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WbpP is the only genuine UDP-GlcNAc (UDP-N-acetylglucos-
amine) C4 epimerase for which both biochemical and structural
data are available. This represents a golden opportunity to
elucidate the molecular basis for its specificity for N-acetylated
substrates. Based on the comparison of the substrate binding
site of WbpP with that of other C4 epimerases that convert pre-
ferentially non-acetylated substrates, or that are able to convert
both acetylated and non-acetylated substrates equally well, speci-
fic residues of WbpP were mutated, and the substrate specificity
of the mutants was determined by direct biochemical assays and
kinetic analyses. Most of the mutations tested were anticipated
to trigger a significant switch in substrate specificity, mostly to-
wards a preference for non-acetylated substrates. However, only
one of the mutations (A209H) had the expected effect, and most

others resulted in enhanced specificity of WbpP for N-acetylated
substrates (Q201E, G102K, Q201E/G102K, A209N and S143A).
One mutation (S144K) totally abolished enzyme activity. These
data indicate that, although all residues targeted in the present
study turned out to be important for catalysis, determinants of sub-
strate specificity are not confined to the substrate-binding pocket
and that longer range interactions are essential in allowing proper
positioning of various ligands in the binding pocket. Hence pre-
diction or engineering of substrate specificity solely based on
sequence analysis, or even on modelling of the binding pocket,
might lead to incorrect functional assignments.

Key words: epimerase, mutagenesis, specificity, structure, sub-
strate, UDP-N-acetylglucosamine.

INTRODUCTION

WbpP is a UDP-GlcNAc (UDP-N-acetylglucosamine) C4 epi-
merase [1] that is essential for the biosynthesis of the lipopoly-
saccharide O-antigen in Pseudomonas aeruginosa serotype O:6
[2]. This enzyme is a member of the SDR (short-chain dehydro-
genase reductase) family [3] and is homologous with numerous
other sugar-nucleotide C4 epimerases, including GalE, a UDP-
Glc (UDP-glucose) epimerase that is found in numerous bacteria,
as well as in humans. These homologues can be classified into
three main groups based on their substrate specificity [4]. Group 1
represents C4 epimerases that are strongly specific for non-
acetylated substrates, such as the Escherichia coli GalE (eGalE;
Protein Data Bank code 1XEL), group 2 represents epimerases
that can epimerize both acetylated and non-acetylated substrates
equally well, such as human GalE (hGalE; Protein Data Bank code
1HZJ), and group 3 represents epimerases that exhibit a strong
preference for acetylated substrates, such as WbpP. To date, WbpP
remains the only genuine UDP-GlcNAc C4 epimerase that has
been characterized both at the biochemical [1] and structural [4]
level, and only one other group 3 C4 epimerase, WbgU from
Plesiomonas shigelloides O17, that shares 64% identity with
WbpP has been characterized at the biochemical level [5]. In
contrast, numerous group 2 epimerases have been characterized
recently [6–8].

Most studies concerning C4 epimerases have focused on
refining the catalytic mechanism involved [9–16], but relatively
few have examined the molecular basis for substrate specificity
[6,7,17–19]. This is an important question to address, since sev-
eral bacterial species possess multiple copies of closely related

epimerases that most probably have slightly different substrate
specificities. Other bacteria have a single copy, but are known
to produce several sugar epimers [7], hence implying that the
enzyme might have a rather broad substrate specificity.

The structural characterization of WbpP in the presence of
UDP-Glc or UDP-GalNAc was a first step in trying to understand
the structural basis for such substrate specificity [4], using the
known structures of group 1 or group 2 enzymes for comparison
[16,20,21]. This work has led to a better understanding of the
interactions occurring between the enzyme and its substrate in
the binding pocket, and led to a structural model implicating a
limited number of residues to explain the molecular basis for
substrate specificity. In this model, the substrate-binding pocket
can be viewed as an hexagonal-shaped box (Figure 1), in which the
bottom is formed by the nicotinamide ring of the co-factor and
the top is open to accommodate the ring-flipping movement that
occurs during catalysis. Three of the six walls of the hexagon are
represented by highly conserved residues: Asn195, Ser142 and Tyr166

in WbpP (Figure 1, orange, yellow and blue walls respectively).
The latter two are part of the SYK catalytic triad. The three other
walls of the hexagon comprise Ser306, Gly102 and Ala209 (Figure 1,
green, red and purple walls respectively), which have been pro-
posed to be key determinants for substrate specificity [4].

One of these walls is occupied by a bulky residue, such as Tyr299

in eGalE, that cannot catalyse conversion of acetylated substrates,
whereas it is replaced by a much smaller residue in enzymes that
convert acetylated substrates: cysteine in hGalE [19] and Yersinia
enterocolitica Gne (yGne) [6], leucine in Campylobacter jejuni
Gne (cGne) [7] and Ser306 in WbpP [2] (Figure 1, green wall).
Hence it was hypothesized that widening the binding pocket

Abbreviations used: cGne, Campylobacter jejuni Gne; eGalE, Escherichia coli GalE; hGalE, human GalE; tGalE, Trypanosoma brucei GalE; yGne,
Yersinia enterocolitica Gne.
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Figure 1 Model of the substrate-binding site of WbpP and other C4 epimerases

(a) The substrate-binding pocket is represented by an hexagon. Three of the six sides are made of the three conserved Ser142 (yellow), Tyr166 (blue) and Asn195 (orange) residues in WbpP. The three
other sides are made of Gly102 (red), Ala209 (purple) and Ser306 (green). (b) The corresponding residues found in other homologues are indicated, and a selection of mutations tested in the present
paper is highlighted. The UDP-GlcNAc and UDP-GalNAc bound in catalytically productive conformations are represented by a solid line. The role of water molecules is signified by spheres. Adapted
from [4] with permission. c© 2004 American Society for Biochemistry and Molecular Biology.

would allow catalysis of both types of substrates, whereas narrow-
ing it would limit catalysis to non-acetylated substrates. Data
concerning a C307Y mutant in hGalE and a C297Y mutant in
yGne showed that narrowing the size of the binding pocket re-
sulted in significant loss of activity with acetylated substrates,
whereas conversion of non-acetylated substrates was not affected
[6,18], hence supporting this simple hypothesis. But earlier data
concerning a Y299C mutation in eGalE challenged it, since the
mutation resulted in significant loss of catalysis of non-acetylated
substrates [17], probably because they could assume unproductive
conformations in the widened pocket. Our own data on a S306Y
WbpP mutant that was expected to be unable to process acetylated
substrates, but have enhanced ability to process non-acetyl-
ated substrates, also challenge this hypothesis, since the mutation
totally abolished the activity of the enzyme [4]. This suggested
that this residue might actually have some role in the catalytic
process itself. Indeed, Ser306 could assist the tighter packing of
the binding pocket by forming hydrogen bonds with active-site
water molecules (Figure 2a) to other residues that are lining the
walls of our hexagonal model of the binding site, such as Ser143 and
Asn195. These data point to the fact that models of the substrate-
binding pocket, including that of WbpP, need further experimental
assessment for validation to yield a good understanding of the
determinants of substrate specificity.

The only other available experimental data addressing substrate
specificity deal with the fifth wall of the hexagon model of the
substrate binding site that is made of Ala209 in WbpP. All other epi-
merases have a bulkier residue at the equivalent position, such
as asparagine in eGalE and hGalE, or histidine in Trypanosoma
brucei GalE (tGalE), which partially or totally closes the hexagon
and limits the ability to accommodate acetylated substrates (Fig-
ure 1, purple wall). Hence, an A209H mutant was designed to
assess if re-introducing a bulkier residue in this position would
limit the ability of WbpP to epimerize acetylated residues as high-
lighted in Figure 2(c). This is what we have observed [4], hence
validating partially the predictions regarding this residue.

In summary, previous work has identified a limited number of
residues that are potentially responsible for substrate specificity,
but very few mutagenesis and biochemical studies are available
to test and validate these structural models experimentally. In the
present study, we report the biochemical characterization of a
panel of WbpP mutants designed to test the model of the control of
substrate specificity that was established based on structural ana-
lysis of the catalytic site of WbpP. Our data show that substrate
specificity is not governed uniquely by residues located in the

substrate-binding pocket and that the network of interactions with
other remotely located residues might also play an essential role in
refining the final structure of the substrate-binding pocket. Hence,
although predictions based on structural analyses of the catalytic
site remain valuable to understand the catalytic mechanism,
further extensive mutagenesis involving larger domains of the pro-
tein might be necessary to understand fully what governs sub-
strate specificity in these enzymes. This is important, since these
enzymes not only control metabolic functions such as the Leloir
pathway [23,24], but are also key enzymes for protein glycosyl-
ation both in eukaryotes and prokaryotes, or for production [2] or
secretion of virulence factors [7,25]. Therefore understanding the
molecular basis for substrate specificity might lead to the devel-
opment of novel therapeutic agents useful to modulate the activ-
ity of epimerases as needed.

EXPERIMENTAL

Mutagenesis

All mutants were constructed using the QuikChange® procedure
(Stratagene, La Jolla, CA, U.S.A.) using E. coli DH5α cells. The
template used for mutagenesis was the His-WbpP-pET construct
described previously [1]. The primers used for mutagenesis are
listed in Table 1. The entire length of the gene was sequenced for
each mutant to ensure the presence of the correct mutation and
to allow elimination of constructs with unwanted secondary mu-
tations. The DNA sequencing was carried out at the Robarts
Institute sequencing facility (London, Ontario, Canada).

Protein expression and purification

Appropriate clones were transformed into the expression strain
BL21(DE3)pLys grown in Luria–Bertani broth (Invitrogen), with
selection with 100 µg/ml ampicillin and 34 µg/ml chloram-
phenicol. Induction of protein expression was carried out over-
night using 0.1 mM IPTG (isopropyl β-D-thiogalactoside) at
30 ◦C. Cultures (300 ml) were harvested by centrifugation
at 6000 g for 30 min, and the pellet was resuspended in 40 ml
of binding buffer (20 mM imidazole, 20 mM Tris/HCl, pH 8, and
0.1 M NaCl). The cells were lysed by passage three times through
a French Press and purified by nickel chelation using a Poros®

MC 20 column (4.6 mm × 100 mm; Applied Biosystems) fitted
on an AKTA purifier (Amersham Biosciences). After injection,
the column was washed with 10 column vol. of binding buffer and
elution was carried out using a linear gradient to 100% of elution
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Figure 2 Highlights of interactions between the residues chosen for mutagenesis and neighbouring residues, substrate or co-factor

(a) Overall view of the sugar-binding pocket in the presence of UDP-GalNAc. (b) and (c) Effect of the A209N (b) and A209H (c) mutations on the ability of WbpP to bind different substrates. (d) Detail
of interactions between the amine group of Ser103 and the 6′-OH of UDP-GalNAc, and of the co-ordination of the nicotinamide ring of NAD by an active-site water molecule. (e) Effect of the G102K
mutation on the interaction with UDP-GlcNAc and on co-ordination of the nicotinamide ring of NAD. (f) Effect of the S144K mutation that amounts to adding a lid on top of the hexagonal binding site.

Table 1 Sequence of the primers used for site-directed mutagenesis

Bases corresponding to mutated codons are underlined.

Mutant Primer sequence

A209H top 5′-ATGGTGCCTATGCGCATGTCATACCAAAATG-3′

A209H bottom 5′-CATTTTGGTATGACATGCGCATAGGCACCAT-3′

A209N top 5′-ATGGTGCCTATGCGAATGTCATACCAAAATG-3′

A209N bottom 5′-CATTTTGGTATGACATTCGCATAGGCACCAT-3′

G102K top 5′-CATCAAGCTGCCTTGAAGTCGGTACCGCGTTC-3′

G102K bottom 5′-GAACGCGGTACCGACTTCAAGGCAGCTTGATG-3′

S306Y top 5′-GGATGTCGTCACTACCTCGCTGATATCAG-3′

S306Y bottom 5′-CTGATATCAGCGAGGTAGTGACGTACATCC-3′

Q201E top 5′-GTGTTCGGTCGTCGAGAAGATCCCAATGGTGC-3′

Q201E bottom 5′-GTTACACAAGCCAGCAGCTCTTCTAGGGTTACCACG-3′

S143A top 5′-CACTTATGCGGCAAGTGCCTCTACCTATGGAGATC-3′

S143A bottom 5′-GATCTCCATAGGTAGAGGCACTTGCCGCATAAGTG-3′

S144K top 5′-CTTATGCGGCAAGTAGCAAGACCTATGGAGATCATC-3′

S144K bottom 5′-GATGATCTCCATAGGTCTTGCTACTTGCCGCATAAG-3′

buffer (1 M imidazole, 20 mM Tris/HCl, pH 8, and 0.1 M NaCl)
in 10 column vol. Purified fractions were dialysed overnight in
50 mM Tris/HCl, pH 8, and the protein concentration was deter-

mined using the Bio-Rad protein concentration reagent according
to the manufacturer’s instructions.

Activity assays

Typically, the reactions were carried out in 35 µl volumes and
contained 1.5, 6 or 12 µg of enzyme and 0.5 mM of substrate in
50 mM Tris/HCl, pH 8. NAD+ was added at a final concentration
of 0.1 mM, whenever necessary. The reactions were incubated at
37 ◦C and quenched by boiling for 5 min at the appropriate time
point. Time courses were performed over 1 h and 30 min for the
acetylated substrates, and over 6 h for the non-acetylated sub-
strates. The percentage of substrate conversion was assessed by
capillary electrophoresis using a PACE-MDQ system (Beckman)
as described previously [1]. For each mutant, the analyses were
performed twice using an independent batch of overexpressed
enzymes. The results are the average of both experiments.

CD analyses

For CD analyses, the samples were dialysed in 50 mM sodium
phosphate buffer (pH 8) overnight, and their concentration was ad-
justed to 0.1 g/l as determined using the Bio-Rad protein concen-
tration reagent. The spectra were recorded on a Jasco J-810
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spectropolarimeter from 190 to 250 nm with a 0.2 nm step, at
10 ◦C and using a 0.1 cm pathlength cell.

Fluorescence analyses

The samples were dialysed in 50 mM sodium phosphate buffer
(pH 8) overnight, as above, and their concentration was adjusted to
0.125 g/l as determined using the Bio-Rad protein concentration
reagent. The emission spectra were recorded using 120 µl of
sample in a 96-well plate (MicroFluor2) using a Cary Eclipse
Varian fluorimeter. The spectra were recorded from 300 to
400 nm, with an excitation wavelength of 280 nm. The emission
and excitation slits were set on 10 and 20 nm respectively.

RESULTS AND DISCUSSION

Based on structural data, it was postulated that residues Ala209,
Gln201, Gly102, Ser144 and Ser143 might significantly contribute to
the specificity of WbpP for N-acetylated substrates [4]. A model
highlighting the potential role of these residues was proposed,
and seven mutants, including six single mutants (A209H,
A209A, Q201E, G102K, S143A and S144K) and one double
mutant (Q201E/G102K), were constructed and assessed for sub-
strate specificity to test the model experimentally.

For each mutant, analyses were performed on two independent
batches of overexpressed enzymes, and the wild-type protein
was purified and analysed alongside the mutants. Activity on the
N-acetylated substrates was tested in a time course over 90 min
to highlight kinetic differences that would not be apparent with
endpoint equilibrium data. The experiments were performed using
two different quantities of enzymes (1.5 and 6 µg of enzyme per
reaction), to reveal subtle differences in enzymatic efficiency. The
less efficient catalysis of non-acetylated substrates was tested
using substantially higher amounts of enzyme (12 µg) over a
longer period of time (6 h).

First, to investigate the role of Ala209 in letting better access
for acetylated substrates to the binding pocket than the histidine
or asparagine residues that are found in group 1a (histidine),
group 1b (asparagine) or group 2 (asparagine) C4 epimerases, the
A209N and A209H mutants were constructed and analysed. Our
previously reported equilibrium data [4] indicated that the A209H
mutant had reduced ability to convert the acetylated substrates,
but retained a good ability to catalyse UDP-Glc and UDP-Gal
(UDP-galactose). The equilibrium (Figure 3) and kinetic analyses
(Figures 4 and 5) confirm these findings, indicating that the
A209H mutation triggers a switch from group 3 to group 2, instead
of the expected switch from group 3 to group 1a, since it has
similar, although low, catalytic efficiency on acetylated and non-
acetylated substrates. The role of the Ala209 residue on substrate
specificity was tested further by using an A209N mutant.
Although the asparagine side chain is bulkier than that of the
original alanine, the A209N mutation is not predicted to restrict
the size of the binding pocket, but rather to allow the ‘purple wall’
to assume an open configuration suitable for catalysis of N-acetyl-
ated substrates, as seen in hGalE. This is because the asparagine
side chain is predicted to form a hydrogen bond with residue
Gln201 (Figure 2b). Accordingly, a significant level of conversion
of acetylated substrates could still be obtained with this A209N
mutant (Figure 3). Although close to wild-type levels of conver-
sion of UDP-GlcNAc and UDP-GalNAc were obtained after 1 h
and 30 min of reaction using 6 µg of enzyme per reaction, the
time-course data indicate that catalysis is much slower with
the A209N mutant. Indeed, whereas equilibrium was reached
within 15 min with the wild-type, equilibrium was only re-
ached with this mutant after 1 h with UDP-GlcNAc (Figure 4B)

Figure 3 Capillary electrophoresis profiles showing catalysis of the
N-acetylated and non-acetylated substrates by the A209N and A209H mutants
compared with wild-type

Conversion of UDP-GlcNAc (A), UDP-GalNAc (B), UDP-Glc (C) and UDP-Gal (D). For all
panels: trace a, no enzyme; trace b, wild-type WbpP; trace c, A209H mutant; trace d, A209N
mutant. Substrate conversion percentages reported in Figures 4 and 5 were obtained from such
profiles by integration of the surface area of the UDP-GlcNAc (peak 1), UDP-GalNAc (peak 2),
UDP-Glc (peak 3) or UDP-Gal (peak 4) peak. These profiles show that the A209N mutant is more
specific for the acetylated substrates than the wild-type enzyme, whereas the A209H mutant is
more specific for the non-acetylated substrates.

Figure 4 Time course of catalysis of UDP-GlcNAc (A and B) and UDP-
GalNAc (C and D) by wild-type and mutant enzymes using either 1.5 µg (A
and C) or 6 µg (B and D) of enzyme per reaction

For each mutant tested, a large reaction mixture was prepared and split in six reactions that were
incubated at 37◦C. One reaction was withdrawn at the appropriate time, quenched by boiling
and analysed by capillary electrophoresis to determine conversion percentages. �, Wild-type;
�, A209H; �, A209N; �, G102K; �, Q201E; �, Q201E/G102K; �, S143A.
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Figure 5 Time course of catalysis of UDP-Glc (A) and UDP-Gal (B) by wild-
type and mutant enzymes using 12 µg of enzyme per reaction

The procedure was the same as for Figure 4. �, Wild-type; �, A209H; �, A209N; �, G102K;
�, Q201E; �, Q201E/G102K.

and was not totally reached after 1 h and 30 min with UDP-
GalNAc (Figure 4D). The use of a limited amount of enzyme
(1.5 µg) enhanced those differences with wild-type further for
both substrates (Figures 4A and 4C). It should be noted that,
although limited catalysis was obtained with this A209N mutant
under these conditions, it was still significant (8.5 % for UDP-
GlcNAc and 16.1% for UDP-GalNAc), whereas the A209H
mutant showed absolutely no activity in these conditions. More-
over, in contrast with the A209H mutant, the A209N mutant was
strongly impaired in its ability to use non-acetylated substrates
(Figures 3 and 5). Hence, although the A209N mutation was
expected to lead to a switch from a group 3 to group 2 as in hGalE
(a further switch to group 1b that also have asparagine in this
position would require an extra S306Y mutation), it did not do so.
Rather, it enhanced the specificity of WbpP for acetylated sub-
strates, and this was accompanied by a decrease in catalytic
efficiency. The equivalent residue in eGalE and hGalE is known
to swing back and forth, depending on the substrate. It is possible
that within the WbpP background, the asparagine residue of the
A209N mutant is not swinging, but forms a hydrogen bond with
Gln201. Hence it is rather stationary in an open conformation that
accommodates acetylated substrates (Figure 2b), but does not
allow non-acetylated ones to assume a catalytically productive
position.

Secondly, the role of Gly102 (Figure 1, red wall) in determining
substrate specificity was investigated by analysis of G102K,
Q201E and Q201E/G102K mutants. The rationale for making
these mutations was based on three main reasons. The primary
reason was that, in the WbpP � NAD+

� UDP-GalNAc ternary com-
plex structure, the amine group of Ser103 interacts with 6′-OH of
GalNAc (Figure 2d). This is slightly different from the way eGalE
and hGalE (subunit B) interact with UDP-Glc or UDP-GlcNAc
via the carbonyl oxygen of a lysine residue, which is situated
in the equivalent position of Gly102 of WbpP. However, there is
an indication in the electron density of the WbpP � NAD+

� UDP-
GalNAc ternary complex that a peptide flip occurs between Gly102

and Ser103 to facilitate a similar interaction between the carbonyl
oxygen of Gly102 and UDP-GlcNAc. This is inferred on the basis
that UDP-GalNAc in the WbpP � NAD+

� UDP-GalNAc ternary
complex only represents approx. 70 % of the total substrate, while
the remaining is constituted by UDP-GlcNAc [4]. When UDP-
GlcNAc is modelled into the ternary complex structure in the cata-
lytically productive conformation, indeed the peptide flip allows
the carbonyl oxygen of Gly102 to face the active site and interact
with 3′-OH of GlcNAc (Figure 2e). Although a peptide flip can be

an energetically costly process, a peptide flip involving a glycine
residue in the active site of p38α MAPK (mitogen-activated
protein kinase) has been shown to result in a higher specificity
towards certain inhibitors [26]. Therefore it is possible that WbpP
utilizes a peptide flip between Gly102 and Ser103 to differentiate the
two N-acetylated substrates, GlcNAc and GalNAc. This could be
one of the reasons why there is a higher catalytic preference
for UDP-GalNAc [1], although GlcNAc and GalNAc are both
N-acetylated.

The second reason is that Gly102 is systematically replaced by
a bulkier and charged lysine residue in eGalE and hGalE, and
by a bulkier leucine or isoleucine residue in tGalE and cGne
respectively. This suggests a role in determining substrate specifi-
city, despite the fact that the side chains of these residues all face
away from the substrate (Figure 1, red wall, and Figures 2d and
2e). Hence we can hypothesize that the impact of these residues
on substrate specificity is indirect and involves interactions with
other residues that are not in direct contact with the substrate, but
have a stabilizing effect on the walls of the binding pocket.

The third reason for making the G102K, Q201E and Q201E/
G102K mutants is that in hGalE, Lys92, which is equivalent to
Gly102 in WbpP, is forming a salt bridge with Glu199, which is
equivalent to Gln201 in WbpP (Figure 1, red wall). Constraints re-
sulting from establishing a salt bridge between the glutamate and
lysine residues might help fine tune the positioning of the smaller
substrates in the binding site of group 1b and 2 epimerases,
and the absence of such constraint in WbpP might allow these
substrates to assume non-productive positioning. Hence introduc-
ing salt bridging opportunities in a Q201E/G102K double mutant
of WbpP might allow catalysis of non-acetylated substrates. This
would turn WbpP into a group 2 epimerase. The assumption that
substrate specificity would be altered via indirect interactions is
reasonable, since naturally occurring mutations in hGalE observed
in patients with epimerase-deficiency galactosaemia do not map
within the clusters of residues that are directly involved in sub-
strate binding based on crystallography data [27–30]. Also, these
mutations have different effects on enzyme activity, affecting cata-
lysis of acetylated and non-acetylated substrates equally (G90E)
or not (V94M) [28,29]. Hence this indicates that the shape of the
substrate-binding pocket is dependent on interactions stemming
from residues located remotely from the binding pocket and
that are very important in fine-tuning substrate specificity. For
example, the hydrophobic side chain of Val94 is located near the
catalytic Tyr157 of hGalE and serves as a molecular fence to limit
rotation of the sugar within the active site [27].

As we anticipated the carbonyl of Gly102 to be in interaction
with GlcNAc and not GalNAc, the G102K substitution was ex-
pected to have most effect on GlcNAc catalysis, and this is what
we observed. Indeed, whereas wild-type levels of UDP-GalNAc
conversion could be obtained with the G102K mutant (Fig-
ure 4D), conversion of UDP-GlcNAc only reached 50% of wild-
type levels (Figure 4B). These data showing a reduced activity
of the G102K mutant towards UDP-GlcNAc while maintaining
the same level of activity towards UDP-GalNAc agree with the
proposal of a peptide-flipping mentioned above that would be
responsible for discrimination between UDP-GlcNAc and UDP-
GalNAc. A significantly larger side chain of G102K may have
reduced the ability of this mutant to perform a peptide flip upon
binding UDP-GlcNAc and UDP-GalNAc.

Also, catalysis proceeded much slower with the G102K mutant
than with the wild-type with both acetylated substrates (Figure 5).
Overall, this could suggest that the lysine might interfere with the
N-acetyl group of UDP-GlcNAc in the absence of any glutamate
counterpart to establish a salt bridge, and that the introduction of
the lysine residue slightly distorts the substrate-binding site in the
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absence of glutamate. This would result in improper alignment
of the carbonyl group of the substituting residue with the 3′-OH of
GlcNAc and, to a lesser extent, in misalignment of its neighbour-
ing Ser103 residue with the 6′-OH of GalNAc, both resulting in
lower catalytic efficiency, especially with UDP-GlcNAc. This
latter explanation based on distortion of the binding site upon
introduction of the G102K mutation would be consistent with
the fact that this mutation also resulted in a total loss of activity
on UDP-Glc and UDP-Gal. Hence, overall, the G102K mutation
rendered WbpP more specific for the acetylated substrates.

Analysis of the Q201E mutant did not reveal any defect in
conversion of N-acetylated substrates (Figures 4B and 4D), unless
fairly low amounts of enzyme were used in the assays (Figures 4A
and 4C). Even under these conditions, 75 % of wild-type levels
of conversion were achieved, although much slower than with the
wild-type enzyme. Interestingly, and in agreement with our hypo-
thesis, we observed that the Q201E mutation was able to rescue
almost entirely the defects caused by the G102K mutation in a
Q102E/G102K mutant, since wild-type levels of conversion of
acetylated substrates could be obtained (Figure 4). This indicates
that salt bridging through the double mutation G102K/Q201E
must have prevented the slight distortion of the binding site that
is probably occurring upon introduction of the single G102K mu-
tation. Indeed, when coupled to the Q201E mutation, the G102K
mutation is predicted to result in minimal structural disturbance of
the active site as the amino group of Lys102 facilitates co-ordination
of the nicotinamide ring of NAD which is otherwise carried out
by an active-site water molecule in wild-type (Figures 2d and 2e).
This also validates our hypothesis that substrate binding is fine-
tuned by interactions between residues that are in direct contact
with the substrate and structurally neighbouring residues which
are not in direct contact with the substrate.

Our data also show that the single Q201E mutation severely im-
pairs the ability of WbpP to catalyse conversion of non-acetylated
substrates (Figure 5), rendering it more specific for N-acetyl-
ated substrates than the wild-type, as seen for the single G102K
mutant. Once again, the single mutation turned out more delete-
rious for catalysis of the non-acetylated substrates. Their catalysis
seems more sensitive to binding site distortion probably because
there are no counterbalancing interactions available to maintain
them positioned properly, such as those provided by Gly102

and Ser103 to acetylated substrates. As expected, a slight re-
scue effect of the G102K mutation was observed in the double
mutant for conversion of UDP-Gal (Figure 5B). Against expect-
ations, this was not observed for UDP-Glc (Figure 5A), but the
reason why is not clear at this stage.

Because the G102K mutant showed a global reduction of activ-
ity on all substrates, the mutation could have induced significant
perturbation of the global protein structure. Such a hypothesis can
be excluded for the other mutants that exhibit significant activity
on one set of substrates (acetylated or not) and only lose activ-
ity on the other set. Global perturbation of the protein structure
would abolish activity on all substrates and not specifically on
one. Hence, to refine our interpretation of the catalytic properties
observed in the G102K mutant, CD and fluorescence spectra
were recorded to assess whether this mutation had altered global
protein folding (Figure 6). The spectra of the wild-type, Q201E
and double mutant were also recorded as controls. No significant
differences could be observed between the CD spectrum of the
G102K mutant with those of the wild-type, Q201E or double
mutant (Figure 6A). All spectra exhibited the minima at 208 and
222 nm that are typical of a predominantly α-helical structure,
consistent with the crystal-structure-based prediction of 45.7%
α-helices compared with 15.8% β-sheets, 14.7 % turns and
23.8% loops. The fluorescence spectrum of G102K exhibited

Figure 6 CD (A) and fluorescence (B) spectra of the wild-type (traces a)
and Q201E (traces b), G102K (traces c) and Q201E/G102K (traces d) mutants

Both analyses indicate that the mutations did not induce any significant alterations of the protein’s
secondary and tertiary structures.

a slight (3 nm) shift of its maximum emission towards shorter
wavelengths and also had slightly reduced fluorescence intensity
compared with wild-type (Figure 6B). These differences are subtle
and could simply reflect a limited change in the polarity of the
environment of nearby aromatic residues such as Tyr166 and Tyr207

upon introduction of the mutation. Hence, overall, the lower
catalytic efficiency of the G102K mutant is not due to altered
global protein folding, since the secondary and tertiary structures
appear wild-type-like, based on CD and fluorescence analyses.
The single Q201E mutant had increased fluorescence intensity
without shift of the wavelength of the emission maximum com-
pared with wild-type. The effects could be due to alterations of
the local environment of neighbouring Phe27 and Tyr336 residues,
and to a lesser extent to modification of the environment of the
Trp335 and Phe197 residues which are located slightly further away
(5–6 Å; 1 Å = 0.1 nm). Such alterations were abolished by estab-
lishment of the lysine/glutamate salt bridge in the double mutant
Q201E/G102K, since its fluorescence spectrum was almost
superimposable with that of G102K. Overall, none of these mu-
tations has introduced any significant protein secondary- or ter-
tiary-structure changes that could be responsible for differences
observed at the catalytic level.

As a final analysis on this set of mutants, the impact of addition
of NAD+ on catalysis was examined. This is because residue 102
is also in close proximity with NAD+, hence potentially playing
a role in catalysis by allowing proper positioning of the sugar
ring with regards to the co-factor. The catalytic efficiency of the
mutants was not restored by the addition of excess amounts of
NAD+ in the reactions (results not shown), indicating that the
mutations had not interfered with the ability to bind NAD+.

This analysis of the G102K, Q201E and Q201E/G102K mu-
tants suggests that the side chains of these residues are not in-
volved in directly controlling access of large substrates to the
binding site via a simple steric hindrance mechanism. Rather,
they seem to be involved in establishing additional interactions
that result in a more or less flexible binding pocket, hence allowing
proper fitting of the substrates within the cavity, so that they can
acquire the proper positioning and avoid assuming unproductive
configurations.

Finally, we investigated whether two residues, Ser143 and Ser144,
located close to the catalytic triad residue Ser142, played any
role in catalysis or substrate specificity. Residue Ser143 (Figure 1,
yellow wall) was considered to be a good candidate to determine
substrate specificity, since its hydroxy group forms a hydrogen
bond with the 6′-OH of UDP-GlcNAc (Figure 2f) or the 3′-OH
of GalNAc (Figure 2a), along with the carbonyl oxygen of Tyr193.
It is replaced by alanine in eGalE and hGalE. Hence the S143A
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Table 2 Summary of the effects of the mutations analysed in the present study on the substrate specificity of WbpP

Catalysis on

Mutant UDP-GlcNAc UDP-GalNAc UDP-Glc UDP-Gal Specificity expected Specificity observed

A209H Very limited Very limited Slightly reduced Slightly reduced Group 1a Group 2
A209N Slightly reduced Slightly reduced Very limited Very limited Group 2 Enhanced group 3
G102K Slightly reduced Slightly reduced Abolished Abolished None Enhanced group 3
Q201E Maintained Maintained Very limited Very limited None Enhanced group 3
Q201E/G102K Slightly reduced Slightly reduced Abolished Very limited Group 2 Enhanced group 3
S143A Maintained Maintained Abolished Abolished Enhanced group 3 Enhanced group 3
S144K Abolished Abolished Abolished Abolished Group 2 or dehydration Not applicable

mutant was constructed and assessed for substrate specificity.
Loss of hydrogen bonding via the S143A mutation in WbpP
should result in reduced catalytic efficiency by allowing the
substrates to assume non-productive configurations. The effect
is anticipated to be significant for the non-acetylated substrates,
but rather minor or absent for the N-acetylated substrate, since
the presence of the additional stabilizing interactions of the latter
via Gly102 or Ser103 should counterbalance the effect of the S143A
mutation. This is what we observed, since the S143A mutant
showed normal activity on N-acetylated substrates (Figures 4B
and 4D), but showed no activity on UDP-Gal and UDP-Glc. This,
once again, enhanced the specificity of WbpP for N-acetylated
substrates (Figure 5).

The hydroxy group of Ser144 and its backbone amine group
are both hydrogen bonding to the hydroxy group of Ser142. These
hydrogen bonds may help to stabilize the state of Ser142, so that
this residue can form a low-barrier hydrogen bond with the 4′-OH
of the sugar as a hydrogen bond donor. The hGalE and eGalE have
threonine in this position, but the same mechanism applies. Hence
we did not construct a S144T mutation. Instead, we constructed a
S144K mutant, since this serine residue is replaced by lysine in the
highly homologous UDP-GlcNAc C6 dehydratase, FlaA1 [31].
Based on preliminary structural data obtained for FlaA1
(N. Ishiyama, C. Creuzenet, J. S. Lam and A. M. Berghuis,
unpublished work), the lysine residue might prevent rotation of
the substrate in the binding pocket. Hence a S144K mutation
amounts to closing the top lid in the hexagon model (Figure 2f).
The following scenarios are possible: (i) the mutation might
block the catalysis totally by not allowing the return of the ab-
stracted proton from the co-factor, (ii) it might only allow the
enzyme to accommodate the smaller substrates that could still
rotate in the cavity, or (iii) it might result in dehydration rather
than epimerization of UDP-GlcNAc. We observed that the S144K
mutation resulted in a total loss of epimerase activity on all sub-
strates and no dehydratase activity was observed either (results
not shown). Hence Ser144 appears to be essential for activity, but
at present we cannot tell from these analyses if the mutant was
unable to bind the substrates or was unable to reduce the 4-keto
intermediate during catalysis for lack of proper rotation. The
possibility that the mutation resulted in a major structural defect
cannot be excluded, but was not investigated further.

Conclusion

Overall, our data show that most mutations of residues of the sub-
strate-binding pocket of WbpP tested in the present study have
resulted in enhancing the specificity of WbpP for N-acetylated
substrates (Table 2). These observations were not anticipated,
since several of the substituting amino acids were chosen with the
intention to turn WbpP into a mimic of group 1a or 2 epimerases,
and the residues that were mutated are strictly conserved in the

only other genuine UDP-GlcNAc C4 epimerase characterized to
date, WbgU [5]. Hence it could be expected that they represent
the best combination that evolution has led to for efficient
catalysis of N-acetylated substrates. This indicates clearly that the
determinants of substrate specificity are not exclusively located
directly in the surface of the substrate-binding pocket and that
interactions with multiple other residues are important in the
process. This is in agreement with our previous structure-based
finding that the binding pocket is actually made of several frag-
ments of protein that are intricately connected by hydrogen bonds
through active-site water molecules [4]. The rescue effects shown
with the double mutant Q201E/G102K highlighted the fact that
positioning of these substrate-binding residues with regards to the
substrate is very finely tuned by interactions with other neighbour-
ing residues, and amino acid pairs that allow optimal catalysis
regardless of the substrate seem to have evolved. For example
the Gln201/Gly102 pair found in WbpP is as good as the equivalent
glutamate/lysine pair found in eGalE, but does not define sub-
strate specificity, since the WbpP Q201E/G102K mutant is still
highly specific for the N-acetylated substrates. This is illustrated
perfectly by our previous phylogenetic analysis [4], which in-
dicated that binding pocket residues have co-evolved with the
rest of the sequence, with early evolution of groups 1a, 2 and 3.
Hence understanding and predicting substrate specificity is more
complex than just reasoning in terms of steric hindrance, size of
the binding pocket and accessibility for large molecules, since
fine positioning between the amino acids that bind the substrate
directly, the sugar ring and the co-factor molecule is necessary to
allow for productive catalysis.

In summary, we have demonstrated that residues of the
substrate-binding pocket are critical for catalysis, as anticipated,
but did not directly determine substrate specificity, so that we can-
not predictably change substrate specificity by simply modifying
them individually. The few examples of successful alterations
of substrate specificity conferred by single point mutations that
were reported in the present study (A209H) and elsewhere [17,18]
should not hide the complexity of the problem. Hence this report
cautions against hasty functional assignments based on sequence
and even on structural modelling in the absence of biochemical
data.
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