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Abstract. Carbohydrates are ideally suited for molecular
recognition. By varying the stereochemistry of the hy-
droxyl substituents, the simple six-carbon, six-oxygen
pyranose ring can exist as 10 different molecules. With
the further addition of simple chemical changes, the po-
tential for generating distinct molecular recognition sur-
faces far exceeds that of amino acids. This ability to con-
trol and change the stereochemistry of the hydroxyl sub-
stituents is very important in biology. Epimerases can be
found in animals, plants and microorganisms where they
participate in important metabolic pathways such as the
Leloir pathway, which involves the conversion of galac-
tose to glucose-1-phosphate. Bacterial epimerases are in-
volved in the production of complex carbohydrate poly-
mers that are used in their cell walls and envelopes and

are recognised as potential therapeutic targets for the
treatment of bacterial infection. Several distinct strategies
have evolved to invert or epimerise the hydroxyl sub-
stituents on carbohydrates. In this review we group
epimerisation by mechanism and discuss in detail the
molecular basis for each group. These groups include en-
zymes which epimerise by a transient keto intermediate,
those that rely on a permanent keto group, those that
eliminate then add a nucleotide, those that break then re-
form carbon-carbon bonds and those that linearize and
cyclize the pyranose ring. This approach highlights the
quite different biochemical processes that underlie what
is seemingly a simple reaction. What this review shows is
that each position on the carbohydrate can be epimerised
and that epimerisation is found in all organisms.
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Introduction

Carbohydrates are essential to life in all its forms; their
synthesis and modification are common to every organ-
ism. They fill many roles in biology, including such vital
tasks as molecular recognition markers, structural ele-
ments and energy sources. Carbohydrates are also used as
convenient precursors for the biosynthesis of important
building blocks such as aromatic amino acids. In addi-
tion, they have many applications in industrial processes
such as sweetening agents in the food industry and raw
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materials for fermentation [1]. This review will focus
on the epimerisation of carbohydrates, and principally
the epimerases whose structures have been elucidated
(table 1).

Pathogenic bacteria have re-emerged as a serious health
problem in the developed world. All bacteria make com-
plex carbohydrate polymers which, when incorporated
into their cell walls and envelopes, are often used to pro-
tect them from the host immune system. In Gram-nega-
tive bacteria such as Shigella, Salmonella and Esche-
richia, these are vital components of the lipopolysaccha-
ride (LPS) and capsule; in Gram-positive bacteria they
can be part of the capsule and cell wall, whereas in My-
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cobacterium tuberculosis there is a series of complex car-
bohydrate polymers at the cell surface [2]. Many of these
sugars, such as L-rhamnose, have no counterpart in hu-
mans, and are also highly conserved amongst microor-
ganisms [3]. Deletion of one of the four genes involved in
the dTDP-L-rhamnose pathway of Streptococcus mutans
prevents the bacteria from initiating or sustaining an in-
fection [4]. In Vibrio cholerae, mutants affected in genes
encoding enzymes of the dTDP-L-rhamnose pathway
show a severe colonisation defect [5]. Heptose (L-gly-
cero-D-mannoheptose) is one of several rare sugar com-
ponents of the LPS core domain of Gram-negative bacte-
ria [6]. Escherichia Coli K12 mutants defective in hep-
tose synthesis are less pathogenic and more sensitive to
classical antibiotics [7, 8]. These observations confirm
the importance in bacterial pathogenicity of enzymes im-
plicated in the biosynthesis of LPS and capsular sugar
precursors. Attention has therefore turned to the path-
ways involved in the biosynthesis of sugars, as the en-
zymes required for their manufacture are often (but not
always) absent from humans.

Other carbohydrate epimerisation reactions include the
conversion of D-glucuronic acid to L-iduronic acid by glu-
curonyl C5-epimerase, which is a key enzyme in the
biosynthesis of heparin and heparin sulfate. This is the
only one of the biosynthetic polymer-modification reac-
tions that cannot be achieved by chemical means alone
[9]. The important polysaccharide alginate is formed
commercially by the polymer level epimerisation of B-L-
mannuronic acid to a-L-glucuronic acid. This reaction
can be catalysed by the Ca?" dependent mannuronic C5-
epimerases from Azotobacter vinelandii [10, 11]. Al-
though these enzymes have been characterised, no struc-
tures have yet been deposited in the Protein Data Bank.
In many cases the biosynthetic pathways involving
epimerases are complex, involving multiple chemical
steps. The most common processes are oxidation,
epimerisation, acetylation, dehydration and reduction of
the carbohydrate. This review will focus on the epimeri-
sation of carbohydrates.
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Epimerisation is the inversion of configuration of an
asymmetrically substituted carbon in linear or cyclic su-
gars (fig. 1a). This can be thought of as a process of hy-
drogen removal from one face and its return to the oppo-
site face of a central carbon. Although simple to draw, the
chemistry behind such a transformation is more complex;
carbohydrates are extremely stable, and epimerisation
does not occur spontaneously. However, almost every
stereocentre of a carbohydrate is epimerised by one en-
zyme, some enzymes epimerising two centres during
turnover. Furthermore, all branches of life utilise carbo-
hydrate epimerases. In humans, the only mutations found
in the UDP-galactose/glucose (change at C4) epimerase
gene attenuate activity. It is thought that the mutants that
abolish this conversion would be lethal [12]. In plants, the
enzyme D-ribulose-5-phosphate 3-epimerase is a key en-
zyme in the Calvin pathway as well as in the oxidative
pentose phosphate pathway [13, 14]. Epimerisation, al-
though best characterised in bacteria, appears to be both
ubiquitous and versatile.

Several different strategies have emerged to invert the
chirality. Hydride abstraction (oxidation) from one face
of the stereocentre, and hydride addition (reduction) to
the opposite face of the same stereocentre has been em-
ployed for inversion of the 4 and 6 positions of the pyra-
nose ring. During turnover a transient keto sugar is ge-
nerated. This requires a redox active cofactor [NAD(P)]
to achieve the necessary first oxidative step, the cofactor
being regenerated during the reduction step. The abstrac-
tion of a proton attached to carbon is facilitated by the
creation of keto sugars analogous to the intermediate for
the redox epimerisation. These ‘permanent’ keto sugars
significantly acidify the hydrogen « to the keto group.
Even with the enolate, the pK, of the proton remains high
(over 10), the role of the protein being to stabilise the ne-
gative charge (thus lowering the pK,), abstract the « pro-
ton and replace it from the opposite face. In contrast to
both these mechanisms that involve hydrogen reposition-
ing, other routes include carbon-carbon bond cleavage
and elimination and readdition of nucleotide. This review
will discuss each of these mechanisms of epimerisation.

Table 1. Table listing types of epimerisation reactions catalysed with example enzymes discussed in the text.

Type of epimerisation Example enzyme

Site of epimerisation

By transient keto intermediate UDP-galactose 4-epimerase C4
ADP-L-glycero-D-mannoheptose 6-epimerase C6
CDP-tyvelose 2-epimerase Cc2
Proton abstraction/addition dTDP-6-deoxy-D-xylo-4-hexulose 3,5-epimerase C3,C5
GDP-4-keto-6-deoxy-D-mannose epimerase/reductase C3,C5
D-ribulose-5-phosphate 3-epimerase C3
Nucleotide elimination and readdition UDP-N-acetylglucosamine 2-epimerase C2
N-acyl-D-glucosamine 2-epimerase C2
Carbon-carbon bond cleavage L-ribulose-5-phosphate 4-epimerase C4
Mutarotation (ring opening) galactose mutarotase C1
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Figure 1. (a) Epimerisation; the inversion of configuration of an asymmetrically substituted carbon in a sugar. (b) Epimerisation by ring

opening (mutarotation).

Epimerisation by a transient keto intermediate

UDP-galactose 4-epimerase

UDP-galactose 4-epimerase (GALE) is an archetypical
example of this type of epimerisation. The enzyme cata-
lyses the interconversion of UDP-glucose and UDP-
galactose by inverting the stereochemistry at the C4 posi-
tion (table 1, fig. 3). The enzyme obviates the need for the
de novo synthesis of both sugars [15]. The biological in-
terconversion of galactose and glucose is known as the
Leloir pathway, and in addition requires the enzymes
galactokinase and galactose-1-P uridylyltransferase [16,
17]. In humans, the role of GALE in galactose metabo-
lism is critical. Two forms of GALE deficiency have been
described: one is benign and involves only red and white

blood cells and not other tissues (the ‘peripheral’ form).
The other is very rare and presents with symptoms re-
sembling transferase deficiency (the ‘general’ form)
[12, 18, 19].

GALE belongs to the enzyme superfamily of short-chain
dehydrogenases/reductases (SDRs). The SDR family is a
diverse group of enzymes with a highly divergent se-
quence identity of typically 15—30%. The proteins bind
the NAD(P)H cofactor and normally contain two charac-
teristic signature sequences, a TyrXXXLys (where X re-
presents any residue) couple and a GlyXGlyXXGly mo-
tif near the cofactor-binding pocket [20—23]. In SDR-
catalysed reactions, hydrophobicity, size and rigidity of
the possible substrates vary [21, 24, 25]. However, as the
name suggests, these proteins are all involved in redox-
based reactions.
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Figure 2. The crystal structures of some of the enzymes discussed
in the text; all structures are shown as ribbon representations with
monomers illustrated in different colours. (@) The UDP-galactose 4-
epimerase dimer from E. coli (EGALE) with the cofactor NAD*
and substrate UDP-glucose shown bound in the active site. (b)
AGME in complex with NADP* and ADP-glucose. The enzyme
functions as a homopentamer with the five monomers arranged in a
ring. The catalytic triad residues present in GALE are also present
in AGME. They are in structurally similar positions and have anal-
ogous functions. (¢) The RmIC dimer with 3’-O-acetylthymidine-
(5’-diphosphate phenyl ester) bound in the active site. The catalytic
residues are currently under investigation in our laboratory. (d) The
GMER dimer with NADPH bound. The catalytic triad residues pre-
sent in GALE are also present in GMER, where they perform the
reduction function of the enzyme. The residues involved in the
epimerisation process are still under investigation. (e) The hexam-
eric RPEase enzyme; each monomer consists of a slightly modified
TIM barrel.
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Figure 2 (continued). (f) The UDP-N-acetylglucosamine 2-epimerase dimer with UDP bound in the active site. (g) The N-acyl-D-glu-

cosamine 2-epimerase dimer.

GALE has been extensively studied from both Esche-
richia coli (EGALE) [26—32] and more recently Homo
sapiens (HGALE) [33, 34]. Structurally, HGALE is 55%
identical to the homologous E. coli enzyme [33]. Both
HGALE and EGALE are homodimers with molecular
masses of 38.3 and 37.3 kDa for their respective
monomers. Each monomer consists of 348 (HGALE) and
338 (EGALE) amino acids with one molecule of NAD*
tightly bound in the syn-conformation with its si-face ori-
ented towards the sugar substrate. The monomers fold into
two distinct domains, an N-terminal or nucleotide binding
domain dominated by a seven-stranded parallel B-pleated
sheet flanked on either side by a helices, and a smaller C-
terminal domain responsible for the proper positioning of
the UDP-sugar substrates. The crevice created by the two
domains contains the active site [27—29]. The structure of
EGALE is shown in figure 2a. The structures of both
EGALE and HGALE are virtually identical, as they can
be superimposed with a root mean square deviation of
0.98 A for 299 structurally equivalent a-carbon atoms
[33]. A subtle difference is that the human enzyme has an
active site volume ~15% larger than that observed for
EGALE and the substitution of an active site amino acid
Tyr299 (EGALE) for the less bulky Cys307 (HGALE)
[34]. This is thought to be related to the secondary role of
HGALE in catalysing the interconversion of UDP-N-
acetylgalactosamine and UDP-N-acetylglucosamine.

GALE contains three amino acids that have been identi-
fied by site-directed mutagenesis as important in the cata-
lytic process: Lys153, Tyr149 and Ser124 (numbers refer
to EGALE enzyme) [28, 35]. The conservation of Lys and
Tyr has already been highlighted across the SDR super-

family, with many of the other members also containing
either a Ser or Thr residue as the third member of the cata-
lytic triad.

The broad details of the GALE mechanism were worked
out in the 1970s [36, 37]. The first step is an abstraction
of the 4-hydroxyl proton by an enzymatic base and an ab-
straction of a hydride from the C4 position of the sugar to
the C4 position on NAD*to form NADH. Studies have
shown that Tyr149 is in the phenolic form and is sta-
bilised in this form by Lys153 [38]. It therefore seemed
obvious that Tyr149 acts as the main base deprotonating
the 4-hydroxyl group. However, with the exception of the
HGALE structure, Tyr149 is too far from the substrate to
directly abstract this proton (4.3 A) [28]. To solve this co-
nundrum, a proton shuttle mechanism had been ad-
vanced, in which the hydroxyl side chain of the conserved
serine (Ser124) abstracts the proton from the substrate
and loses its own proton to Tyr149 [27]. At the active site
a transient keto sugar is formed which of course has no
chirality at the C4 position. The keto sugar is not released
by the enzyme and remains bound [17]. The UDP-group
serves a vital role in the mechanism by anchoring the
pyranosyl groups of the galactosyl/glucosyl and 4-keto
sugar intermediate in the active site. Binding studies have
shown that in EGALE most of the binding free energy
between the enzyme and these molecules is directed to-
wards binding the nucleotide portion [39, 40]. In the final
step of the process NADH transfers the hydride back to
the C4 of the sugar, but this time to the opposite face, with
inversion of configuration at C4 of the sugar. The proton
extracted by Tyr149 (or Ser124) is transferred back to the
sugar.
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A key question then is how the hydride is abstracted from
one face and transferred to the other. The NAD*/NADH
transformation in GALE is itself stereospecific, with hy-
drogen transfer exclusively to and from the si-face. This
would seem to indicate that hydride transfer in GALE
must follow a stereospecific and fairly well defined tra-
jectory, even if the overall result is nonstereospecific.
Cursory examination of the substrate complex confirms
that it is not possible to abstract and add hydride to oppo-
site faces without a change in the orientation of sugar
substrate relative to the cofactor. Weak binding of the 4-
keto sugar intermediate in the active site suggests that it
may be conformationally mobile in the active site. This
has led to the proposition that there is a rotation of the 4-
keto sugar intermediate within the active site around the
PB-phosphate of UDP. The a-phosphate and uridine re-
main fixed in position during this rotation. This would
place the 4-keto group in a position relative to the NADH
that would allow it to accept hydride transfer from either
face to form UDP-glucose or UDP-galactose. Indeed,
space-filling models show that this rotation can allow vir-
tually equivalent positioning of the hydroxyl groups at
glycosyl C3 and C4 and the hydrogen at C4 in the sub-
strate epimers [32]. This rotation of the carbohydrate por-
tion of the substrate allows the NADH to transfer the hy-
dride to the opposite face while conserving an optimum
trajectory for hydride transfer. Such a revolving door
mechanism is unusual in biology.

At a more subtle level, it is known that the uridine nu-
cleotide also induces a conformational change in GALE.
The conformational change activates the NAD* to reduc-
tion [17,40—42]. The structure of the enzyme in its active
conformation reveals that the 6-ammonium group of
Lys153 is hydrogen-bonded to both the 2’- and 3’-hy-
droxyl groups of the nicotinamide riboside in NAD* [28].
The 6-ammonium group is seen to be much closer to the
nicotinamide-N1 (5.3 A) than to the nicotinamide C-4
(>7 A). The positive electrostatic field between Lys153
and nicotinamide-N-1 in the active conformation should
polarise the Trelectrons in the nicotinamide ring, de-
creasing the positive charge on N-1 and increasing it on
C4, thus activating it for hydride abstraction. The effect is
brought about through electrostatic repulsion between the
nicotinamide ring and a residue of the enzyme, Lys153,
and not through enzymatic binding of the transition state
[17].

Recently the structure of HGALE has been solved, which
has led to some revision of the epimerase mechanism
[33]. Upon binding of the UDP-glucose, there is a struc-
tural movement of one of the HGALE subunits relative to
the other, causing the C-terminal domain of one
monomer to clamp down more tightly over the active site.
The major significance of this is that the active site tyro-
sine (Tyr157) is now within hydrogen-bonding distance
not only of the nicotinamide ribose 2’-hydroxyl group
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and the 3’-hydroxy group of the glucose moiety, but also
the 4’-hydroxyl group of the UDP-sugar. The net result of
this would be to enable the tyrosine to act directly as the
active site base, without the need for the serine (Ser132)
to act as a proton shuttle. This subunit movement has not
as yet been observed for EGALE, and the possibility that
EGALE and HGALE have slightly different mechanisms
cannot be ruled out. The function of Ser132 in HGALE
could be to form a low-barrier hydrogen bond between
the OY of Ser132 and the 4’-hydroxyl group of the UDP-
glucose substrate. This would lead to both the pK, values
of the alcohol groups being similar, resulting in a proton
being shared between two oxygen atoms. This close in-
teraction would facilitate the removal of the 4-hydroxyl
hydrogen of the sugar by the phenolic side chain of
Tyr157 and the transfer of the hydride from C4 of the
sugar to C4 of the dinucleotide cofactor. As pointed out
by Thoden et al., these new data on the HGALE enzyme
imply that the knowledge of one, or even a few members
of an enzyme superfamily may be not sufficient to fully
characterize either the structures or functions of all the
members [33]. Further studies are probably required to
fully appreciate the exact role of Ser124.

ADP-L-glycero-p-mannoheptose 6-epimerase

ADP-L-glycero-D-mannoheptose 6-epimerase is a 34-
kDa enzyme required in Gram-negative bacteria for
ADP-L-glycero-D-mannoheptose (heptose) synthesis, a
component of the core domain of the LPS portion of the
bacterial cell wall [6]. The substrate for this enzyme
(ADP-D-glycero-D-mannoheptose) is a sugar with seven
carbons, and the epimerisation occurs at the C6” position
(table 1, fig. 4). The structure of ADP-L-glycero-D-man-
noheptose 6-epimerase (AGME) in complex with
NADP* and ADP-glucose, a catalytic inhibitor of the en-
zyme, has been solved at a resolution of 2 A [43]. The
protein has two domains, the N-terminal domain consists
of a modified 7-stranded Rossmann fold, which contains
the NADP* binding site. The C-terminal domain is an
o/ fold and provides residues that create the specificity
for the substrate. The two domains interact to form a
crevice where the substrate is brought close to the
NADP* cofactor. AGME is very similar to GALE, and
with other members of the SDR family. The three key
catalytic residues identified in GALE are also conserved
in AGME, and found to be located in structurally similar
positions in both enzymes. This and other evidence con-
firms the epimerisation proceeds through a transient keto
intermediate. However, the quaternary structure of
AGME diverges from the other proteins of the SDR fa-
mily since AGME forms homopentamers as opposed to
the dimers or tetramers of most SDR proteins (fig. 2b)
[44]. The five monomers are arranged in a ring, with the
crevices containing the catalytic site oriented towards the
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Figure 3. Epimerisation by a transient keto intermediate as carried out by UDP-galactose 4-epimerase with the interconversion of UDP-

glucose and UDP-galactose.

centre. This position of the active site crevice varies bet-
ween monomers and reflects the two binding modes of
ADP-glucose. Although this may be a result of crystal
packing, there are similarities to the domain movements
in HGALE and in the different UDP-galactose/ UDP-glu-
cose binding modes discussed above. Depending on the
C-terminal conformation AGME (‘closed’ or ‘open’), the
torsion angle, defined by the oxygen linking the two «
and f phosphates, the S-phosphate, the glycosyl oxygen
and the C1 atom of ADP-glucose, changes by 125°. Such
a ‘rotation’ of substrate would permit epimerisation to
take place and provides indirect evidence that such a ro-
tation occurs in GALE also.

CDP-p-tyvelose 2-epimerase (table 1) is a bacterial
epimerase that interconverts CDP-tyvelose and CDP-
paratose. Tyvelose is a 3,6-dideoxyhexose present at the
nonreducing end of the O-antigen of the LPS [45, 46].
The structure of this enzyme is unknown and the mecha-
nism is under investigation. The presence of
NAD*/NADH in purified CDP-D-tyvelose 2-epimerase
indicates that the enzyme may follow a redox mechanism
similar to that of GALE with the formation of a keto
sugar intermediate [1, 47].

Epimerisation by proton abstraction/addition

The keto-enol tautomerism is well known to organic
chemists; in essence any ketone exists in equilibrium with
the enol. Under normal conditions the equilibrium
greatly favours the ketone, and the enol can be ignored in
a structural description of the molecule. However, it does
have a profound influence on the chemistry of the mole-
cule. It acidifies the a-proton(s) by stabilising the formal
carbocation generated by proton abstraction through an
enolate. This type of stabilisation is routine in both bio-
logy and chemistry, occurring in many different classes
of compound. In carbohydrates it is less well known prin-
cipally because keto sugars are considerably less com-
mon than normal ketones. Examination of the L-rham-
nose and L-fucose biosynthetic pathways shows that both
create a D-keto sugar, which is epimerised. The keto
group is then reduced in the final step to give the L-sugar
product. In contrast to GALE, the keto sugars are isolable

enzyme products, and epimerisation occurs at the stereo-
centres adjacent (or «) to the keto group not at the keto
group directly.

dTDP-6-deoxy-p-xylo-4-hexulose 3,5-epimerase

The rhamnose biosynthetic pathway requires four distinct
enzymes: RmlA, RmIB, RmlC and RmID [48—-51] and is
highly conserved among Gram-positive and Gram-nega-
tive bacteria. L-thamnose is a component of the O-antigen
part of lipopolysaccharides of Gram-negative bacteria
such as Salmonella typhimurium, Shigella flexneri, E.
coliVW 187, and V. cholerae. Its importance is illustrated
by the fact that V cholerae mutants devoid of RmIB or
RmlID show a severe colonisation defect [5]. In Gram-
positive bacteria, rhamnose is essential to the integrity of
the cell wall, since it connects the inner peptidoglycan
layer to arabinogalactan polysaccharides [2, 52]. In Strep-
tococcus mutans, the deletion of one of the four Rml
genes inhibits cell wall synthesis, and bacteria are unable
to sustain an infection [4]. RmIB (dTDP-D-glucose 4,6-
dehydratase), which is homologous and structurally sim-
ilar to GALE, creates a keto sugar at C4 of the glucose
ring and dehydrates the C6 to give dTDP-6-deoxy-D-
xylo-4 hexulose [51]. This keto sugar is the substrate of
RmlC (dTDP-6-deoxy-D-xylo-4 hexulose 3,5-epimerase,
EC 5.1.3.13). RmIC catalyses a double epimerisation at
positions C3 and C5 to give the product TDP-4-keto-L-
rhamnose (table 1, fig. 5).

Melo and Glaser [53] showed that in the epimerisation re-
action, hydrogen atoms at C3 and C5 were derived from
the solvent. Substitution of the C3 hydrogen by deuterium
decreased the rate of the reaction by 3 to 4 fold, whereas
substitution of the C5 hydrogen decreased the reaction
rate by twofold. This isotope effect indicates that after
deuterium substitution, either C3 or C5 epimerisation can
become rate limiting. Incubation of the enzyme in the
presence of 4-keto-6-deoxyglucose and D,O, followed by
reduction and analysis of the different compounds by
mass spectroscopy, led to the identification of molecules
having deuterium at positions C3, C3 and C5, but only a
small fraction of molecules with deuterium at CS5. This
suggests an obligate order with epimerisation first at C3
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followed by epimerisation at C5. Other investigations, us-
ing highly purified RmIC, have demonstrated that only
3% of RmlIC substrate is converted into dTDP-4-keto-L-
rhamnose [54]. A similar product/educt ratio was ob-
served in the E. coli strain Y10 defective in 4-keto-6-de-
oxy-L-rhamnose reductase, RmID, and for Mycobac-
terium tuberculosis RmIC [55, 56]. Despite this low
product/substrate ratio, the quasi-total reaction catalysed
by RmlA (which catalyses the transfer of a thymidyl-
monophosphate nucleotide to glucose-1-phosphate) [50],
together with the thermodynamically favourable reaction
catalysed by RmlID, leads to a very efficient thamnose
pathway.

The structure of RmIC from S. typhimurium was reported
last year [49] closely followed by the enzyme from
Methanobacterium thermoautotrophicum [57]. RmIC is a
mainly f-class protein, with a  barrel constituted by 13
B strands. RmIC exists as a dimer (fig. 2¢), the dimer in-
terface created by the antiparallel interaction of the 3
strand of one monomer with the 35 strand of the other
monomer. The RmIC active site is formed by both sub-
units and is located at the entrance to the f barrel. There
is a very strong sequence identity in this region, in par-
ticular two conserved His-Asp diads are found in this
cleft. An absolutely conserved lysine residue (Lys73) sits
between the two His residues. The structure of a dTDP-
phenol/RmIC complex has also been determined, con-
firming that the substrate binding site was located in the
cluster of conserved residues. The thymidine ring of the
ligand is stacked between the aromatic rings of Tyr139
from one monomer and Phe27 from the other monomer
of the dimer. The phenyl ring of dTDP-phenol sits on the
exterior of the protein and is twisted out of the active site.
More recently, data have been obtained [C.-J. Dong and J.
H. Naismith, unpublished results] on a product complex
of RmIC. This confirms the location of the sugar nu-
cleotide binding site and shows the conserved active site
residues interacting with the product. As had been pre-
dicted [48], the tight cluster of conserved hydrophobic
residues Val75, Phel31 and Phe122 acts as a hydrophobic
pocket and recognises the C5 position. Val75 and Phel31
are not absolutely conserved but are only replaced with
nonpolar residues. The C3 position (hydroxyl) points to a

more open pocket in which water molecules and polar
side chains predominate.

The epimerisation of the C3 and C5 positions requires
that the hydrogens attached to the C3 and C5 carbons are
removed and replaced at the opposite face. The removal
of one proton from C3 substantially raises the pK, of the
remaining proton on C5 (or vice versa). As the pK, of the
remaining proton is well beyond any base found in bio-
logy, the abstracted proton must be replaced (at the op-
posite face) before the second epimerisation takes place.
It follows that the enzyme mechanism is a series of at
least four sequential steps rather than a concerted mech-
anism. The key question in reaching a mechanistic un-
derstanding is what are the acids and what are the bases
involved in proton abstraction/addition. The recently se-
quenced Streptococcus suis RmIC gene shows that only
one His-Asp diad is conserved, the Streptococcus se-
quence being in contrast to all other organisms in which
both His-Asp diads are conserved. The absolutely con-
served His-Asp diad is set up to act as one base; the ba-
sicity of a histidine bound to an aspartic acid is substan-
tially higher than that of a free histidine. In the product
complex, the His-Asp diad is close to the both the C3 and
CS5 position, suggesting this might indeed function as a
base. Based on the structure of the S. typhimurium en-
zyme [49], only the absolutely conserved Tyr133 appears
able to act as an acid; no other appropriate conserved
residue is close by. The WbcA gene product is 34 % iden-
tical to RmIC, and encodes an epimerase (CDP-4-keto-
6-deoxyglucose epimerase) involved in the biosynthesis
of dCDP-6-deoxy-D-gulose from dCDP-4-keto-6-de-
oxyglucose, the precursor of D-gulose, a deoxysugar pre-
sent in the O-antigen part of Yersinia enterocolitica [58].
This epimerase is particularly relevant since it only catal-
yses a single epimerisation at the C3 atom of the sugar
ring [58]. Comparison of the RmIC and the WbcA gene
product shows that Tyr133 is missing from WbcA. Since
WhbcA does not epimerise the C5 position, it represents
strong evidence that Tyr133 from RmlC is involved in
the C5 position epimerisation. Currently, only the identi-
fication of one acid and one base has been possible. Fur-
ther experiments will be required to understand the
mechanism fully.
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In a subtle twist, the RmlC structure shows Lys73 sitting
at the bottom of an anion hole and perfectly positioned to
stabilise the formally negatively charged enolate ion,
probably by proton donation to form the neutral enol. It
remains an intriguing possibility that the Lys may in fact
form a Schiff base with the keto sugar. Such a Schiff base
would further acidify the hydrogens at C3 and CS5,
significantly lowering the transition state energy. Prelim-
inary experiments [M. Asuncion and J. H. Naismith, un-
published results] suggest that water is eliminated from
and added back to the sugar nucleotide during the
epimerisation reaction. This provides evidence for the
formation of a transitory immine during turnover, since
such an immine would form by elimination of water and
be decomposed by addition of water. If indeed the me-
chanism turns out to involve immine formation, this
would be highly unusual and an entirely new chemical
mechanism.

GDP-4-keto-6-deoxy-D-mannose epimerase/reductase

Fucose is a deoxysugar found in many organisms and
plays a role in various events like cell stem development
in plants [59], nodulation in Azorhizobium [60], and ad-
hesion in animals [61]. Humans deficient in the biosyn-
thesis of GDP-fucose suffer from the immune disorder
leukocyte adhesion deficiency type II [62]. Fucose is also
a component of bacterial cell walls [63]. Its precursor,
GDP-fucose, is synthesised from GDP-mannose in a
three-step reaction catalysed by two enzymes [64]. The
first enzyme, GDP-mannose 4-6 dehydratase (GMD)
converts GDP-D-mannose to GDP-4-keto 6-deoxy-D-
mannose. The second enzyme, GDP-4-keto-6-deoxy-D-
mannose epimerase/reductase [GMER, also known as
GDP-L-fucose synthetase (GFS)], catalyses a two-step re-
action: the epimerisation at the C3 and C5 of the sugar

proton abstraction

Epimerases

ring and a NADPH-dependent reduction at C4 (table 1,
fig. 6). GMER combines both RmIC and RmID activity
in a single enzyme. It was initially believed that GDP-4-
keto-6-deoxy-D-mannose was transformed to GDP-L-fu-
cose by two different enzymes, as is the case in the dTDP-
L-thamnose pathway. However, an enzyme able to trans-
form GDP-4-keto-6-deoxy-D-mannose to GDP-L-fucose
was isolated from porcine thyroid, showing that this en-
zyme contains both epimerisation and reduction activities
[65]. This was also demonstrated with the homologous
human enzyme, the protein FX [66, 67].

Epimerisation at C3 and C5 most likely proceeds via an
enediol-enolate intermediate [68]. Incubations of '“C-la-
beled GDP-4-keto-6-deoxymannose with either GMER
alone or with GMER in the presence of NADP ", followed
by reduction of the products with NaBH, and acid cleav-
age of the nucleotide, result in the formation of 6-deoxy-
glucose and fucose [69]. Both of these compounds can
only be generated if a double epimerisation occurs at po-
sitions C3 and C5. Thus, GMER does not require a nicoti-
namide cofactor to epimerise its substrate. The three-di-
mensional structure of GMER was determined by two in-
dependent groups in 1998 (see fig. 2d) and confirmed the
expectation that the enzyme is a member of the SDR fa-
mily, with the classical catalytic Ser-Tyr-Lys triad [44,
70]. However, this structural similarity relates to the
second reaction catalysed by GMER, the reduction of the
4-keto function. The two epimerised stereocentres are in
a position to a keto group, directly analogous to the sub-
strate of RmIC discussed above. There is no structural ho-
mology between GMER and RmlIC. Analysis of the pro-
ducts formed after incubation of GDP-4-keto-6-deoxy-
mannose with GMER confirms the epimerisation is
enzymatic [69]. In the GDP-4-keto-6-deoxymannose
binding model proposed by Somers et al. [70], the His179
side chain of GMER is in a suitable position to fulfil the
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Figure 5. Epimerisation by proton abstraction/addition as illustrated by the mechanism of dTDP-6-deoxy-D-xylo-4-hexulose 3,5-
epimerase (RmlIC). The enzyme catalyses a double epimerisation at positions C3 and C5.
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role of a general acid or base during catalysis. In their
model, Tyr136 of GMER could transiently protonate the
C4 oxygen, and stabilise the enediol/enolate intermedi-
ate. His179 could then act as a base and abstract a proton
from the C3 position. This would be followed by a repro-
tonation from the opposite face of the sugar ring, either
by a water molecule, or by a GMER residue that has not
yet been identified. Finally, the C3 epimerisation would
be completed by the deprotonation of the C4 hydroxyl
group. The same residues could then proceed to
epimerise at the C5 position following a slight movement
of the sugar inside the catalytic site to put the C5 carbon
in an ideal position. However, how the His base loses its
proton, necessary for it to abstract the second protein, is
unclear. This proposed mechanism is in agreement with
the experiments from Chang et al. [65], where it was
demonstrated that a tritium at the C3 position was lost
during catalysis. It is significant that in both GMER and
RmIC only one base has been identified.

D-ribulose-5-phosphate 3-epimerase

D-ribulose-5-phosphate 3-epimerase (RPEase) catalyses
the conversion of D-ribulose 5-phosphate to D-xylulose
5-phosphate (table 1, fig. 7). In contrast to RmIC and
GMER, both substrate and product exist in a linear not
cyclic form. The keto group is situated on the C2 carbon,
and the stereocentre at C3 is inverted. The enzyme is
found in many organisms due to its obligatory step in the
oxidative pentose phosphate pathway [13, 14]. RPEase
incorporates one atom of tritium from T,O during the re-
action [71], and the proton abstracted from the C3 atom
during catalysis is released to the solvent [72]. These ob-
servations, and the presence of the epimerised stereo-
center in « position of a keto group, have led to the pos-
tulated catalytic mechanism in which deprotonation and
reprotonation take place via an ene-diolate intermediate.
The structure of the potato chloroplast RPEase has been
elucidated by Kopp et al. [73]. The enzyme is a hexamer,
and each monomer consists of a slightly modified (Ba)
barrel (TIM barrel), with an extra small « helix after the
last strand of the classical TIM-barrel (fig. 2¢). RPEase
is topologically unrelated to RmlC. Alignments of 13
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RPEase sequences from various organisms by Kopp et
al. [73] indicate that two carboxylic residues, Asp43,
Aspl85 (all numbers refer to the potato chloroplast en-
zyme); three histidines, His41, His74, His98; and three
methionines, Met45, Met76, Metl47 are strictly con-
served. These residues are located towards the centre of
the TIM barrel, where they maintain a strong hydrogen
network around a stable water molecule. In this structure
a sulphate ion is located in the same position as the phos-
phate group of TIM-barrel enzymes that bind phospho-
rylated substrates [74]. Using this fact, Kopp et al. [73]
modelled D-ribulose 5-phosphate into the enzyme. This
model positioned the C3 atom between Aspl85 and
Asp43, two conserved residues that could play the role of
general acid/base catalysts. This model is substantiated
by the observation that an Aspl85Asn mutant is com-
pletely inactive [75]. This symmetrical protonation and
deprotonation mechanism is common to racemases,
where two acid/base catalysts transfer protons to and
from the a-carbon of their substrate and product enan-
tiomers via an enolic intermediate [76, 77]. A potential
RPEase mechanism taking into account the hydrogen
network observed in the centre of the TIM barrel has
been proposed. Residues His41, Asp72 , Glul83, His74,
His98 and Glul00 are hydrogen-bonded in such a way
that they can polarise the central water molecule that is
ideally set up to stabilise a negative charge at residue
Asp43. Asp43 deprotonates the C3 atom, and a cis-ene
diolate intermediate is formed. According to Kopp et al.
[73], the resulting oxyanion would be stabilised by the
presence of the sulphur atoms of the three conserved me-
thionines. The charge of the oxyanion would induce
dipoles in the larger and softer shells of the sulphur
atoms, stabilising the oxyanion. The advantage of having
sulphur as opposed to hydroxyl is that stabilisation of the
charged oxygen by a hydrogen bond could then favour an
isomerisation rather than an epimerisation. The epimeri-
sation is completed with the C3 abstracting a proton
from Aspl85. Water molecules from the bulk solvent
then regenerate the initial state of the two aspartates for
the mechanism to be in agreement with the observations
of Davis et al. [72].

ring flip
o) H
[—— Hg3c -0 5 I.(.I)GDP
CH; T
OH OGDP

Figure 6. The epimerisation mechanism of GDP-4-keto-6-deoxy-D-mannose epimerase/reductase, which like RmlC, carries out a double

epimerisation at the C3 and C5 of the glucose ring.
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Epimerisation by nucleotide elimination
and readdition

UDP-N-acetylglucosamine 2-epimerase

In bacteria, UDP-N-acetylglucosamine 2-epimerase
catalyses the reversible interconversion of UDP-N-acetyl-
glucosamine (UDP-GIcNAc) and UDP-N-acetylman-
nosamine  (UDP-ManNAc).  N-acetylglucosamine
(ManNAc) is an amino sugar present in the antiphago-
cytic capsular polysaccharide of pathogenic strains of
bacteria such as Streptococcus pneumoniae types 19F
and 19A [78, 79]. It is also an essential component of the
integrity of the cell wall of Gram-positive bacteria [80].
The mechanism involves the elimination and readdition
of UDP [81, 82]. An initial anti elimination of UDP from
UDP-GIcNAc generates the intermediate 2-acetami-
doglucal (table 1, fig. 8). A subsequent syn addition of
UDP gives the product UDP-ManNAc. The mechanism is
supported by numerous experimental observations in
which the proton is removed from C2, including the ob-
servation that a solvent-derived deuterium is incorpo-
rated at C2 during catalysis and that the epimerisation of
UDP-[2-2H]GIcNAc is slowed by a primary kinetic iso-
tope effect [81, 82]. The scrambling of the '*O label from
the anomeric oxygen of UDP-N-acetyl-glucosamine to
the nonbridging phosphate positions has also clearly
demonstrated that the anomeric bond is cleaved during
catalysis. Direct detection of the reaction intermediates
UDP and 2-acetamidoglucal have confirmed this. All
these observations have led to the postulated mechanism.
The initial anti elimination of UDP could be triggered by
a cationic elimination, leading to a transient oxocarbe-
nium species. A catalytic base abstracts the C2 hydrogen,
generating a 2-acetamidoglucal intermediate. Readdition
of UDP with protonation of the C2 atom at the opposite
face, effectively a syn addition, completes the cycle.

Epimerases

The structure of UDP-N-acetylglucosamine 2-epimerase
from E. coli has been solved to 2.5 A resolution [83]. The
enzyme is a homodimer with each monomer composed of
two a/f/a domains that form a deep cleft at the domain
interface (fig. 2f). The N-terminal domain consists of a
seven-stranded parallel B sheet that is sandwiched be-
tween a total of seven « helices with a topology that is
similar to the Rossmann dinucleotide binding domain
[20]. The C-terminal domain contains a six-stranded f
sheet that also has the topology of a Rossmann fold and
is surrounded by a total of seven a helices. Each
monomer has a single UDP-GIcNAc binding site. On
binding substrate, one of the monomers may induce a
conformational change across the dimer interface that
converts the dimer partner to the catalytically active form.
This topology is not related to any other epimerase but
shows structural similarity with two phosphoglycosyl
transferases, glycogen phosphorylase and T4 phage S-
glucosyltransferase. This is consistent with the fact that
these three enzymes proceed via the cleavage or the for-
mation of a phosphoglycosyl bond.

The structure of UDP-N-acetylglucosamine 2-epimerase
also shows that the two monomers differ in their global
conformation [83], one subunit being found in a ‘closed’
conformation and the other in an ‘open’ conformation.
UDP could be clearly modelled into the crevice of the
closed form, defining the catalytic site. Six strictly con-
served residues are located in the UDP binding region.
However, since the glycosyl part of the substrate was not
present in the crystallised complex, Campbell et al. [83]
could not conclude the possible catalytic roles of these
conserved residues. Nevertheless, the authors propose
that His213, whose orientation is different in open and
closed forms, could be involved in the elimination of
UDP. In the closed subunit, His213 is hydrogen-bonded
with the B-phosphate of UDP and could act as a general
acid catalyst to activate UDP elimination from the sub-
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Figure 7. The mechanism of epimerisation of D-ribulose-5-phosphate 3-epimerase with the substrate and product existing in a linear, not

cyclic form.
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strate. Indeed, there is the possibility of the active site his-
tidine (His213) being transiently phosphorylated, a
process that takes place in other enzymes such as phos-
phoglycerate mutase [84]. Other conserved residues such
as Glull7, Glul31 and Asp195 could also participate in
the catalysis, either by stabilising the oxocarbenium in-
termediate or by acting as base or acid catalysts to pro-
mote C2 epimerisation.

N-acyl-pD-glucosamine 2-epimerase

The structure of N-acyl-D-glucosamine 2-epimerase
(AGE) from porcine kidney has been determined (table 1,
fig. 2¢g) [85]. AGE is involved in the biosynthesis of N-
acetylneuraminic acid, an important component of the
carbohydrate chain of glycoproteins and glycolipids [86].
AGE epimerisation does not depend on an NAD* cofac-
tor, but ATP modulates activity. Although epimerisation
takes place on a nonactivated hydrogen at the C2 position,
and on the same glycosyl substrate moiety as that of
UDP-N-acetylglucosamine 2 epimerase, AGE and UDP-
N-acetylglucosamine 2 epimerase have a completely dis-
tinct fold. AGE is a dimer, and its tertiary structure with
an ag/a, fold is related to sugar-metabolising enzymes
such as glucoamylase [87], endoglucanase CelA [88],
cellulase [89] and alginate lyase [90]. AGE has been crys-
tallised in the presence of N-acetyl-D-glucosamine, and
this amino sugar could be detected in the cleft created by
the inner a barrel near conserved residues (His24S,
His382, Glu251 and Arg60). These residues may play an
important role in catalysis; however, proposal of a mech-
anism for AGE requires further structural investigations
and mutagenesis analyses.

Epimerisation by carbon-carbon bond cleavage

L-ribulose-5-phosphate 4-epimerase and
L-fuculose-1-phosphate aldolase

The bacterial enzyme L-ribulose-5-phosphate 4-
epimerase interconverts L-ribulose 5-phosphate and D-
xylulose 5-phosphate by inverting the configuration at
the C4 stereocentre (table 1, fig. 9). This enzyme enables
bacteria to use arabinose as an energy source by connect-
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ing the arabinose pathway to the pentose phosphate path-
way [91]. The enzyme is a homotetramer and requires one
divalent cation per subunit for activity [92]. L-ribulose 5-
phosphate 4-epimerase catalyses an epimerisation on a
stereocentre that does not have an acidic hydrogen and is
NAD(P) independent [92, 93]. The reaction is known to
proceed without the incorporation of a solvent-derived
oxygen or hydrogen [72, 94]. Furthermore, measure-
ments of *C and deuterium isotope effects have provided
evidence that an aldol cleavage occurs during catalysis
[95]. This is in agreement with sequence similarities bet-
ween L-ribulose-5-phosphate 4-epimerase and the class II
L-fuculose-1-phosphate aldolase (FucA), a reversible en-
zyme that synthesises L-fucose-1-phosphate from L-lac-
taldehyde and dihydroxyacetone phosphate. The struc-
ture of FucA has been solved [96—98], and a putative
mechanism has been proposed for this metal-assisted en-
zyme. The structure reveals that four residues, a gluta-
mate and three histidines, are involved in metal binding.
Dihydroxyacetone, upon binding, would disrupt the in-
teractions between the glutamate residue and Zn?*, and
bind to the metal atom via its carbonyl and hydroxyl
groups. The displaced glutamate would then protonate
the bound substrate and generate an enediolate interme-
diate that would be stabilised by its interaction with the
metal. The intermediate would then attack the carbonyl of
lactaldehyde, creating a C—C bond. A tyrosine residue
controls the stereospecificity of the attack, by hydrogen-
bonding to the aldehyde. Alignments between FucA and
L-ribulose-5-phosphate 4-epimerase show that the FucA
residues involved in metal binding are also conserved in
L-ribulose-5-phosphate 4-epimerase. In L-ribulose-5-
phosphate 4-epimerase, these residues correspond to
Asp76, His95, His97 and Hisl171. Mutants His95Asn,
His97Asn and His171Asn exhibit a decrease in k., and a
reduced affinity for Zn?" [99]. The His97Asn mutant
showed that the mutated enzyme was capable of con-
densing dihydroxyacetone and glycolaldehyde, thus es-
tablishing that the mutated enzyme has an aldolase activ-
ity [99], suggesting that the epimerase proceeds through
a C—C bond cleavage. From all these observations a po-
tential mechanism, analogous to the FucA mechanism,
can be proposed for L-ribulose-5-phosphate 4-epimerase,
the only difference between the two mechanisms being
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Figure 8. Epimerisation by nucleotide elimination and re-addition as carried out by UDP-N-acetylglucosamine 2-epimerase. The mecha-

nism involves the elimination and readdition of UDP.
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Figure 9. Epimerisation by carbon-carbon bond cleavage as carried out by L-ribulose-5-phosphate 4-epimerase. B represents base, and

HB protonated base.

that the attack on the aldehyde is not stereospecific. This
mechanism would start by abstraction of the proton from
the C4 hydroxyl group, followed by the C3—C4 bond
cleavage. Dihydroxyacetone endiolate and glycolalde-
hyde would be generated. The enediolate would be sta-
bilised by interactions with the metal in a proton-free en-
vironment. The C—C glycolaldehyde bond has to be ro-
tated by 180° to allow the inversion of stereochemistry at
C4 after the regeneration of the C3—C4 bond. This mech-
anism seems to be confirmed as the first crystallographic
studies obtained on this epimerase [N. Strynadka, un-
published results] show His95, His97 and H171 form an
interaction with the metal. The publication of this struc-
ture will probably provide a clear mechanism for this
enzyme.

Epimerisation by ring opening (mutarotation)

Sugars can exist either as a or f anomers, depending on
the chirality of the alcohol substituent at the C1 position.
In solution for reducing sugars (OH at C1), the intercon-
version between these forms is quite rapid. Interconver-
sion can be measured by observing the change in the ro-
tation of polarised light and was a classical experiment in
undergraduate chemistry. The process occurs during the
conversion of the cyclic sugar to its linear form. The li-
near form has a keto group at C1; ring closure creates a
statistical mixture of a and B forms. Non reducing cyclic
sugars cannot open and are thus locked in the a or 8 form.
The enzyme galactose mutarotase is a ubiquitous enzyme
and catalyses the conversion from the  anomer to the
anomer (inversion of chirality at C1) of galactose (table 1,
fig. 1b) [100]. It has recently been identified as a member
of the gal operon of E. coli and has been shown to be in-
volved in the Leloir pathway. [101]. The catalysis is
thought to occur by acid-base mechanism, with a histi-
dine residue identified as a catalytic base [102].

Summary

The inversion of chirality of the hydroxyl substituents of
sugars, although straightforward to describe, appears to

have led biology to devise a diverse collection of enzy-
matic strategies. The process is clearly important as all
organisms have the ability to perform the epimerisation
of carbohydrates. The strategies adopted range from re-
dox chemistry to carbon bond cleavage. The detailed
molecular mechanism of many of these processes re-
mains unclear, and ongoing research in this area will con-
tinue to provide fascinating insights into carbohydrate
epimerisation.

1 He X. M., Agnihotri G. and Liu H. W. (2000) Novel enzymatic
mechanisms in carbohydrate metabolism. Chem Rev. 100:
4615-4661

2 MecNeil M., Daffe M. and Brennan P. J. (1990) Evidence for
the nature of the link between the arabinogalactan and pepti-
doglycan of mycobacterial cell walls. J Biol Chem. 265:
1820018206

3 Marolda C. L. and Valvano M. A. (1995) Genetic analysis of
the dTDP-rhamnose biosynthesis region of the Escherichia
coli VW 187 (07:K1) rfb gene cluster: identification of func-
tional homologs of rfbB and rfbA in the rff cluster and correct
location of the rffE gene. J. Bacteriol. 177: 5539—-5546

4 Yamashita Y., Tomihisa K., Nakano Y., Shimazaki Y., Oho T.
and Koga T. (1999) Recombination between gtfB and gtfC is
required for survival of a dTDP- rhamnose synthesis-deficient
mutant of Streptococcus mutans in the presence of sucrose. In-
fect. Immun. 67: 3693-3697

5 Chiang S. L. and Mekalanos J. J. (1999) rfb mutations in Vib-
rio cholerae do not affect surface production of toxin-coregu-
lated pili but still inhibit intestinal colonization. Infect. Im-
mun. 67: 976—-980

6 Adams G. A., Quadling C. and Perry M. B. (1967) D-glycero-
D-manno-heptose as a component of lipopolysaccharides
from Gram-negative bacteria. Can. J. Microbiol. 13: 1605—
1613.

7 Coleman W. G. and Leive L. (1979) Two mutations which af-
fect the barrier function of the Escherichia coli K-12 outer
membrane. J. Bacteriol. 139: 899-910.

8 Vaara M. (1993) Outer membrane permeability barrier to
azithromycin, clarithromycin and roxithromycin in gram-neg-
ative enteric bacteria. Antimicrob. Agents Chemother. 37:
354-356.

9 Lil. P, Gong E, Darwish K. E., Jalkanen M. and Lindahl U.
(2001) Characterization of the D-glucuronyl C5-epimerase in-
volved in the biosynthesis of heparin and heparan sulfate. J.
Biol. Chem. 276: 20069—-20077

10 Franklin M. J., Chitnis C. E., Gacesa P, Sonesson A., White D.
C. and Ohman D. E. (1994) Pseudomonas aeruginosa AlgG is
a polymer level alginate C5-mannuronan epimerase. J. Bac-
teriol. 176: 1821-1830

11 Hoidal H. K., Ertesvag H., Skjak-Braek G., Stokke B. T. and
Valla S. (1999) The recombinant Azotobacter vinelandii man-



CMLS, Cell. Mol. Life Sci.

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Vol. 58,2001

nuronan C-5-epimerase AlgE4 epimerizes alginate by a non-
random attack mechanism. J. Biol. Chem. 274: 1231612322
Petry K. G. and Reichardt J. K. (1998) The fundamental im-
portance of human galactose metabolism: lessons from genet-
ics and biochemistry. Trends Genet. 14: 98—102

Nowitzki U., Wyrich R., Westhoff P, Henze K., Schnarren-
berger C. and Martin W. (1995) Cloning of the amphibolic
Calvin cycle/OPPP enzyme D-ribulose-5-phosphate 3-
epimerase (EC 5.1.3.1) from spinach chloroplasts: functional
and evolutionary aspects. Plant Mol. Biol. 29: 1279—1291
Teige M., Kopriva S., Bauwe H. and Suss K. H. (1995)
Chloroplast pentose-5-phosphate 3-epimerase from potato:
cloning, cDNA sequence and tissue-specific enzyme accumu-
lation. FEBS Lett. 377: 349-352

Carnell A. J. (1999) Stereoinversions using microbial redox-
reactions. Adv. Biochem. Eng. Biotechnol. 63: 57—-72

Leloir L. F. (1951) The enzymatic transformation of uridine
diphosphate glucose into a galactose derivative. Arch.
Biochem. Biophys. 33: 186—190

Frey P. A. (1996) The Leloir pathway: a mechanistic impera-
tive for three enzymes to change the stereochemical configu-
ration of a single carbon in galactose. FASEB J. 10: 461-470
Gitzelmann R., Steinmann B., Mitchell B. and Haigis E.
(1977) Uridine diphosphate galactose 4’-epimerase defi-
ciency. IV. Report of eight cases in three families. Helv.
Paediatr. Acta. 31: 441-452

Henderson M. J., Holton J. B. and MacFaul R. (1983) Further
observations in a case of uridine diphosphate galactose-4-
epimerase deficiency with a severe clinical presentation. J. In-
herit. Metab. Dis. 6: 17-20

Rossmann M. G., Liljas A., Branden C. I. and Banaszak L. J.
(1975) Evolutionary and structural relationships among dehy-
drogenases. In: The Enzymes, *ded, vol. 11, pp. 61-102,
Boyer P. D. (ed.), Academic Press, New York

Jornvall H., Persson B., Krook M., Atrian S., Gonzalez-Duarte
R., Jeffery J. et al. (1995) Short-chain dehydrogenases/reduc-
tases (SDR). Biochemistry 34: 60036013

Jornvall H., Hoog J. O. and Persson B. (1999) SDR and MDR:
completed genome sequences show these protein families to
be large, of old origin and of complex nature. FEBS Lett. 445:
261-264

Jornvall H. (1999) Multiplicity and complexity of SDR and
MDR enzymes. Adv. Exp. Med. Biol. 463: 359-364

Persson B., Nordling E., Kallberg Y., Lundh D., Oppermann U.
C., Marschall H. U. et al. (1999) Bioinformatics in studies of
SDR and MDR enzymes. Adv. Exp. Med. Biol. 463: 373-377
Benach J. (1999). X-ray structure analysis of short-chain de-
hydrogenases/reductases, PhD thesis, Department of Bio-
sciences, Karolinska Institutet: Novum

Bauer A. J., Rayment I., Frey P. A. and Holden H. M. (1992)
The molecular structure of UDP-galactose 4-epimerase from
Escherichia coli determined at 2.5 A resolution. Proteins. 12:
372-381

Thoden J. B, Frey P. A. and Holden H. M. (1996) High-reso-
lution X-ray structure of UDP-galactose 4-epimerase com-
plexed with UDP-phenol. Protein Sci. 5: 2149-2161

Thoden J. B., Frey P. A. and Holden H. M. (1996) Molecular
structure of the NADH/UDP-glucose abortive complex of
UDP-galactose 4-epimerase from Escherichia coli: impli-
cations for the catalytic mechanism. Biochemistry 35:
5137-5144

Thoden J. B., Frey P. A. and Holden H. M. (1996) Crystal
structures of the oxidized and reduced forms of UDP-galac-
tose 4-epimerase isolated from Escherichia coli. Biochem-
istry 35: 2557-2566

Thoden J. B, Gulick A. M. and Holden H. M. (1997) Molec-
ular structures of the S124A, S124T, and S124V site-directed
mutants of UDP-galactose 4-epimerase from Escherichia coli.
Biochemistry 36: 10685—10695

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Review Article 1663

Thoden J. B., Hegeman A. D., Wesenberg G., Chapeau M. C.,
Frey P. A. and Holden H. M. (1997) Structural analysis of
UDP-sugar binding to UDP-galactose 4-epimerase from
Escherichia coli. Biochemistry 36: 6294—6304

Thoden J. B. and Holden H. M. (1998) Dramatic differences
in the binding of UDP-galactose and UDP-glucose to UDP-
galactose 4-epimerase from Escherichia coli. Biochemistry
37: 1146911477

Thoden J. B., Wohlers T. M., Fridovich-Keil J. L. and Holden
H. M. (2000) Crystallographic evidence for Tyr 157 function-
ing as the active site base in human UDP-galactose 4-
epimerase. Biochemistry 39: 5691-5701

Thoden J. B., Wohlers T. M., Fridovich-Keil J. L. and Holden
H. M. (2001) Human UDP-galactose 4-epimerase: accommo-
dation of UDP-N-Acetylglucosamine within the active site. J.
Biol. Chem. 276: 15131-15136

Swanson B. A. and Frey P. A. (1993) Identification of lysine
153 as a functionally important residue in UDP-galactose 4-
epimerase from Escherichia coli. Biochemistry 32:
13231-13236

Wee T. G., Davis J. and Frey P. A. (1972) Studies on the mech-
anism of action of uridine diphosphate-galactose-4- epime-
rase. I. An ambiguity in the chemical trapping of a proposed
keto- intermediate by NaB-3H4. J. Biol. Chem. 247: 1339—
1342

Wee T. G. and Frey P. A. (1973) Studies on the mechanism of
action of uridine diphosphate galactose 4-epimerase. II. Sub-
strate-dependent reduction by sodium borohydride. J Biol
Chem. 248: 33—40

LiuY., Thoden J. B., Kim J., Berger E., Gulick A. M., Ruzicka
F. J. et al. (1997) Mechanistic roles of tyrosine 149 and serine
124 in UDP-galactose 4-epimerase from Escherichia coli.
Biochemistry 36: 10675—10684

Kang U. G., Nolan L. D. and Frey P. A. (1975) Uridine diphos-
phate galactose-4-epimerase. Uridine monophosphate-depen-
dent reduction by alpha- and beta-D-glucose. J. Biol. Chem.
250: 7099-7105

Wong S. S. and Frey P. A. (1977) Fluorescence and nucleotide
binding properties of Escherichia coli uridine diphosphate
galactose 4-epimerase: support for a model for nonstere-
ospedific action. Biochemistry 16: 298—-305

Frey P. A. (1987) Complex pyridine nucleotide-dependent
transformations. In: Pyridine Nucleotide Coenzymes: Chem-
ical, Biochemical and Medical Aspects, vol. 2B, pp. 461511,
Dolphin D., Poulson R. and Avramovic O. (eds), Wiley, New
York

Nelsestuen G. L. and Kirkwood S. (1971) The mechanism of
action of the enzyme uridine diphosphoglucose 4-epimerase.
Proof of an oxidation-reduction mechanism with direct trans-
fer of hydrogen between substrate and the B-position of the
enzyme-bound pyridine nucleotide. J. Biol. Chem. 246:
7533— 7543

Deacon A. M., NiY. S., Coleman W. G. Jr and Ealick S. E.
(2000) The crystal structure of ADP-L-glycero-D-manno-
heptose 6-epimerase: catalysis with a twist. Structure 8:
453-462

Rizzi M., Tonetti M., Vigevani P., Sturla L., Bisso A., Flora A.
D. et al. (1998) GDP-4-keto-6-deoxy-D-mannose epimerase/
reductase from Escherichia coli, a key enzyme in the bio-
synthesis of GDP-L-fucose, displays the structural character-
istics of the RED protein homology superfamily. Structure 6:
1453-1465

Verma N. and Reeves P. (1989) Identification and sequence of
rfbS and rfbE, which determine antigenic specificity of group
A and group D salmonellae. J. Bacteriol. 171: 5694—5701
Hallis T. M. and Liu H. (1999) Mechanistic studies of the
biosynthesis of tyvelose: purification and characterization of
CDP-D-tyvelose 2-epimerase. J. Am. Chem. Soc. 121: 6765—
6766



1664

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

S. T. M. Allard, M.-F. Giraud and J. H. Naismith

Tanner M. E. (2001) Sugar nucleotide-modifying enzymes.
Curr. Org. Chem. 5: 169—192

Giraud M. and Naismith J. H. (2000) The rhamnose pathway.
Curr. Opin. Struct. Biol. 10: 687-696

Giraud M. F,, Leonard G. A., Field R. A., Berlind C. and Nai-
smith J. H. (2000) RmlC, the third enzyme of dTDP-L-rham-
nose pathway, is a new class of epimerase. Nat. Struct. Biol. 7:
398-402

Blankenfeldt W., Asuncion M., Lam J. S. and Naismith J. H.
(2000) The structural basis of the catalytic mechanism and
regulation of glucose-1-phosphate thymidylyltransferase
(RmlA). EMBO J. 19: 6652-6663

Allard S. T., Giraud M., Whitfield C., Graninger M., Messner
P. and Naismith J. H. (2001) The crystal structure of dTDP-D-
glucose 4,6-dehydratase (RmIB) from Salmonella enterica
serovar Typhimurium, the second enzyme in the dTDP-L-
rhamnose pathway. J. Mol. Biol. 307: 283-295

MaY., Mills I. A., Belisle J. T., Vissa V., Howell M., Bowlin K.
et al. (1997) Determination of the pathway for rhamnose
biosynthesis in mycobacteria: cloning, sequencing and ex-
pression of the Mycobacterium tuberculosis gene encoding
alpha-D-glucose-1-phosphate thymidylyltransferase. Micro-
biology 143: 937-945

Melo A. and Glaser L. (1968) The mechanism of 6-deoxyhex-
ose synthesis. II. Conversion of deoxythymidine diphosphate
4-keto-6-deoxy-D-glucose to deoxythymidine diphosphate L-
rhamnose. J. Biol. Chem. 243: 1475-1478

Graninger M., Nidetzky B., Heinrichs D. E., Whitfield C. and
Messner P. (1999) Characterization of dTDP-4-dehydrorham-
nose 3,5-epimerase and dTDP-4-dehydrorhamnose reductase,
required for dTDP-L-rhamnose biosynthesis in Salmonella
enterica serovar Typhimurium LT2. J. Biol. Chem. 274:
25069-25077

Wahl H. P. and Grisebach H. (1979) Biosynthesis of strepto-
mycin. dTDP-dihydrostreptose synthase from Streptomyces
griseus and dTDP-4-keto-L-rhamnose 3,5-epimerase from S.
griseus and Escherichia coli Y10. Biochim. Biophys. Acta.
568: 243-252

SternR.J, Lee T. Y., Lee T. J., Yan W., Scherman M. S., Vissa
V. D. et al. (1999) Conversion of dTDP-4-keto-6-deoxyglu-
cose to free dTDP-4-keto-rhamnose by the rmIC gene prod-
ucts of Escherichia coli and Mycobacterium tuberculosis.
Microbiology 145: 663—-671

Christendat D., Saridakis V., Dharamsi A., Bochkarev A., Pai
E. F, Arrowsmith C. H. et al. (2000) Crystal structure of
dTDP-4-keto-6-deoxy-D-hexulose 3,5-epimerase from Me-
thanobacterium thermoautotrophicum complexed with dTDP.
J. Biol. Chem. 275: 24608-24612

Zhang L., Radziejewska-Lebrecht J., Krajewska-Pietrasik D.,
Toivanen P. and Skurnik M. (1997) Molecular and chemical
characterization of the lipopolysaccharide O-antigen and its
role in the virulence of Yersinia enterocolitica serotype O:8.
Mol. Microbiol. 23: 63-76

Bonin C. P, Potter 1., Vanzin G. F. and Reiter W. D. (1997) The
MURLI gene of Arabidopsis thaliana encodes an isoform of
GDP-D-mannose-4,6-dehydratase, catalyzing the first step in
the de novo synthesis of GDP-L-fucose. Proc. Natl. Acad. Sci.
USA. 94: 2085-2090

Mergaert P., Van Montagu M. and Holsters M. (1997) The
nodulation gene nolK of Azorhizobium caulinodans is in-
volved in the formation of GDP-fucose from GDP-mannose.
FEBS Lett. 409: 312-316

Etzioni A., Frydman M., Pollack S., Avidor 1., Phillips M. L.,
Paulson J. C. et al. (1992) Brief report: recurrent severe infec-
tions caused by a novel leukocyte adhesion deficiency. N.
Engl. J. Med. 327: 1789-1792

Sturla L., Etzioni A., Bisso A., Zanardi D., De Flora G.,
Silengo L. et al. (1998) Defective intracellular activity
of GDP-D-mannose-4,6-dehydratase in leukocyte adhe-

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

Epimerases

sion deficiency type II syndrome. FEBS Lett. 429: 274—
278

Flowers H. M. (1981) Chemistry and biochemistry of D- and
L-fucose. In: Advances in Carbohydrate Chemistry and Bio-
chemistry, vol. 39, pp. 276—645, Stewart-Tipson R. and Hor-
ton D. (eds), Academic Press, New York

Tonetti M., Sturla L., Bisso A., Zanardi D., Benatti U. and De
Flora A. (1998) The metabolism of 6-deoxyhexoses in bacter-
ial and animal cells. Biochimie 80: 923-931

Chang S., Duerr B. and Serif G. (1988) An epimerase-reduc-
tase in L-fucose synthesis. J. Biol. Chem. 263: 16931697
Sullivan F. X., Kumar R., Kriz R., Stahl M., Xu G. Y., Rouse
J. et al. (1998) Molecular cloning of human GDP-mannose
4,6-dehydratase and reconstitution of GDP-fucose biosynthe-
sis in vitro. J. Biol .Chem. 273: 81938202

Tonetti M., Sturla L., Bisso A., Benatti U. and De Flora A.
(1996) Synthesis of GDP-L-fucose by the human FX protein.
J. Biol. Chem. 271: 2727427279

Ginsburg V. (1961) Studies on the biosynthesis of guanosine
diphosphate L-fucose. J. Biol. Chem. 236: 2389—-2393
Menon S., Stahl M., Kumar R., Xu G. Y. and Sullivan F.
(1999) Stereochemical course and steady state mechanism of
the reaction catalyzed by the GDP-fucose synthetase from
Escherichia coli. J. Biol. Chem. 274: 26743 -26750

Somers W. S., Stahl M. L. and Sullivan F. X. (1998) GDP-fu-
cose synthetase from Escherichia coli: structure of a unique
member of the short-chain dehydrogenase/reductase family
that catalyzes two distinct reactions at the same active site.
Structure 6: 1601-1612

McDonough M. W. and Wood W. A. (1961) The mechanism of
pentose phosphate epimerization studied with T,0 and H,0'%.
J. Biol. Chem. 236: 1220—1224

Davis L., Lee N. and Glaser L. (1972) On the mechanism of
the pentose phosphate epimerases. J. Biol. Chem. 247: 5862—
5866

Kopp J., Kopriva S., Suss K. H. and Schulz G. E. (1999) Struc-
ture and mechanism of the amphibolic enzyme D-ribulose-5-
phosphate 3-epimerase from potato chloroplasts. J. Mol. Biol.
287: 761771

Wilmanns M., Hyde C. C., Davies D. R., Kirschner K. and
Jansonius J. N. (1991) Structural conservation in parallel
beta/alpha-barrel enzymes that catalyze three sequential reac-
tions in the pathway of tryptophan biosynthesis. Biochemistry
30: 9161-9169

Chen'Y. R., Larimer F. W., Serpersu E. H. and Hartman F. C.
(1999) Identification of a catalytic aspartyl residue of D-ribu-
lose 5-phosphate 3-epimerase by site-directed mutagenesis. J.
Biol. Chem. 274: 21322136

Tanner M. E., Gallo K. A. and Knowles J. R. (1993) Isotope ef-
fects and the identification of catalytic residues in the reaction
catalyzed by glutamate racemase. Biochemistry 32: 39984006
Gerlt J. A. and Gassman P. G. (1993) Understanding the rates of
certain enzyme-catalyzed reactions: proton abstraction from
carbon acids, acyl-transfer reactions and displacement reactions
of phosphodiesters. Biochemistry 32: 11943— 11952

Morona J. K., Morona R. and Paton J. C. (1997) Characteriza-
tion of the locus encoding the Streptococcus pneumoniae type
19F capsular polysaccharide biosynthetic pathway. Mol. Mi-
crobiol. 23: 751-763

Lee C. J., Banks S. D. and Li J. P. (1991) Virulence, immunity
and vaccine related to Streptococcus pneumoniae. Crit. Rev.
Microbiol. 18: 89114

Yokoyama K., Mizuguchi H., Araki Y., Kaya S. and Ito E.
(1989) Biosynthesis of linkage units for teichoic acids in
gram-positive bacteria: distribution of related enzymes and
their specificities for UDP-sugars and lipid-linked intermedi-
ates. J. Bacteriol. 171: 940-946

Sala R. F.,, Morgan P. M. and Tanner M. E. (1996) Enzymatic
formation and release of a stable glycal intermediate: the



CMLS, Cell. Mol. Life Sci.

82

83

84

85

86

87

88

89

90

91

Vol. 58,2001

mechanism of the reaction catalyzed by UDP-N-acetylglu-
cosamine 2-epimerase. J. Am. Chem. Soc. 118: 3033-3034
Morgan P. M., Sala R. F. and Tanner M. E. (1997) Eliminations
in the reactions catalyzed by UDP-N-Acetylglucosamine 2-
Epimerase. J. Am. Chem. Soc. 119: 10269—-10277

Campbell R. E., Mosimann S. C., Tanner M. E. and Strynadka
N. C. (2000) The structure of UDP-N-acetylglucosamine 2-
epimerase reveals homology to phosphoglycosyl transferases.
Biochemistry 39: 14993—15001

Bond C. S., White M. F. and Hunter W. N. (2001) High-re-
solution structure of the phosphohistidine-activated form of
Escherichia coli cofactor-dependent phosphoglycerate mu-
tase. J. Biol. Chem. 276: 3247-3253

Itoh T., Mikami B., Maru 1., Ohta Y., Hashimoto W. and Mu-
rata K. (2000) Crystal Structure of N-acyl-pD-glucosamine 2-
epimerase from porcine kidney at 2.0 A resolution. J. Mol.
Biol. 303: 733-744

Schauer R. (1982) Chemistry, metabolism and biological
functions of sialic acids. Adv. Carbohydr. Chem. Biochem.
40: 131-234

Aleshin A., Golubev A., Firsov L. M. and Honzatko R. B.
(1992) Crystal structure of glucoamylase from Aspergillus
awamori var. X100 to 2.2-A resolution. J. Biol. Chem. 267:
19291-19298

Alzari P. M., Souchon H. and Dominguez R. (1996) The crys-
tal structure of endoglucanase CelA, a family 8 glycosyl hy-
drolase from Clostridium thermocellum. Structure 4: 265—
275

Sakon J., Irwin D., Wilson D. B. and Karplus P. A. (1997)
Structure and mechanism of endo/exocellulase E4 from Ther-
momonospora fusca. Nat. Struct. Biol. 4: 810—818

Yoon H. J., Mikami B., Hashimoto W. and Murata K. (1999)
Crystal structure of alginate Lyase A 1-11I from Sphingomonas
species Al at 1.78 A resolution. J. Mol. Biol. 290: 505514
Lin E. C. C. (1996) Dissimilatory pathways for sugars, poly-
ols and carbohydrates. In: Escherichia coli and Salmonella,
pp- 307—-342, Neidhardt F. C., Curtis R. 1., Ingraham J. L., Lin
E. E. C., Low K. B., Magasanik B. et al. (eds), American So-
ciety for Microbiology, Washington, DC

92

93

94

95

96

97

98

99

100

101

102

Review Article 1665

Deupree J. D. and Wood W. A. (1972) L-Ribulose 5-phosphate
4-epimerase from Aerobacter aerogenes. Evidence for a role
of divalent metal ions in the epimerization reaction. J. Biol.
Chem. 247: 3093-3097

Deupree J. and Wood W. A. (1975) L-ribulose-5-phosphate 4-
epimerase from Aerobacter aerogenes. Methods Enzymol.
41: 412-419

Salo W. L., Fossitt D. D., Bevill R. D., Kirkwood S. and Wood
W. (1972) L-ribulose 5-phosphate 4-epimerase from Aerobac-
ter aerogenes. Kinetic isotope effect with tritiated substrate. J.
Biol. Chem. 247: 3098—-3100

Lee L. V,, Vu M. V. and Cleland W. W. (2000) 13C and deu-
terium isotope effects suggest an aldol cleavage mechanism
for L-ribulose-5-phosphate 4-epimerase. Biochemistry 39:
4808-4820

Fessner W. D., Schneider A., Held H., Sinerius G., Walter C.,
Hixon M. et al. (1996) The mechanism of class II, metal-de-
pendent aldolases. Angew. Chem., Int. Ed. Engl. 35: 2219—
2221

Dreyer M. K. and Schulz G. E. (1996) Catalytic mechanism of
the metal-dependent fuculose aldolase from Escherichia coli
as derived from the structure. J. Mol. Biol. 259: 458466
Dreyer M. K. and Schulz G. E. (1996) Refined high-resolu-
tion structure of the metal-ion dependent L-fuculose-1-phos-
phate aldolase (class II) from Escherichia coli. Acta Crystal-
logr. D Biol. Crystallogr. 52: 1082—1091

Johnson A. E. and Tanner M. E. (1998) Epimerization via car-
bon-carbon bond cleavage. L-ribulose-5-phosphate 4-epime-
rase as a masked class Il aldolase. Biochemistry 37: 5746—5754
Hucho F. and Wallenfels K. (1971) The enzymatically cat-
alyzed mutarotaton. The mechanism of action of mutarotase
(aldose 1-epimerase) from Escherichia coli. Eur. J. Biochem.
23: 489-496

Bouffard G. G., Rudd K. E. and Adhya S. L. (1994) De-
pendence of lactose metabolism upon mutarotase encoded in
the gal operon in Escherichia coli. J. Mol. Biol. 244: 269—-278
Beebe J. A. and Frey P. A. (1998) Galactose mutarotase: pu-
rification, characterization and investigations of two impor-
tant histidine residues. Biochemistry 37: 14989—14997

To access this journal online:
http://www.birkhauser.ch




