chemically synthesized
with a codon usage that is optimal for expression in E. coli.
Furthermore, a His6-tag was added to the enzyme’s N-
terminus, which allowed its convenient purification by af-
finity chromatography. In that way, about 2 mg of enzyme
could be obtained from a culture of 1 L. The purified
enzyme was subsequently used for activity tests. The high-
est activity on UDP-Gal could be observed at 70 °C, which
corresponds to the optimal growth temperature of M. hydro-
thermalis (Sako et al. 2003). At temperatures above 75 °C,
however, fast inactivation of the epimerase was observed
(<1–2 min). The optimal pH for activity was found to be 7–
7.5, with more than 50 % activity being retained between
pH6 and 9.

The enzyme’s thermostability was then examined in more
detail by following its inactivation at 60 °C, i.e., the tem-
perature at which most carbohydrate conversions are per-
formed in industry (Haki and Rakshit 2003; Turner et al.
2007). Its half-life (t50) was found to be 23 min, with the
activity being all but gone after about 2 h (Online Resource 3).
Because longer incubation times might be necessary for meas-
urements with alternative substrates or mutant enzymes, the
kinetic stability was also determined at lower temperatures. At
45 °C, the t50 was found to have increased to about 13.5 h.
Therefore, it was decided to perform all other activity tests at
this temperature, so as to avoid the risk of protein denaturation
during further characterization.

The mGalE was found to display activity on acetylated as
well as non-acetylated UDP-hexoses and can, thus, be clas-
sified as type 2 epimerase. However, a small preference for
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the latter substrates could be detected, with a specific activ-
ity on UDP-Gal and UDP-Glc of 3.0 and 6.7 U/mg, respec-
tively, compared to 1.2 and 0.3 U/mg on their respective
acetylated counterparts. The determination of kinetic param-
eters confirmed this observed difference in activity (kcat),
whereas the enzyme’s affinity (Km) is much less affected by
the presence of an N-acetyl group (Table 2).

Mutational analysis

Since both S116 and T117 carry a hydroxyl group that could
be part of the catalytic triad, both residues have been mu-
tated to alanine. Variant S116A was found to be almost as
active as the wild-type enzyme on UDP-Gal, whereas no
activity could be detected with variant T117A (Fig. 2).
Interestingly, the activity of the latter could be restored by
a substitution with serine (T117S), confirming that both
types of residues can function as catalytic amino acid in
GalE enzymes. Both S116A and T117S were also tested on
UDP-GlcNAc and found to exhibit a slightly higher activity
than the wild-type enzyme. Interestingly, the determination
of kinetic parameters has revealed that the catalytic threo-
nine’s methyl group is involved in a specific interaction with
the substrate’s N-acetyl group (Table 2). Indeed, the affinity
of T117S for UDP-GlcNAc has significantly decreased, but
that is much less the case for UDP-Gal.

As previously mentioned, mGalE and the other GalE
enzymes from Thermus species (Niou et al. 2009) exhibit
the unique feature of having two consecutive glycine resi-
dues directly next to the threonine from the catalytic triad,
whereas the others possess a single alanine or serine. Intro-
ducing the corresponding mutations in mGalE reduces the
specific activity on UDP-Gal to approximately 10–30 % of
that of the wild-type enzyme (Fig. 2). The activity of both
mutants on UDP-GlcNAc was reduced even more, to about
3–7 % of the wild-type activity. These effects were found to
involve changes in kcat as well as in Km (Table 2). Indeed,
the affinity of both mutants for UDP-Gal has clearly in-
creased, whereas the turnover number has significantly
decreased.

The serine at position 279 constitutes the so-called gate-
keeper residue in the hexagonal box model (Ishiyama et al.
2004). Depending on the type of residue found here, the
epimerase does or does not have activity on N-acetylated
UDP-sugars. In agreement with the proposed model, variant
S279Y was found to lose nearly all activity on UDP-
GlcNAc, whereas nearly 40 % of its activity on UDP-Gal
is retained (Fig. 2). More specifically, only a small decrease
in Km value for the latter substrate can be observed, whereas
the kcat shows a much larger decrease (Table 2).

Activity on free and phosphorylated monosaccharides

In contrast to previous observations with the GalE from E.
coli (Kim et al. 2011), no activity on free monosaccharides
(Glc, Fru) could be detected with mGalE. In order to trigger
the activating effect of the nucleotide group (Samuel and
Tanner 2002), either uridine, UMP, or UDP was added to the
reaction, but activity could still not be detected. Since eGalE
is a type 1 epimerase that harbors a small active site and
large gatekeeper, the S279Y mutant of mGalE was also
checked for activity on free monosaccharides, but that was
not the case. Finally, α-glucose 1-phosphate was tried as
substrate, since this compound resembles UDP-Glc more
closely than a free monosaccharide. However, activity could
not be detected again, neither with wild-type mGalE nor
with its S279Y variant.

Discussion

Because UDP-hexose 4-epimerases play crucial roles in
several biological pathways, they have become important
targets for drug development (Creuzenet et al. 2000). In
addition, epimerases hold significant potential for the bio-
chemical production of rare sugars (Beerens et al. 2012;
Kim et al. 2011). For both applications, understanding the
determinants that contribute to the enzymes’ substrate affin-
ity and specificity is a major benefit. In order to obtain more
insights in these determinants, we have characterized a new

Table 2 Kinetic parameters
from mGalE variants on
UDP-Gal and UDP-GlcNAc

n.d. not determined

UDP-Galactose (UDP-Gal) UDP-N-acetylglucosamine (UDP-GlcNAc)

kcat (s
−1) Km (μM) kcat/Km (s−1mM−1) kcat (s

−1) Km (μM) kcat/Km (s−1mM−1)

Wild type 2.62±0.49 362±38 6.61±2.39 0.58±0.09 519±35 1.11±0.17

S116A 2.32±0.07 437±75 5.39±0.77 1.00±0.07 578±17 1.73±0.07

T117S 2.50±0.16 426±65 5.92±0.54 0.83±0.08 887±35 0.93±0.16

S279Y 0.99±0.02 316±9 3.13±0.07 n.d. n.d. n.d.

GG→A 0.37±0.02 243±42 1.55±0.21 n.d. n.d. n.d.

GG→S 0.78±0.04 146±25 5.43±0.90 n.d. n.d. n.d.
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representative, namely the putative UDP-hexose 4-
epimerase from the thermophilic bacterium M. hydrother-
malis and performed mutational analysis of the enzyme.

The mGalE was found to be active in a broad pH range
(pH6–9), which is rather typical for this enzyme class.
However, the highest activity was measured at pH7–7.5,
whereas the optimum for the related GalE enzymes from T.
thermophilus and T. aquaticus was reported to be pH8.6
(Niou et al. 2009). As expected for an enzyme from a
thermophilic organism, the optimal reaction temperature is
rather high, at about 70 °C. This value is higher than that of
its homologues from Thermus species (Niou et al. 2009) but
10 °C lower than that of the GalE from the hyperthermo-
philic archaeon Pyrobaculum calidifontis (Sakuraba et al.
2011). The Marinithermus enzyme, however, does not dis-
play the same thermostability as these counterparts, since it is
quickly inactivated at temperatures above 75 °C. In contrast,
the Thermus epimerases retain most of their activity after
10 min of incubation at 80 °C (Niou et al. 2009), whereas
the P. calidifontis epimerase even remains fully active after
10 min at 90 °C (Sakuraba et al. 2011).

The mGalE can be classified as a type 2 UDP-hexose 4-
epimerases since it displays activity on both non-acetylated
and acetylated UDP-hexoses, albeit with a slight preference
for the former. However, mutating its so-called gatekeeper
residue S279 to a larger tyrosine made the enzyme specific
for non-acetylated substrates. A similar observation has
been reported for the C307Y and C297Y variants of human
GalE (Holden et al. 2003) and Yersinia enterocolitica Gne
(Bengoechea et al. 2002), respectively. Similarly, the reverse
mutation in the E. coli enzyme (Y299C) lowered the activity
on UDP-Gal almost fivefold, while the activity on UDP-
GalNAc increased more than 230-fold (Guo et al. 2006). As
such, it can be stated that the gatekeeper is indeed a prime
determinant for substrate specificity in UDP-hexose 4-
epimerases, especially in type 1 and type 2 enzymes. How-
ever, their possible conversion into type 3 epimerases is
complicated by the need for a hydrophobic “297–308 belt”
in the latter enzymes (Bhatt et al. 2011b). Furthermore,
introducing a mutation in the active site can also affect other

parameters of the protein. For example, the substitution of
serine by tyrosine in mGalE resulted in complete inactiva-
tion after an overnight storage at 4 °C, whereas the wild-
type retained most of its activity under those conditions.

Mutational analysis also revealed that the Marinithermus
enzyme makes use of a TxnYx3K catalytic triad rather than
the usual SxnYx3K triad. Indeed, replacing T117 by alanine
almost completely abolished activity, whereas a similar re-
placement of the S116 only had aminor effect. It is known that
the catalytic serine is replaced by threonine in some members
of the SDR family (Blankenfeldt et al. 2002; Gerratana et al.
2001; Mulichak et al. 1999), but this is the first time that such
a switch is demonstrated for GalE enzymes. However, the
neighboring serine seems to be important for the enzyme’s
stability, since variant S116A lost about 30 % of its activity
after an overnight storage at 4 °C. This lowered stability could
be the result of the loss of hydrogen bonds between the
serine’s hydroxyl group and the main chain of the nearby
residues Leu168, Phe114, and Arg169.

In GalE enzymes from Thermus species, two consecutive
glycine residues can be observed next to the catalytic thre-
onine. Exchanging these by a single alanine or serine influ-
enced the activity on acetylated UDP-hexoses more than on
the non-acetylated counterparts, thus pointing to a role in
determining substrate specificity. A possible explanation
might be found in the homology models of these variants,

Fig. 2 Specific activity of different mGalE variants. The activity is
reported relative to the wild-type enzyme and was measured on UDP-
Gal (left/dark) as well as UDP-GlcNAc (right/light)

Fig. 3 Close-up view of residues 118–121 in mGalE (blue) and its
GG→S variant (green). The homology models suggest that a 310-helix
is formed in the variant, which pushes A120 towards the substrate,
hereby creating a narrower active site cleft
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which suggest the formation of a 310-helix between residues
118 and 121 instead of the coil or loop in the wild-type enzyme
(Fig. 3). As a consequence, A120 is pushed into the active site,
thereby decreasing the cavity size and limiting the rotational
freedom of acetylated substrates. On the other hand, a smaller
cavity could improve the interactions with non-acetylated sub-
strates, which is observed in the form of an increased affinity.
In turn, the 310-helix could explain the variants’ decreased
turnover number as this more stable structure would limit the
flexibility of the catalytic threonine residue.

Although very low activity on free monosaccharides has
been reported for the E. coli epimerase (Kim et al. 2011), a
similar observation could not be made with mGalE even
when high enzyme concentrations and long incubation times
were used. Furthermore, it is well known that the presence
of the UDP-group is required for tight binding of the sub-
strate as well as to increase the reactivity of the enzyme-
bound NAD+ cofactor (Wee and Frey 1973; Wong and Frey
1977). As such, GalE would only be able to oxidize free
sugars to the C4-ketose intermediate, leaving behind an
inactivated enzyme in its NADH-bound form (Bertland et
al. 1966; Blackburn and Ferdinand 1976). Although this
enzyme is in itself not active towards free monosaccharides,
it can be incorporated in multienzyme processes for the
production of rare sugars like N-acetylgalactosamine (Inoue
et al. 2011), lacto-N-biose, and galacto-N-biose (Nishimoto
and Kitaoka 2009). Furthermore, the Marinithermus epim-
erase can be used as stable biocatalyst for the production of
UDP-Gal and UDP-GalNAc from their cheaper glucose-
containing counterparts, thus providing valuable donor sub-
strates for glycan synthesis with glycosyl transferases (Desmet
and Soetaert 2011; Kwan and Withers 2011).

In conclusion, a novel UDP-Glc(NAc) 4-epimerase from
M. hydrothermalis is described in this work. The enzyme was
recombinantly expressed in E. coli and thoroughly character-
ized with respect to its substrate specificity and thermal be-
havior. Furthermore, analysis of its sequence and structure
generated new insights in the mechanism of GalE enzymes,
which were confirmed by site-directed mutagenesis.
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