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Abstract: The control of cellular N-acetylmannosamine (ManNAc) levels has been postulated to be
an effective way to modulate the decoration of cell surfaces with sialic acid. N-acetylglucosamine
2-epimerase catalyzes the interconversion of N-acetylglucosamine (GlcNAc) and ManNAc. Herein,
we describe the cloning, expression, purification and biochemical characterization of an unstudied
N-acetylglucosamine 2-epimerase from Pedobacter heparinus (PhGn2E). To further characterize the
enzyme, several N-acylated glucosamine derivatives were chemically synthesized, and subsequently
used to test the substrate specificity of PhGn2E. Furthermore, NMR studies of deuterium/hydrogen
exchange at the anomeric hydroxy group and C-2 positions of the substrate in the reaction
mixture confirmed for the first time the postulated epimerization reaction via ring-opening/enolate
formation. Site-directed mutagenesis of key residues in the active site showed that Arg63 and
Glu314 are directly involved in proton abstraction and re-incorporation onto the substrate. As all
mechanistically relevant active site residues also occur in all mammalian isoforms, PhGn2E can serve
as a model N-acetylglucosamine 2-epimerase for further elucidation of the active site mechanism in
these enzymes.
Keywords: sialic acid metabolism; N-acetylglucosamine 2-epimerase; deprotonation/reprotonation
mechanism; Neu5Ac analogues; synthesis of sialic acid analogues

1. Introduction
Sialic acids are naturally occurring carbohydrate derivatives of neuraminic acid and
2-keto-3-deoxy-D-glycero-D-galactonononic acid [1]. Sialic acids are generally found at the termini
of protein and lipid linked glycoconjugates on cell surfaces, and have been demonstrated to play
a crucial role in cell recognition, modulation of cell receptors, tumor metastasis and pathogen
binding [2–6]. In recent years, remarkable efforts have been undertaken towards further understanding
the biosynthesis and regulation of the sialic acid metabolism on a cellular level [7,8]. ManNAc has
been postulated to be the main sialic acid precursor. The biosynthesis of N-acetylneuraminic acid
(Neu5Ac) from ManNAc can be either achieved via phosphorylation by ManNAc 6-kinase and
aldol addition of phosphoenolpyruvate (PEP) by sialic acid 9-P-synthase following an enzymatic
dephosphorylation (Scheme 1, route A) [9,10], or the direct (reversible) aldol addition by sialic acid
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dephosphorylation (Scheme 1, route A) [9,10], or the direct (reversible) aldol addition by sialic acid
aldolase(Scheme
(Scheme1, 1,
route
B) [11].
The resulting
sialicis acid
then converted
into its precursor
activated
aldolase
route
B) [11].
The resulting
sialic acid
then is
converted
into its activated
precursor
form
CMP‐N‐acetylneuraminic
acid
and
transported
into
the
Golgi
apparatus,
where
it is
form CMP-N-acetylneuraminic acid and transported into the Golgi apparatus, where it is ultimately
ultimately
utilized sialyltransferases
by various sialyltransferases
decorate oligosaccharide
[12]. AsisManNAc
utilized
by various
to decorate to
oligosaccharide
chains [12].chains
As ManNAc
the sole
is
the
sole
carbohydrate
precursor
in
the
biosynthesis
of
N‐acetylneuraminic
acid, a better
carbohydrate precursor in the biosynthesis of N-acetylneuraminic acid, a better understanding
of
understanding
of the ManNAc
biosynthesis
also
lead to knowledge
a more profound
the
ManNAc biosynthesis
will therefore
alsowill
leadtherefore
to a more
profound
of theknowledge
sialic acid
of the sialic in
acid
metabolism in cells.
metabolism
cells.
The
biosynthesis
ManNAcinin
mammals
is regulated
in two
different
ways
(Scheme
1, top):
in
The biosynthesis ofofManNAc
mammals
is regulated
in two
different
ways
(Scheme
1, top):
in the
the
liver,
UDP‐GlcNAc
is
epimerized
to
UDP‐ManNAc
and
subsequently
hydrolyzed
to
ManNAc
liver, UDP-GlcNAc is epimerized to UDP-ManNAc and subsequently hydrolyzed to ManNAc by the
by the bifunctional
enzyme UDP‐GlcNAc
2‐epimerase
[13]. Alternatively,
canepimerized
be directly
bifunctional
enzyme UDP-GlcNAc
2-epimerase
[13]. Alternatively,
GlcNAc canGlcNAc
be directly
epimerized
to
ManNAc
by
GlcNAc
2‐epimerase
(mainly
in
kidneys)
[14,15].
Several
GlcNAc
to ManNAc by GlcNAc 2-epimerase (mainly in kidneys) [14,15]. Several GlcNAc 2-epimerases
of
2‐epimerases
of
either
mammalian
or
bacterial
origin
have
been
functionally
characterized
so
far
either mammalian or bacterial origin have been functionally characterized so far [15–22]. The major
[15–22]. The
major difference
between
the two types
enzymes is that
mammalian
require
difference
between
the two types
of enzymes
is thatofmammalian
isoforms
requireisoforms
nucleotides
as
nucleotides
as
co‐factor,
whereas
bacterial
isoforms
may
show
enhanced
activities
in
the
presence
of
co-factor, whereas bacterial isoforms may show enhanced activities in the presence of nucleotides but
nucleotides
but have
no co‐factor
requirements [20,23].
have
no co-factor
requirements
[20,23].

Scheme
Scheme1.1. Sialic
Sialicacid
acidbiosynthesis.
biosynthesis.

GlcNAc 2-epimerases
2‐epimerases are
are interesting
interesting targets
targets for
for the
the development
development of
of novel
novel inhibitors
inhibitors of
of sialic
sialic
GlcNAc
acid biosynthesis.
thethe
main
limitation
in the
of effective
inhibitors
is the lack
acid
biosynthesis. However,
However,
main
limitation
indevelopment
the development
of effective
inhibitors
is
of information
on the epimerization
mechanism.
Despite speculations
by Samuel and
Tanner and
that
the
lack of information
on the epimerization
mechanism.
Despite speculations
by Samuel
the mechanism
of the closely
relatedrelated
enzyme
UDP‐GlcNAc
2‐epimerase
on
Tanner
that the mechanism
of the closely
enzyme
UDP-GlcNAc
2-epimeraseis is based
based on
deprotonation/reprotonation or on elimination [24], no
no experimental
experimental studies
studies have
have yet
yet been
been reported
reported
deprotonation/reprotonation
to support
support either
either of
ofthese
thesetheories.
theories. Crystallographic
Crystallographic studies
studies of
of mammalian
mammalian (porcine)
(porcine) and
and bacterial
bacterial
to
(Anabaena
sp.)
GlcNAc
2‐epimerase
apoproteins
have
indicated
the
involvement
of
various
amino
(Anabaena sp.) GlcNAc 2-epimerase apoproteins have indicated the involvement of various amino
acid
acid residues
the reaction
mechanism
Therefore,
we performed
a mutational
to
residues
in thein
reaction
mechanism
[18,25].[18,25].
Therefore,
we performed
a mutational
analysisanalysis
to further
further elucidate
role
of these
acids. Furthermore,
describe the
and
elucidate
the role ofthe
these
amino
acids.amino
Furthermore,
we describe thewe
purification
and purification
biochemical and
biochemical and
mechanistic characterization
of a novel
GlcNAcoriginating
2‐epimerasefrom
originating
the soil
mechanistic
characterization
of a novel GlcNAc
2-epimerase
the soilfrom
bacterium
bacterium heparinus,
Pedobacter
heparinus,
confirming
for postulated
the
first
time
the
postulated
Pedobacter
confirming
for the
first time the
deprotonation/reprotonation
deprotonation/reprotonation
mechanism for this class of enzymes.
mechanism
for this class of enzymes.
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2. Results
2.1. Cloning and Homology Analysis of PhGn2E Gene
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A gene canditate encoding a putative GlcNAc 2-epimerase was selected from the genome of
Results
Pedobacter2.heparinus.
The full length open reading frame (ORF) of the gene was successfully cloned and
consisted 2.1.
of 1212
base
A homology
searchGene
revealed that PhGn2E is closely related to the GlcNAc
Cloning andpairs.
Homology
Analysis of PhGn2E
2-epimerase from mammals showing 35% identity to the human, bovine, murine and rat isoforms
A gene canditate encoding a putative GlcNAc 2‐epimerase was selected from the genome of
and 34% to
the porcine
isoform
(Supplementary
Figure
bacterial
GlcNAccloned
2-epimerases,
Pedobacter
heparinus.
The full
length open reading
frame S1).
(ORF)Among
of the gene
was successfully
PhGn2E showed
highofamino
acid
sequence
similarity
with characterized
isoforms
from
Bacteroides
and consisted
1212 base
pairs.
A homology
search revealed
that PhGn2E is closely
related
to the
GlcNAc
from
mammals showing 35% identity to the human, bovine, murine and rat
ovatus (48%)
and 2‐epimerase
Anabaena sp.
(37%).
2.2.

isoforms and 34% to the porcine isoform (Supplementary Figure S1). Among bacterial GlcNAc
2‐epimerases,
showed high amino acid sequence similarity with characterized isoforms
Protein
Expression PhGn2E
and Purification
from Bacteroides ovatus (48%) and Anabaena sp. (37%).

The putative gene product was successfully expressed in soluble form. The recombinant protein
2.2.
Expression
and Purificationtag at the C-terminus was purified to homogeneity as judged
containing
anProtein
additional
hexa-histidine
putative
geneThe
product
was successfully
expressed in
form.
The recombinant
protein
by SDS-PAGEThe
(Figure
1A).
purified
sample migrated
assoluble
a single
protein
band with
a molecular
containing
an
additional
hexa‐histidine
tag
at
the
C‐terminus
was
purified
to
homogeneity
as
judged
weight between 40 kDa and 50 kDa, which is in good agreement with the calculated mass of 47.1 kDa
by SDS‐PAGE (Figure 1A). The purified sample migrated as a single protein band with a molecular
(includingweight
the 1.3
kDa hexa-histidine tag). The identity of the purified protein band was confirmed
between 40 kDa and 50 kDa, which is in good agreement with the calculated mass of 47.1
using tryptic
peptide
fingerprinting
by matching
the obtained
MALDI-TOF
kDa (includingmass
the 1.3
kDa hexa‐histidine
tag). The identity
of the purified
protein MS
banddata
was with the
confirmed
using tryptic
peptide mass fingerprinting
by matching
obtained MALDI‐TOF
MS data PhGn2E
Mascot software
database
(Supplementary
Table S1). The
proteinthe
concentration
of the purified
with the to
Mascot
software
database
(Supplementary
Table
S1). The protein
concentration
of the
was determined
be 2.73
± 0.05
mg/mL
and relative
enzymatic
activity
was determined
to be
purified PhGn2E was determined to be 2.73 ± 0.05 mg/mL and relative enzymatic activity was
3.59 U/mg (1 U is defined as the amount of enzyme which generates 1 µmol of N-acetylmannosamine
determined
to be 3.59 U/mg (1 U is defined as the amount of enzyme which generates 1 μmol of
in 1 min at
37 ◦ C).
N‐acetylmannosamine
in 1 min at 37 °C).

Figure 1. (A): SDS‐PAGE analysis of heterologous expressed PhGn2E in E. coli. M: protein marker; 1:

Figure 1. (A):
SDS-PAGE analysis of heterologous expressed PhGn2E in E. coli. M: protein marker; 1: cell
cell pellets before induction; 2: cell pellets after induction; 3: supernatant of cell lysate; 4: Ni‐NTA
pellets before
induction;
cellSubstrate
pellets after
induction;
3: supernatant
cell lysate;
4: Ni-NTA
purified
enzyme;2:(B):
promiscuity
of PhGn2E.
PhGn2Eofshowed
activity
towards purified
(1a); of
N‐propanoylglucosamine
(1b); activity
N‐butanoylglucosamine
(1c);
N‐acetylglucosamine
enzyme; (B):
Substrate promiscuity
PhGn2E. PhGn2E showed
towards N-acetylglucosamine
N‐hexanoylglucosamine (1d);(1b);
N‐octanoylglucosamine
(1e); N‐decanoylglucosamine
(1f);
(1a); N-propanoylglucosamine
N-butanoylglucosamine
(1c); N-hexanoylglucosamine
N‐benzoylglucosamine
(1h);
(1i);
N‐glycolylglucosamine
(1j);
(1d); N-octanoylglucosamine
(1e); N‐picolinylglucosamine
N-decanoylglucosamine
(1f);
N-benzoylglucosamine
(1h);
N‐thioglycolylglucosamine (1k) and N‐azidoacetylglucosamine (1l). PhGn2E showed no activity
N-picolinylglucosamine
(1i); N-glycolylglucosamine (1j); N-thioglycolylglucosamine (1k) and
towards N‐octadecanoylglucosamine (1g). Data are presented as mean values ± standard deviation of
N-azidoacetylglucosamine
(1l). PhGn2E
showedscheme
no activity
three independent experiments;
(C): Reaction
of thetowards
synthesis N-octadecanoylglucosamine
of GlcNAc analogs by
(1g). Data are presented as mean values ± standard deviation of three independent experiments; (C):
Reaction scheme of the synthesis of GlcNAc analogs by treatment with NHS (N-hydroxysuccinimide),
DCC (Dicyclohexylcarbodiimide) and the corresponding acid using glucosamine as the starting material
and epimerization to ManNAc analogs using PhGn2E yielding ManNAc analogues (2a–2l).
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2.3. Substrate Specificity
2.3. Substrate
Specificity
The screening
of various chemically synthesized substrates (Figure 1B, Supplementary Figures
S2 and
revealed that
recombinant
PhGn2Esynthesized
was able to catalyze
the(Figure
epimerization
reaction when
TheS3)screening
of various
chemically
substrates
1B, Supplementary
GlcNAc
derivatives
bearing
small
N‐acyl
groups
such
as
N‐propanoylglucosamine,
Figures S2 and S3) revealed that recombinant PhGn2E was able to catalyze the epimerization
N‐butanoylglucosamine,
N‐hexanoylglucosamine,
N‐octanoylglucosamine,
N‐glycolylglucosamine
reaction
when GlcNAc derivatives
bearing small N-acyl
groups such as N-propanoylglucosamine,
or N‐thioglycolyl‐ glucosamine
(Figure 1C, compounds
1b, 1c, 1d, 1e, 1jN-glycolylglucosamine
and 1k, respectively).
N-butanoylglucosamine,
N-hexanoylglucosamine,
N-octanoylglucosamine,
However,
the
activity
decreased
significantly
when
substrates
with
bulkier
modifications
such as
or N-thioglycolyl- glucosamine (Figure 1C, compounds 1b, 1c, 1d, 1e, 1j and
1k, respectively).
N‐decanoylglucosamine
and N‐octadecanoylglucosamine
were used
compoundssuch
1f and
However,
the activity decreased
significantly when substrates
with (Figure
bulkier 1C,
modifications
as
1g,
respectively).
PhGn2E
was
also
able
to
catalyze
the
epimerization
reaction
of
GlcNAc
derivatives
N-decanoylglucosamine and N-octadecanoylglucosamine were used (Figure 1C, compounds 1f and
bearing
a hydroxyl
(1j), awas
thiolalso
(1k)able
or azido
(N‐azidoacetylglucosamine,
1l) moiety
in the
N‐linked
1g,
respectively).
PhGn2E
to catalyze
the epimerization reaction
of GlcNAc
derivatives
substituent.
Low, (1j),
but adetectable
towards GlcNAc derivatives
containing
aromatic
bearing
a hydroxyl
thiol (1k) oractivities
azido (N-azidoacetylglucosamine,
1l) moiety
in the N-linked
side‐chains
(N‐benzonylglucosamine,
1h
and
N‐picolinylglucosamine,
1i)
were
also
observed.
Both
substituent. Low, but detectable activities towards GlcNAc derivatives containing aromatic side-chains
NMR
analysis
and
platereader
based
activity
assays
indicated
that
PhGn2E
showed
no
activity
(N-benzonylglucosamine, 1h and N-picolinylglucosamine, 1i) were also observed. Both NMR analysis
towards
glucosamine,
α‐methyl
GlcNAc,
β‐methyl
GlcNAcshowed
and UDP‐GlcNAc.
Furthermore,
all the
and
platereader
based activity
assays
indicated
that PhGn2E
no activity towards
glucosamine,
synthesized
GlcNAc
derivatives
except
1g
could
be
successfully
converted
into
sialic
acid
analogues
α-methyl GlcNAc, β-methyl GlcNAc and UDP-GlcNAc. Furthermore, all the synthesized GlcNAc
and linked except
onto X‐gal
following
the synthetic
route shown
in acid
Figure
2 and Supplementary
Figures
derivatives
1g could
be successfully
converted
into sialic
analogues
and linked onto
X-gal
S4–S6.
following the synthetic route shown in Figure 2 and Supplementary Figures S4–S6.

Figure 2. Reaction scheme of the synthesis route of X-gal sialosides. 2a–l was achieved by
Figure 2. Reaction scheme of the synthesis route of X‐gal sialosides. 2a–l was achieved by PhGn2E
PhGn2E using 1a–l as substrates. The resulting X-gal sialosides (5a, 5b, 5c, 5d, 5e, 5f, 5h,5i,
using
The resulting
sialosides reaction
(5a, 5b, 5c,
5d, 5e, 5f,
5h,5i,
5j, 5k and 5l) were
5j,
5k 1a–l
and as
5l)substrates.
were synthesized
by aX‐gal
four-enzyme
starting
with
N-acetylglucosamine
with (1c);
N‐acetylglucosamine
(1a);
synthesized
by a four‐enzyme
reaction starting
(1a);
N-propanoylglucosamine
(1b); N-butanoylglucosamine
N-hexanoylglucosamine
N‐propanoylglucosamine
(1b);
N‐butanoyl‐
glucosamine
(1c);
N‐hexanoylglucosamine
(1d);
(1d); N-octanoylglucosamine (1e); N-decanoylglucosamine (1f); N-benzonylglucosamine (1h);
N‐octanoylglucosamine (1i);
(1e);N-glycolylglucosamine
N‐decanoylglucosamine
(1f); N‐benzonylglucosamine
N-picolinylglucosamine
(1j); N-thioglycolylglucosamine (1k) (1h);
and
N‐picolinylglucosamine
(1i);
N‐glycolylglucosamine
(1j);
N‐thioglycolylgluco‐
samine
(1k) 37%,
and
N-azidoacetylglucosamine (1l) as initial substrates with relative conversion rates of
37%, 33%,
initial and
substrates
with relative No
conversion
rates
37%,
33%, 37%,
N‐azidoacetylglucosamine
as 3.2%,
15%,
16%, 2.3%, 3.1%, 13%,(1l)
39%,
38%, respectively.
yield from
1gof
was
observed
to
15%,
16%,
2.3%,
3.1%,
13%,
39%,
3.2%,
and
38%,
respectively.
No
yield
from
1g
was
observed
to
obtain 5g.
obtain 5g.

2.4. Biochemical Characterization
PhGn2E activity was tested in a coupled enzymatic assay, by monitoring the
N-acyl-D-mannosamine dehydrogenase-catalyzed reduction of NAD+ in the presence of ManNAc
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PhGn2E activity was tested in a coupled enzymatic assay, by monitoring the
N‐acyl‐D‐mannosamine dehydrogenase‐catalyzed reduction of NAD+ in the presence of ManNAc to
NADH,
which
can
optimum reaction
reaction
to
NADH,
which
canbebefollowed
followedininaaplate
plate reader‐based
reader-based photometric
photometric assay. The optimum
temperature was
was determined
determined to
to be
be 37
37 ◦°C
(Figure 3A).
3A). Above
Above 37
37 ◦°C,
enzymatic activity
activity rapidly
rapidly
temperature
C (Figure
C, enzymatic
decreased
with
increasing
temperatures.
The
enzyme
showed
reasonable
thermal
stability
when
decreased with increasing temperatures.
enzyme showed reasonable thermal stability when
◦
◦
incubatedat
at45
45 °C
or below
below for
for 22 h,
h, and
and showed
showed no
no loss
loss of
of activity
activitywhen
whenincubated
incubatedat
at30
30 °C
or below
below
incubated
C or
C or
for24
24hh(Supplementary
(Supplementary
Figure
enzyme
showed
activity
in a relatively
pH
for
Figure
S7).S7).
TheThe
enzyme
showed
goodgood
activity
in a relatively
broad broad
pH range
rangepH
from
pHpH7.0
to but
pH decreased
10.0, but decreased
rapidly
andrange
above(Figure
this range
(Figure 3B).
from
7.0 to
10.0,
rapidly below
and below
above this
3B). Considering
Considering
that small
GlcNAc
may into
alsoManNAc
epimerize
into stronger
ManNAcbasic
under
stronger
that
small proportions
ofproportions
GlcNAc mayofalso
epimerize
under
conditions,
2+,2+
2+, 2+
2+, 2+
2+,
2+
2+
2+
basic
conditions,
pH
8.0
was
chosen
for
further
experiments.
The
addition
of
Ca
Mg
Mn
Znor
pH 8.0 was chosen for further experiments. The addition of Ca , Mg , Mn , Zn , Cu , Co
2+
2+
2+
3+
3+
2+
3+
3+
2+
Cu , Co
no enzyme’s
effect on the
enzyme’s
activity,
while
Fe Al
, Fe slightly
and Alinhibited
slightly and
inhibited
EDTA
hador
noEDTA
effect had
on the
activity,
while
Fe , Fe
and
Ni
2+ slightly increased the activity of PhGn2E (Figure 3C). Denaturants (urea and
and Niincreased
slightly
the activity of PhGn2E (Figure 3C). Denaturants (urea and 2-mercarptoethanol)
2‐mercarptoethanol)
andTriton
detergents
and significant
Triton X‐100)
showedeffects
significant
effects
on
and
detergents (SDS and
X-100)(SDS
showed
inhibitory
on theinhibitory
enzymatic
activity
the enzymatic activity
(Supplementary
Figure S8). on
ThePhGn2E
effect of
nucleotides
on PhGn2E
was also
(Supplementary
Figure S8).
The effect of nucleotides
was
also examined
(Supplementary
examined
Figure
S9A),
showing
thatenhanced
ATP but the
no activity
other nucleotide
enhanced
the
Figure
S9A),(Supplementary
showing that ATP
but no
other
nucleotide
of PhGn2E.
To evaluate
activity
of PhGn2E.
To evaluatenucleotides
the influence
of adenine‐derived
nucleotides
PhGn2E
activity,
the
influence
of adenine-derived
on PhGn2E
activity, the inhibition
of on
AMP,
ADP and
ATP
the further
inhibition
of AMP,
ADP and ATP
was (Supplementary
further studied Figure
in a S9B).
dose‐dependent
manner
was
studied
in a dose-dependent
manner
Whereas AMP
and
(Supplementary
Figure
S9B).
Whereas
AMP
and
ADP
had
no
significant
effect
at
any
measured
ADP had no significant effect at any measured concentration, the addition of 100 µM of ATP resulted
concentration,
the addition
of 100 activity
μM of ATP
resulted
almost
a doubling
activity
almost
in a doubling
of enzymatic
and the
addition
of 1 in
mM
of ATP ledoftoenzymatic
a 4-fold increase.
−
17and
and Kthe
addition
of
1
mM
of
ATP
led
to
a
4‐fold
increase.
The
K
M
value
of
PhGn2E
was
82
±
mM
for
The
value
of
PhGn2E
was
82
±
7
mM
for
GlcNAc,
the
V
value
197
±
4
µM
·
min
the
max
M
−1 and the kcat value 340 ± 3 min−1. A mutational analysis of
−
1
GlcNAc,
the
V
max
value
197
±
4
μM∙min
kcat value 340 ± 3 min . A mutational analysis of PhGn2E was performed in order to confirm the
PhGn2E which
was performed
in order
confirm the residues
involved
in the
residues
are involved
in theto
epimerization
reaction. which
Arg63,are
His244,
Glu314
andepimerization
His378 were
reaction.
Arg63,
His244,
Glu314
and
His378
were
chosen
as
the
target
amino
acids
for
this
study.
The
chosen as the target amino acids for this study. The activities of PhGn2E mutants H244A and
H378A
activities
mutants
weretype
13.6%
± 1.0%whereas
and 6.9%
0.9% of that
the
were
13.6%of±PhGn2E
1.0% and
6.9% ±H244A
0.9% ofand
thatH378A
of the wild
enzyme,
the± mutants
R63Aofand
wild type
enzyme,
whereas the
mutants
R63A
and E314A showed no epimerase activity (Figure 3D).
E314A
showed
no epimerase
activity
(Figure
3D).

Figure 3.3. Biochemical
Biochemical characterization
characterization of PhGn2E.
PhGn2E. (A):
(A): Temperature
Temperature dependency
dependency of
of recombinant
recombinant
Figure
PhGn2E;
PhGn2E; (B):
(B): pH-dependency
pH‐dependency of
of recombinant
recombinant PhGn2E;
PhGn2E; (C):
(C): Impact
Impact of
of metal
metal ions
ions on
on the
theenzymatic
enzymatic
activity
activity of
ofPhGn2E;
PhGn2E;(D):
(D):Activity
Activitystudy
studyof
ofPhGn2E
PhGn2Eactive
activesite
sitemutants.
mutants.Negative
Negativecontrols
controlscontained
contained
heat-inactivated wild-type (WT) PhGn2E. Data are presented as mean values ± standard deviation of
three independent experiments.
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2.5. Hydrogen/Deuterium
Hydrogen/Deuterium Exchange
Exchange Analysis
Analysis
2.5.
11H‐,
13C‐, TOCSY‐,
H-, 13
C-, TOCSY-,

and HSQC‐NMR
the BMRB
BMRB
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While several bacterial GlcNAc 2‐epimerases show activity in absence of nucleotides, the
addition of ATP has been reported to enhance enzymatic activity for some isoforms. For example,
the activity of Anabaena sp. epimerase was enhanced in the presence of ATP and the
non‐hydrolyzable γ‐phosphate analogue 5′‐adenylyl imidodiphosphate [23]. It has been
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While several bacterial GlcNAc 2-epimerases show activity in absence of nucleotides, the addition
of ATP has been reported to enhance enzymatic activity for some isoforms. For example, the activity of
Anabaena sp. epimerase was enhanced in the presence of ATP and the non-hydrolyzable γ-phosphate
analogue 50 -adenylyl imidodiphosphate [23]. It has been demonstrated that the addition of ATP
stabilizes the B. ovatus epimerase leading to an increased denaturation temperature and an enhanced
pH activity range [31]. In a similar manner, the activity of PhGn2E also increased significantly in
the presence of ATP. While mammalian epimerases can be activated in presence of a wide range of
nucleotides such as AMP, ADP, ATP, CTP, GTP or UTP [30], PhGn2E activity remained unchanged in
the presence of these nucleotides. Two different theories of how ATP-binding effects the activity of
GlcNAc 2-epimerase currently exist; Liao et al. suggested an ATP-binding site in Anabaena sp. GlcNAc
2-epimerase site 151-KDNPKGKYTK-160 (Supplementary Figure S1), and that the residues Lys151
and Lys160 are required for ATP binding [23]. A second hypothesis by Sola-Carvajal et al. suggests
that the lysine residues in a different motif located at the C-terminus of the analyzed B. ovatus isoform
(392-KGGKWKG-398, Supplementary Figure S1) are responsible for ATP binding [31]. This motif
was also found in the C-terminal region of PhGn2E (369-KGNLFKG-375), and in other functionally
described isoforms from Anabaena sp. and mammals (Supplementary Figure S1), suggesting that the
lysine residues at the C-terminal region may be responsible for the binding of ATP.
3.2. Chemoenzymatic Synthesis of Mannosamine and Sialic Acid Derivatives
The synthesis of mannosamine and sialic acid derivatives is one of the main limitations in studying
them as potential inhibitors of the sialic acid metabolic pathway [32–37]. In this field, several research
groups have reported the synthesis of mannosamine derivatized with N-linked aliphatic chains.
This is generally achieved by using NHS-activated acids [38,39], or alternatively, can also be achieved
by treatment of isobutyl chloroformate with an acid, yielding an amine-reactive anhydride [36,40].
Sampathkumar et al. reported the synthesis of peracetylated ManNAc analogues by treatment with
naphthaldehyde for N-activation using ManN hydrochloride as starting material [41]. However, the
high price of mannosamine is a major limitation in the synthesis of sialic acid analogues. Incorporating
PhGn2E into the synthetic route allows the use of glucosamine-based analogues, which reduces the
cost of the synthesis to a fraction of that of the mannosamine-based synthesis.
The mannosamine derivatives obtained from the PhGn2E-catalyzed reaction were used as
precursors for the synthesis of Neu5Ac (3a) analogues. These Neu5Ac analogues bearing alternative
N-linked acyl chains could be synthetized by the sialic acid aldolase-catalyzed addition of pyruvate.
Several chemical strategies to generate Neu5Ac derivatives with C-5 modifications have been
successfully applied so far, including modification with benzyl- and azido groups [42,43]. A free
amino group has been demonstrated to be a suitable nucleophile for protection with Fmoc, Alloc
or Boc carbamates [42,43]. Unprotected neuraminic acid had also been used for the addition
of trifluoroacetamido, trichloroethoxycarbonyl or 4-O-oxazolidinone groups, replacing the acetyl
group [43]. Keppler et al. used a whole cell biotransformation to produce N-propanoyl, N-butanoyl
and N-pentanoyl neuraminic acids by fermentation in Madin-Darby canine kidney cells using the
corresponding ManNAc derivatives as the starting material [44]. The same strategy was applied
by Lundgren et al. to produce a sialic acid derivative from N-butanoylglucosamine in genetically
engineered E. coli [45]. The chemoenzymatic synthesis of various sialosides based on mannosamines
derivatized with fluoride-, azido- or methoxide groups in a one-pot, three-enzyme approach with
recombinant enzymes was later reported by the group of Chen [38,46]. The herein characterized
PhGn2E epimerase may also be easily integrated into reported synthetic procedures, which would
allow the use of glucosamine derivatives as a starting material.
3.3. Mechanistic Studies
Recorded NMR spectra showed hydrogen/deuterium exchange at C-2 in both GlcNAc and
ManNAc when the reaction was performed in D2 O. This result can be explained considering that the
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enzyme is catalyzing the deprotonation of GlcNAc at C-2 and, at the same time, the incorporation of
deuterium on the opposite face, promoting the epimerization of GlcNAc to C-2 deuterated ManNAc
(Figure 4A). Four different mechanisms have been described for epimerization reactions in sugars:
the mutarotation mechanism, the transient oxidation-reduction mechanism, the elimination mechanism
and the deprotonation/reprotonation mechanism (Supplementary Figure S10) [24]. The mutarotation
mechanism is only applicable for epimerization reactions at the anomeric center and can be therefore
excluded. As GlcNAc 2-epimerases contain no co-enzymes such as FAD or NAD+ , a transient
oxidation-reduction mechanism, with no observable proton/deuterium exchange in the substrate, can
be also excluded as possible mechanism. In both the deprotonation/reprotonation mechanism and the
elimination mechanism, two different residues are involved in the proton capture and proton donation
steps, allowing hydrogen/deuterium exchange. To discern between the two possible mechanisms,
the activity of PhGn2E towards anomeric O-substituted GlcNAc derivatives was studied. PhGn2E
showed no activity towards methyl α-GlcNAc, methyl β-GlcNAc or UDP-GlcNAc, indicating that the
enzyme is not capable of catalyzing the epimerization reaction in closed ring formation. In addition,
deuterium exchange on the anomeric alcohol is faster in presence of PhGn2E (Figure 5C,D). According
to the described mechanism for UDP-GlcNAc 2-epimerase, an elimination mechanism for the
GlcNAc/ManNAc enzymatic epimerization would involve the release and subsequent incorporation
of the hydroxyl group [47], which would consequently lead to no hydrogen/deuterium exchange in
the anomeric alcohol. Thus, the hydrogen/deuterium exchange is produced via pyranose ring opening
and closure (Figure 5A). This result is in agreement with the deprotonation/reprotonation mechanism
wherein the ring opening occurs in order to stabilize by enolate intermediate the anion formed in C-2
after the abstraction of the proton (Figure 6), confirming that the catalytic activity of PhGn2E is based
on a deprotonation/reprotonation mechanism.
The deprotonation/reprotonation mechanism requires the participation of two proximate amino
acid residues in the active site of the epimerase [24]. Itoh et al. obtained the crystal structure of the
porcine isoform, and showed that four amino acid residues (Arg60, His248, Glu251 and His382) are
close enough to the active center to be potentially important for catalytic function [18]. While the
X-ray diffraction of the enzyme was performed in presence of GlcNAc, the resolution of the substrate
was not high enough to carry out further crystallographic refinements and, for this reason, the exact
residues involved in the proton abstraction/donation steps could not be identified. Lee et al. reported
the three-dimensional structure of GlcNAc 2-epimerase from Anabaena sp., and that the substitution
of amino acids in the active site using site-directed mutagenesis showed that Arg57, His239, Glu308,
His372, are essential for the epimerization reaction [25]. The sequence alignment of PhGn2E, porcine
and Anabaena sp. isoforms (Supplementary Figure S1) show high similarities, especially close to the
above mentioned amino acids surrounding the active site. In order to identify the two residues involved
in the proton capture/donation steps, the activity of PhGn2E mutants was further investigated.
Despite the results of Lee et al., which suggest that His244 and H378 should be responsible for
the deprotonation/reprotonation mechanism [25], the PhGn2E mutants H244A and H378A could
efficiently catalyze the epimerization reaction from GlcNAc to ManNAc. On the other hand, the
PhGn2E mutants E314A and R63A were not capable of catalyzing the epimerization reaction indicating
that Arg63 and His372 are the residues involved in the proton abstraction/donation steps (Figure 3D).
Thus, one of these residues must participate in abstracting the hydrogen linked to C-2 of GlcNAc
followed by incorporation of the hydrogen in the same carbon but in the opposite face by the other
residue producing the inversion of configuration.
In order to assign the role of each residue, hydrogen/deuterium exchange studies of PhGn2E
mutants E314A and R63A were performed. However, no hydrogen/deuterium exchange could be
observed using either ManNAc or GlcNAc as initial substrate. Reports on the B. ovatus epimerase
indicated that the epimerization reaction from GlcNAc to ManNAc is faster than the epimerization
reaction from ManNAc to GlcNAc [22]. The reason for this may be pKa values of arginine (pKa ≈ 12.5)
and glutamic acid (pKa ≈ 3.1) residues, which indicate that a high proportion of protonated arginine
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and deprotonated glutamic acid residues exist at physiological pH conditions. Based on these
preconditions, we can propose that a GlcNAc in open conformation enters in the central cavity between
Arg63 and Glu314. Then, Glu314 deprotonates C-2 of GlcNAc while Arg63 incorporates the proton
on the same carbon but on the opposite face yielding ManNAc (Figure 6). Due to the reversibility of
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PhGn2E is highly homologous with mammalian GlcNAc 2‐epimerases. Arg63 and Glu314 can
PhGn2E is highly homologous with mammalian GlcNAc 2-epimerases. Arg63 and Glu314 can be
be found in the human, bovine, murine, porcine and rat GlcNAc 2‐epimerase sequences
found in the human, bovine, murine, porcine and rat GlcNAc 2-epimerase sequences (Supplementary
(Supplementary Figure S1). Furthermore, the crystal structure of porcine GlcNAc 2‐epimerase
Figure S1). Furthermore, the crystal structure of porcine GlcNAc 2-epimerase showed that the
showed that the corresponding arginine and glutamic acid residues are also symmetrically located
corresponding arginine and glutamic acid residues are also symmetrically located in the active site
in the active site (Supplementary Figure S11) [18]. The existence of these homologous residues in the
(Supplementary Figure S11) [18]. The existence of these homologous residues in the active site of the
active site of the porcine epimerases, as well as a high similarity in the surrounding residues, is a
porcine epimerases, as well as a high similarity in the surrounding residues, is a strong indication
strong indication that mammalian epimerases also employ a deprotonation/reprotonation mechanism
that mammalian epimerases also employ a deprotonation/reprotonation mechanism to carry out the
to carry out the C‐2 inversion.
C-2 inversion.
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4.2. Bacterial Strains
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4.3. Gene Cloning and Construction of the Expression Vector
Genomic DNA was isolated from stored lyophilized culture samples of Pedobacter heparinus
according to the method described by Mahuku [48]. The oligonucleotide primers for amplifying a
putative GlcNAc 2‐epimerase were designed based on the P. heparinus genome information
provided by the Pathosystems Resource Integration Center (PATRIC) [49] (ph.ggbrc.com) as follows:
5′‐GGAATTCCATATGGTTATAGAATATACATTAGAAAAAT‐3′
(forward
primer)
and
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4.3. Gene Cloning and Construction of the Expression Vector
Genomic DNA was isolated from stored lyophilized culture samples of Pedobacter heparinus
according to the method described by Mahuku [48]. The oligonucleotide primers for amplifying
a putative GlcNAc 2-epimerase were designed based on the P. heparinus genome information
provided by the Pathosystems Resource Integration Center (PATRIC) [49] (ph.ggbrc.com) as
follows: 50 -GGAATTCCATATGGTTATAGAATATACATTAGAAAAAT-30 (forward primer) and
50 -CCGCTCGAGTTGAGCCGTATAGGAAGCA-30 (reverse primer). Gene amplification was carried
out using Primestar HS DNA polymerase based on the manufacturer’s instructions. Briefly, the
PCR amplification was performed using 35 PCR cycles consisting of denaturation at 95 ◦ C for 10 s
annealing at 55 ◦ C for 30 s, and elongation at 72 ◦ C for 1 min. The PCR fragments were purified on an
agarose gel, digested with the restriction endonucleases Nde I and Xho I and subsequently ligated
into a pET-30a expression vector, which was pre-digested using the same restriction endonucleases.
The ligation mixtures were transformed into E. coli Mach1 T1 competent cells and were selected on
Luria-Bertani (LB) agar containing 50 µg/mL kanamycin. Transformants containing the expected
plasmid construct were screened by Sanger DNA sequencing (Genscript, Nanjing, China). A clone
containing the expected plasmid construct was stored at −80 ◦ C and used for further experiments.
The extraction of plasmids, endonuclease treatments, ligation, DNA purification and transformation
procedures were carried out using standard protocols.
4.4. Expression and Protein Purification
E. coli BL 21 (DE3) cells were transformed with the expression plasmid bearing the PhGn2E gene.
A single colony was transferred into 5 mL of LB medium containing 50 µg/mL kanamycin for overnight
shaking at 37 ◦ C. The cells were then transferred into 400 mL LB medium and shaken (200 rpm) at 37 ◦ C
until the optical density at 600 nm (OD600 ) reached a value between 0.5 and 0.8. Recombinant protein
expression was induced by adding 1 mM IPTG to the fermentation broth. After further 24 h of shaking
at 18 ◦ C, cells were harvested by centrifugation (15 min at 5000 g), re-suspended in lysis buffer (50 mM
Tris, 100 mM NaCl, 1% (w/v) Triton X-100, adjusted to pH 8.0 with HCl) and disrupted by sonication
(40 on/off cycles with 20 µm probe amplitude for 15 s). The supernatant of the cell lysate was collected
(20 min centrifugation at 14,000 g), and loaded onto a Ni2+ -nitrilotriacetate agarose affinity column
(2 mL bed volume, Qiagen, Shanghai, China) equilibrated with washing buffer (50 mM Tris/HCl,
50 mM NaCl, pH 8.0). After washing the column with 30 mL of washing buffer, the bound target
protein was then eluted in 1 mL fractions of elution buffer (50 mM Tris/HCl, 50 mM NaCl, 500 mM
imidazole, pH 8.0). The progress of protein expression, cell lysis and protein purification was analyzed
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized using Coomassie brilliant blue
G-250. Elution fractions showing the highest purity were pooled and stored in 30% glycerol (w/v) at
−80 ◦ C for further experiments. The protein concentration of this pool was measured using a Bradford
protein quantification kit (Sangon Biotech, Shanghai, China). Furthermore, Coomassie-stained gels of
purified proteins were subject to in-gel tryptic digest and subsequent MALDI-TOF mass spectrometric
analysis (Bruker Ultraflex Extreme, Bremen, Germany).
4.5. Enzymatic Assay
PhGn2E activity was detected based on the method described by Sola-Carvajal et al. [22] with
slight modifications. In general, 10 µL assays containing 400 mM of GlcNAc and 0.58 µM of PhGn2E
in citrate/phosphate buffer (50 mM, pH 8.0) and were incubated at 37 ◦ C for 5 min. The epimerase
activity was quenched by adding 70 µL of cold methanol and the protein was denatured by storing
the samples for 2 h at −80 ◦ C. After solvent evaporation, 80 µL of deionized H2 O were added to the
samples. The formation of ManNAc was analyzed using 3.4 µM of commercial N-acyl-D-mannosamine
dehydrogenase (Qlyco, Nanjing, China) and NAD+ (2 mM) as a co-factor in a continuous platereader
assay at 37 ◦ C (Thermo Multiscan FC, Shanghai, China). An increase in absorbance at 340 nm
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resulted from the reduction of NAD+ to NADH when ManNAc was enzymatically oxidized to the
corresponding lactone.
4.6. Biochemical Characterization
The temperature optimum of PhGn2E was determined by incubating reaction mixtures at various
temperatures between 4 ◦ C to 70 ◦ C and the generation of ManNAc was subsequently determined
with the assay conditions described above. The pH optimum was investigated using a series of citric
acid/phosphate buffers (50 mM) ranging from pH 4.0 to pH 10.5. The thermal stability of PhGn2E was
examined by incubating the enzyme at temperatures between 22 ◦ C and 52 ◦ C for various durations.
Negative controls were prepared without the presence of enzyme. To evaluate the effect of metal
ions on the activity of PhGn2E, epimerization reactions were performed in the presence of either
1 mM Ca2+ , Mg2+ , Mn2+ , Zn2+ , Cu2+ , Co2+ , Fe2+ , Fe3+ , Ni2+ , Al3+ (all in their chloride form) or 1 mM
ethylenediaminetetraacetate (EDTA).
The effect of several denaturants and detergents on PhGn2E was assessed for 2-mercaptoethanol
(10 mM, 50 mM, 100 mM), urea (0.5 M, 1 M, 2 M), Triton-X 100 (0.1%, 0.5%, 1%) and SDS (0.1%,
0.5%, 1%). A series of nucleotides (AMP, ADP, ATP, CMP, CTP, GMP, GDP, GTP, UTP) was added
in various concentrations to investigate their effect on the recombinant PhGn2E. Kinetic parameters
were determined by using different concentrations of GlcNAc (ranging between 50 mM and 1200 mM).
Vmax , KM and kcat values were calculated by applying a non-linear regression model using Labplot
data analysis software (Version 2.0.1.) (labplot.kde.org).
4.7. Synthesis of N-Substituted Glucosamine Derivatives and Determination of PhGn2E Substrate Promiscuity
GlcNAc analogues bearing different N-linked substituents were synthesized using a similar
activated ester method (AES) as described previously [50]. In brief, 1 mmol of N-hydroxysuccinimide
(NHS), 1 mmol dicyclohexylcarbodiimide (DCC) and 1 mmol of acid (acetic acid, propionic acid,
butyric acid, hexanoic acid, octanoic acid, decanoic acid, stearic acid, benzoic acid, 2-picolinic
acid, glycolic acid, thioglycolic acid, or azidoacetic acid) were dissolved in ethyl acetate (6 mL)
and stirred overnight at room temperature. The reaction mixture was centrifuged at 14,000 g for
10 min. The supernatant was added drop-wise into 4 mL of a glucosamine solution (0.8 mmol GlcN in
10% (v/v) methanolic triethylamine). The resulting solution was stirred for 2 h at room temperature,
the solvent was evaporated under reduced pressure and the resulting solid re-dissolved in 1.6 mL of
an aqueous methanol solution (10% v/v). All substrates showed good solubility, with the exception of
N-octadecanoylglucosamine (solubility of 8.8 mg/mL in 10% aqueous methanol at 37 ◦ C). The substrate
promiscuity of PhGn2E was measured using the platereader-based assay described in Section 4.5.
NMR analysis was used to evaluate enzyme-catalyzed reactions towards glucosamine, α-methyl
GlcNAc and β-methyl GlcNAc. 1 H-NMR spectra were acquired on a 400 MHz NMR instrument
(Bruker, Bremen, Germany) using deuterium oxide as the solvent.
4.8. Enzymatic Synthesis and Analysis of Indoxylsialosides
Sialic acid analogues were synthesized based on a method previously reported by Cao et al. for
p-nitrophenyl-linked sialosides [38]. This one-pot, four-enzyme reaction (Scheme 1, Route B) consists
of the C2-epimerization of the GlcNAc derivatives, followed by an aldolase catalyzed aldol reaction to
obtain C5-derivatized neuraminic acids. These derivatives were then activated using CMP-sialic acid
synthetase and transferred to the acceptor substrate 5-bromo-4-chloro-3-indolyl-β-D-galactose (X-gal)
by a sialic acid transferase. The expression and purification of the three latter enzymes was performed
as previously described [51]. The reaction mixture consisted of 50 mM GlcNAc analogue, 2 mM CTP,
2 mM MgCl2 , 10 mM pyruvate, 2 mM X-gal, 50 mM MES (pH 6.5), 3 µM PhGn2E, 3 µM E. coli aldolase,
3 µM Neisseria meningitidis CMP-sialic acid synthetase and 5 µM Photobacterium damsalae sialic acid
transferase. After 16 h of incubation at 37 ◦ C, samples were analyzed using reversed phase HPLC with
online UV and ESI-MS detection (Shimadzu MS-2020, Tokyo, Japan). The analytes were separated
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using a HyperClone 5 µm ODS column (250 × 4.6 mm, Phenomenex), with an ammonium formate
eluent (50 mM, pH 4.5, 1 mL/min) mixed with increasing concentrations of acetonitrile (from 10%
to 60% in the first 8 min) and detected at a UV wavelength of 300 nm. The ESI-mass detection was
performed in negative ionization mode scanning an m/z range between 300 and 1000.
4.9. Mechanistic NMR Studies
1 H-NMR

spectra were recorded on a Bruker AV-400 instrument, using the residual deuterium
oxide and dimethyl sulfoxide-d6 (DMSO-d6 ) residual solvent signals as internal standards. For studying
the C-2 hydrogen/deuterium exchange, approx. 3 mg of purified PhGn2E were dialyzed for 72 h
against deionized water and subsequently lyophilized. The dried enzyme was re-dissolved in 600 µL
of deuterium oxide containing 100 mM GlcNAc and incubated at 37 ◦ C overnight. Spectra were
recorded without any further sample treatment. For the hydrogen/deuterium exchange analysis of the
anomeric alcohol, 3 mg of lyophilized epimerase was dissolved 300 µL of deuterium oxide containing
20 mM GlcNAc, and incubated at 37 ◦ C for 15 min. After the solvent was evaporated, 1 H-NMR spectra
were collected in deuterated DMSO-d6 . Negative control experiments were performed by inactivating
the lyophilized epimerase with methanol.
4.10. Activity Screening Using PhGn2E Mutants
Complementary oligonucleotide primers containing the desired mutation were used to generate
PhGn2E mutant genes (Supplementary Table S2) according to the QuikChange overlap PCR
Site-Directed Mutagenesis protocol (Stratagene). Verified plasmids containing the desired mutation in
the target gene were transformed into E. coli BL21 (DE3) competent cells. PhGn2E mutant proteins
were expressed and purified as described in Section 4.4. Activity tests were performed in 40 µL reaction
mixtures containing 50 mM GlcNAc, 3 µM PhGn2E mutant or wild type in citrate/phosphate buffer
(50 mM, pH 8.0), and were incubated at 37 ◦ C for 4 h. Negative controls contained heat-inactivated
PhGn2E (95 ◦ C for 15 min) instead of the native enzyme. The reaction mixture was then analyzed
using the platereader-based assay described in Section 4.5.
5. Conclusions
Our study describes the biochemical characterization and the substrate promiscuity of a previously
unstudied GlcNAc 2-epimerase from Pedobacter heparinus. For the first time, experimental evidence of
the proposed deprotonation/reprotonation mechanism for this type of enzyme could be demonstrated.
This was achieved in NMR experiments by observing the hydrogen/deuterium exchange at C-2 and
in the anomeric alcohol of the substrates. An activity study of PhGn2E mutant enzymes suggests that
the proton abstraction/addition is catalyzed by Arg63 and Glu314. These residues do also appear in
the active site of the closely homologous mammalian GlcNAc 2-epimerase, indicating that mammalian
GlcNAc 2-epimerases also employ a deprotonation/reprotonation mechanism for epimerization.
These biochemical and mechanistical findings in PhGn2E may help to gain a deeper understanding of
the metabolism of GlcNAc and consequently sialic acids in living cells. Crystallization studies of the
PhGn2E haloenzyme are a part of our current research program.
Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/6/12/212/s1.
Figure S1: Amino acids sequence alignment of GlcNAc 2-epimerases from Bos taurus, Homo sapiens, Mus musculus,
Sus scrofa, Anabaena sp. CH1 and Pedobacter heparinus. Figures S2 and S3: NMR characterization of GlcNAc
analogues. Figures S4–S6: MS analysis of the Neu5Acα2-6GalβX analogues. Figure S7: Thermo stability analysis
of PhGn2E. Figure S8: The effect of detergents and denaturants on PhGn2E. Figure S9: Effects of nucleotides on
PhGn2E. Figure S10: possible enzymatic epimerization mechanisms. Figure S11: Structural overlay of porcine
Gn2E with modeled PhGn2E. Table S1: MALDI-TOF MS analysis of purified PhGn2E. Table S2: Primer sequences
for generating mutant PhGn2E variants.
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