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. Introduction

Carbohydrates form the most abundant group of
natural products and are found in all classes of living
organisms.'~® They serve as a direct link between the
energy of the sun and the metabolic energy that is
required to sustain life. In organisms capable of
photosynthesis, solar energy is harvested to drive
reactions in which glucose is synthesized from carbon
dioxide and water. The energy stored in this “carbon
fixation” process then gradually moves upward into
the food chain. The living organisms that partake the
products of photosynthesis obtain useful energy by
oxidizing the carbohydrates back into carbon dioxide
and water through the processes of glycolysis and
respiration. The carbohydrates that are most fre-
quently used as metabolic vehicles are glucose,
fructose, sucrose, lactose, and starch.

In addition to their pivotal role in metabolism,
carbohydrates also play an important structural role
in many organisms. Some examples of the latter type
include cellulose, chitin, lipopolysaccharide, and the
bacterial murein, all of which are derived from
repeating sugar units which may have additional
cross-linking components for rigidity. Furthermore,
many bioactive secondary metabolites such as car-
dioglycosides, macrolide antibiotics, and aminogly-
coside antibiotics rely on these sugar components for
solubility and activity. In addition, carbohydrates are
used as convenient precursors for the biosynthesis
of other important building blocks such as aromatic
amino acids. Carbohydrates also have many applica-
tions in industrial processes. For example, the food
industry uses sucrose as a sweetening agent, a
preservative, and a raw material for fermentation.
Starch is used as a raw material for the manufacture
of many goods. Cotton is still one of the most popular
fabrics and an important raw material for the textile
industry. Paper and other derivatives of cellulose are
important for the manufacture of packaging materi-
als and plastics.
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More recently, carbohydrates have been the focus
of growing attention among biological molecules due
to an increased recognition of their vital roles in
many physiological processes.® The diversity of struc-
tures that is made possible by carbohydrate building
blocks is greater than that of oligonucleotides or
oligopeptides.’® As an example, the number of all
linear and branched isomers of a hexasaccharide is
calculated to be over 1 x 10%. Even a simple
disaccharide composed of two glucose units can be
represented by 11 different structures. In addition,
nature has further enhanced the structural varia-
tions in carbohydrates by creating modified/unusual
sugars such as deoxysugars, aminosugars, and
branched-chain sugars.'’ Such modifications can
greatly influence the hydrophobicity and the overall
topology of the glycosylated macromolecules.

Both normal and unusual sugars play important
roles in cellular adhesion and cell—cell recognition,
fertilization, protein folding, neurobiology, xenotrans-
plantation, and target recognition in the immune
response. For example, glycosylation is a major
posttranslational modification of membrane and se-
creted proteins in eukaryotic cells. Alterations in the
structures of glycans are associated with a variety
of diseases, including metastatic cancer.* Similarly,
glycosphingolipids, which contain oligosaccharides,
are present in the plasma membrane, Golgi bodies,
endosomes, and neuronal and synaptic mem-
branes.'?>* Changes in the cell-surface expression
profile of these compounds are associated with proc-
esses such as development, differentiation, organ
regeneration, and oncogenic transformation. Another
example of the biological importance of carbohydrates
is the posttranslational attachment of glycosylated
phosphatidylinositol (GPI) anchors to a wide variety
of proteins found on the exterior surface of the
eukaryotic plasma membrane. GPI anchors have also
been implicated as a sorting and targeting signal that
marks the modified proteins for transport to the cell
surface. There is evidence for the involvement of GPI
anchors in the activation of tyrosine kinases of the
Src-kinase family. These molecules may also serve
as second messengers as well. Therefore, it is clear
that carbohydrates are not only critical for the
storage and production of energy, but also intricately
involved in many recognition and signaling events.
Given their biological significance, it is not surprising
that a large number of enzymes participate in the
metabolism of carbohydrates.

In this review, we have attempted to highlight the
reaction mechanisms of enzymes that are involved
in the biosynthesis and/or transformations of monosac-
charides, most of which are derived from common
sugars. Alterations in the structure and properties
of common sugars can be achieved by a variety of
conversions. For example, C—0 bond-cleavage reac-
tions result in the formation of a wide range of mono-,
di-, tri-, and even tetradeoxygenated sugars. Many
intermediates in the deoxysugar biosynthetic path-
ways are also substrates of enzymes that catalyze
C—N bond-formation reactions to generate amino-
sugars, C—C bond-formation reactions to produce
branched-chain sugars, and epimerization reactions
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to afford sugars with stereoinverted centers. Repre-
sentatives of enzyme catalyzing the above reactions
along with those involved in C—0O bond formation,
carbonyl (1,2) rearrangements, and the formation/
rearrangement of sugar skeletons will be discussed
in this review. Some of these enzymes such as CDP—
6-deoxy-L-threo-p-glycero-4-hexulose 3-dehydrase (E,),
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MurA, and UDP—galactose 4-epimerase have been
extensively studied, whereas investigations on the
mechanism of others, such as UDP—glucosamine
2-epimerase and YerE, have only recently been
initiated. Nevertheless, the common theme that
unites these enzymes is their novelty and/or signifi-
cance, whether from biochemical, mechanistic, phar-
maceutical, or industrial perspectives.

Needless to say, many omissions have had to be
made in order to keep this review within manageable
dimensions. For example, enzymes involved in the
attachment or removal of glycosyl units, such as
glycosyltransferases'® and glycosidases,'®?1¢ are not
included nor are the better known enzymes such as
the ribonucleotide reductases!” and aldolases.’® In
addition, many enzymes whose biochemical and
mechanistic information is still limited are also
excluded, such as the ADP—ribosyl transferases.'®

As demonstrated by the examples described in this
review, biochemical studies of enzymes involved in
carbohydrate metabolism have aided in establishing
their reaction mechanisms, many of which are novel
and complicated. Such knowledge has facilitated the
design of specific agents that can be used to control
and/or mimic the action of these enzymes. Moreover,
understanding of the biosynthetic pathways of un-
usual sugars in microorganisms has allowed the
genetic manipulation of the corresponding biosyn-
thetic machinery to produce rationally designed
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“unnatural glycoconjugates”.®?%21 It is believed that
this combinatorial biosynthetic approach offers the
promise for the development of new chemical entities
that will ultimately serve in the battle against the
many old and new threats to human health.

ll. C—0O Bond-Cleavage Reactions

Since carbohydrates possess a carbon skeleton that
is decorated with hydroxyl groups, a variety of
mechanisms have evolved for the deoxygenation of
these molecules to generate modified sugar struc-
tures. The deoxysugars resulting from such reactions
do not directly participate in the common energy-
producing pathways of the cell. In fact, they are
harnessed for their ability to mediate highly specific
recognition events and to impart structural stability.
The best known example of a C—0O bond-cleavage
reaction is the formation of 2-deoxyribose from ri-
bose."?2 The stability of DNA as compared to RNA
led nature to choose DNA as the carrier of the genetic
code. However, there are numerous other structures
where the presence of deoxysugars is also important.
For example, these sugars are found as components
of many glycoproteins, glycolipids, and a great variety
of secondary metabolites. In each case, the presence
of these sugars is crucial for recognition, binding, and/
or activity.1%23

Several elaborate enzymatic mechanisms have
been discovered in the study of the C—O bond-
cleavage reactions of carbohydrates.®?4726 In this
section, we will discuss these reactions as they apply
to hexoses. Interestingly, deoxygenation at the C-2
or C-6 position of a hexose substrate proceeds through
an anion-induced dehydration mechanism, whereas
the removal of the hydroxyl group at C-3 in the
formation of 3-deoxyhexoses requires the participa-
tion of coenzyme Bg and involves the formation of
radical intermediates. However, in each case, a
4-hexulose acts as the precursor.

A. Biosynthetic Pathways for Deoxyhexose
Formation in Yersinia pseudotuberculosis

The 3,6-dideoxysugars are found almost exclusively
in the lipopolysaccharide (LPS) of Gram-negative
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bacteria.?” These sugars are well-known antigenic
determinants that contribute to the serological speci-
ficity of many immunonologically active polysaccha-
rides. Therefore, they play an important role in the
expression of the pathogenicity and virulence of
bacteria. Among the biosynthesis of the seven known
3,6-dideoxyhexoses, abequose (1), ascarylose (2), coli-
tose (3), paratose (4), tyvelose (5), and yersiniose A
and B (6 and 7), the formation of ascarylose by
Yersinia pseudotuberculosis is the most thoroughly
studied.®'124726 As an introduction, the pathway for
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the formation of CDP—ascarylose (15) in Yersinia
pseudotuberculosis?® will be briefly described. This
will not only serve as a primer for the in-depth
mechanistic discussions of the enzymes involved in
the C—O bond-cleavage reactions, but will also be
relevant for enzymes catalyzing the formation of
C—N and C—C bonds that are discussed in the
subsequent parts of this review.

As shown in Scheme 1, the first step of the
biosynthesis of CDP—L-ascarylose (15) is the genera-
tion of CDP—b-glucose (9) by the coupling of o-p-
glucose-1-phosphate (8) and cytidine triphosphate
(CTP), which is catalyzed by a-p-glucose-1-phosphate
cytidylyltransferase (E;).?° The second step features
the first C—O bond-cleavage event via an intramo-
lecular oxidation—reduction reaction that is catalyzed
by CDP—b-glucose 4,6-dehydratase (E,q), which is the
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first enzyme that will be discussed in this section.
This transformation is followed by the removal of the
C-3 hydroxyl of 10 to generate 13 through the
combined actions of two enzymes, CDP—6-deoxy-L-
threo-p-glycero-4-hexulose 3-dehydrase (E;) and its
partner, CDP—6-deoxy-L-threo-p-glycero-4-hexulose
3-dehydrase reductase or E; reductase (Es), which
will be discussed in the second part of this section.
Compound 13 acts as a substrate for CDP—3,6-
dideoxy-p-glycero-p-glycero-4-hexulose 5-epimerase
(Eep),3® which inverts its C-5 configuration. The final
stereospecific reduction of the 4-keto group of the
product 14 by CDP—3,6-dideoxy-b-glycero-L-glycero-
4-hexulose 4-reductase (Eeq)® concludes the overall
pathway to give CDP—L-ascarylose (15). Since inter-
mediates from this pathway are also involved in the
biosynthesis of many unusual sugars such as other
deoxysugars, aminosugars, and branched-chain sug-
ars (see sections 111.A.2, 111.C, and 1V.D), this path-
way serves as the prototype for the formation of a
wide variety of such sugars.

B. Eoq: C-O Bond Cleavage at the C-6 Position

Most naturally occurring deoxyhexoses are deoxy-
genated at the C-6 position.” In fact, except in the
case of some cardiac glycosides, monodeoxygenation
of a hexose at positions other than C-6 is rare. It has
been demonstrated that C-6 deoxygenation is the first
committed step in almost all deoxyhexose biosyn-
thetic pathways leading to the formation of di-, tri-,
and tetradeoxysugars. An NAD"-dependent nucleo-
tidyldiphosphohexose (NDP—hexose) oxidoreductase
(Eoq) has been shown to catalyze this irreversible
intramolecular oxidation—reduction.®1-3® Through
the action of this enzyme, NDP—hexoses such as 16
are converted to the corresponding NDP—4-keto-6-
deoxyhexoses (19, Scheme 2), which serve as the
precursor for the biosynthesis of most deoxysugars,
aminosugars, and branched-chain sugars.??4-26

Scheme 2
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other unusual sugars

1. Biochemical Properties of Eqq

NDP—glucose 4,6-dehydratase (Eoq) has been puri-
fied from a number of bacterial, plant, and mam-
malian sources with varying specificity for the nu-
cleotide unit as well as the hexose.®® The enzyme
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TDP—b-glucose 4,6-dehydratase isolated from E. coli
is the best-studied member of its family.3"%® This
dehydratase is a homodimeric protein with a molec-
ular mass of 40 kDa per monomer. Each pair of
subunits of this enzyme contains one molecule of the
cofactor NAD™,3 which is released from its binding
site when the dissociation of the subunits is induced
by the sulfhydryl-directed reagent HMB (p-hy-
droxymercuribenzoate).*® Therefore, it has been sug-
gested that the cofactor NAD™ may play a role in
subunit-association and regulation of the enzyme
activity.

2. Catalytic Mechanism of Eqq

The catalytic pathway of E.q has been established
on the basis of the pioneering work of Glaser, Gabriel,
and others.3173% The incubation of the enzyme with
substrate that was isotopically labeled at C-4 pro-
duced TDP—4-keto-6-deoxyglucose with the exclusive
retention of the isotope label at C-6.4242 On the
contrary, incubation of the substrate with enzyme
reconstituted with [4-*H]NAD™" did not produce 3H-
labeled TDP—4-keto-6-deoxyglucose.*®* These data
clearly indicated that the hydrogen transfer from C-4
of substrate (16) to C-6 of product (19) is intramo-
lecular in nature. Substantial kinetic isotope effects
were also observed when TDP—[4-?H]glucose was
used in the incubation, indicating that the transfer
of hydride from the substrate to the cofactor or its
rebound to intermediate 18 may be rate-limiting.3?
The proton at C-5 of the substrate is exchangeable
with solvent. In fact, enzymatic reaction carried out
in 3H,0 or 2H,0 led to the formation of products with
isotope incorporation at C-5.444 On the basis of these
observations, a mechanism composed of three dis-
crete steps has been proposed for the Eyq catalysis,313°
which is depicted in Scheme 2: substrate TDP—D-
glucose (16) is first oxidized to TDP—4-ketoglucose
(17) with a concomitant formation of NADH; subse-
guent elimination of water across C-5 and C-6,
possibly facilitated by an active-site general base,
leads to the formation of a 4-keto-A%8-glucoseen
intermediate 18; a reduction using the hydride from
NADH produces TDP—4-keto-6-deoxyglucose (19).

It is worth mentioning that the formation of NADH
results in a conformational change in the enzyme
which may impart it a higher affinity for the sugar
nucleotide and prevent premature release of the
reaction intermediate.*®43 Indeed, incubation of a
mixture of TDP—glucose and TDP—[U-2H-]-glucose
gave rise to only nonlabeled and perdeuterated TDP—
4-keto-6-deoxyglucose, excluding the likelihood of
multisite hydrogen relay pathways or the possible
liberation of reaction intermediates from the active
site of the enzyme.*!

As illustrated in Scheme 2, the enzyme-bound
cofactor NAD™ plays an important role in the tran-
sient oxidation of substrate. This cofactor accepts a
hydride from C-4 of substrate 16 and later passes this
reducing equivalent to C-6 of intermediate 18. Con-
sequently, NAD™ is regenerated at the end of each
catalytic cycle. Clearly, this enzyme is distinct from
other nicotinamide-dependent enzymes that utilize
NAD(P)* merely as a cosubstrate. In fact, E,q belongs
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to a select group of enzymes which use the pyridine
nucleotides as de facto catalytic prosthetic groups.3®

3. Stereochemical Studies on the Catalysis of Eqq

The stereochemical course of the Eq4 catalysis has
been studied in detail. As illustrated in Scheme 3,
Wang and Gabriel were able to show that the hydride
transfer in the catalytic mechanism of the enzyme
from E. coli occurs from the “si face” with respect to
the nicotinamide ring by using TDP—[4-*H]-6-deoxy-
D-glucose (20) as the substrate under single turnover
conditions.*®> The stereospecificity of a related en-
zyme, CDP—b-glucose 4,6-dehydratase from Yersinia
pseudotuberculosis, has also been studied, albeit by
an alternative approach.*¢ It has been found that
besides catalyzing its normal reaction, this cytidine-
specific enzyme can convert its product CDP—4-keto-
6-deoxyglucose (10) into CDP—6-deoxyglucose (21)
using a reducing equivalent derived from NADH.
Incubation of the enzyme with 10 in the presence of
deuterium-labeled NADH revealed that the hydrogen
being transferred to the 4-keto group of 10 derives
from the pro-S hydrogen of NADH.46

Interestingly, there are other NAD(P)*-dependent
enzymes whose mechanisms involve the regeneration
of the cofactor at the end of each catalytic cycle, such
as UDP—b-galactose 4-epimerase and L-myo-inositol-
1-phosphate synthase.®® A comparison of the catalytic
features of these enzymes reveals that they are
similar to Eqy with respect to the binding orientation
of the substrate/coenzyme since they display the
same stereochemical preference for hydride transfer
as Eqq.4"*8 Thus, in all of these cases, the substrate
appears to bind near the si face of the nicotinamide
ring and the hydrogen from substrate transiently
resides at the pro-S position of the cofactor in these
enzymes. It has been speculated that they may have
evolved from a single ancestor in a divergent fashion
with the preservation of the parent catalytic core.*®

The stereochemical investigations of other steps in
the E.q reaction were performed by chiral methyl
analysis studies.**~52 Stereospecifically labeled (6S)-
and (6R)-CDP—[4-?H,6-3H]-D-glucose were synthe-
sized and incubated with the Y. pseudotuberculosis

Scheme 3
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enzyme.552 With the assumption that the nicotin-
amide cofactor in Eo,g mediates a suprafacial hydride
transfer from C-4 to C-6 of the sugar skeleton, it was
determined that the elimination of water from C5/
C6 of 17 is a syn process. In addition, the reduction
of the 4-keto-A>S-glucoseen intermediate 18 was
established to proceed via an anti addition of a
hydride and a proton across the double bond. Overall,
the hydroxyl group of the substrate at C-6 is dis-
placed by a hydride derived from C-4 with a net
inversion of configuration. A similar stereochemical
course was also established for TDP—b-glucose 4,6-
dehydratase as well as for GDP-b-mannose 4,6-
dehydratase.

4. Cofactor Binding Studies on Eqq

More detailed characterization of E,q has been
performed on the Y. pseudotuberculosis enzyme,
which has been overproduced in E. coli.?® When this
enzyme was purified from Y. pseudotuberculosis, it
contained only 1 equiv of NAD" per dimer and
required exogenous NAD™ to be fully active.5253 Such
a half-site saturation stoichiometry between co-
factor and the functional enzyme has raised concerns
about the affinity of E.q for its cofactor.3® Sequence
alignment of E.y with other ADP-binding proteins
revealed the presence of an extended binding fold
(**GHTGFK?°G) instead of the commonly found motif
GXGXXG, known as the Rossman consensus.> The
presence of His17 in the g-turn region and Lys21 in
a position typically occupied by a small hydrophobic
residue may potentially introduce steric and elec-
tronic interactions unfavorable to enzyme—cofactor
interactions. To test this hypothesis, mutant enzymes
with an ADP-interacting region that bears a greater
resemblance to the Rossman fold have been con-
structed.3® With the elimination of adverse interfer-
ence, all of the mutants exhibited improved affinity
for NAD*, which supports the hypothesis that the
affinity of E.q for its cofactor NAD™ is correlated to
its primary sequence. However, enhanced cofactor
binding ability does not alleviate the dependence of
these mutant proteins on the addition of exogenous
NAD™ for full activity. Thus, the apparently low
NAD™ content of E,q may not be solely attributed to
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its weak cofactor affinity as previously surmised. In
fact, by titrating E,q against NAD™, it has been
determined that the enzyme contains two cofactor
binding sites per dimer, which display a large anti-
cooperativity (K; = 40 nM, K, = 540 nM). In addition,
a closer examination of the purified enzyme revealed
the presence of tightly bound reduced cofactor NADH
(Ky = 0.21 nM, K; = 7.46 nM). It is likely that the
active sites of Eoy are occupied by nicotinamide
cofactor in either form and the enzyme becomes fully
active only when all its active sites are reconstituted
by NAD*.36 Similar results have also been observed
for UDP—galactose 4-epimerase, which will be dis-
cussed in section IV.A of this review.

5. CDP-6-Deoxy-6,6-difluoro-a-p-glucose—A
Mechanism-Based Inhibitor

The C-4 oxidation is a significant event in the
catalytic mechanism of E.q. The resulting electron-
withdrawing 4-keto group not only increases the
acidity of the proton at C-5 to facilitate the subse-
quent C5/C6 dehydration, but also serves as an
activating group for the downstream reactions in the
biosynthetic pathway. Therefore, a thorough under-
standing of this E.4-catalyzed reaction is indispen-
sable for designing methods to control and/or regulate
deoxysugar biosynthesis. To this end, a substrate
analogue of E,q, CDP—6-deoxy-6,6-difluoro-a-p-glu-
cose (22), was synthesized and incubated with the
enzyme. It was determined that this compound is a
mechanism-based inactivator for Eqq (K, = 0.94 mM
and Kinaet = 2.4 x 1072 min~1).55 ESI-MS analysis
suggested that the enzyme inactivation is the result
of the covalent trapping of an active-site nucleophile
by the 4-keto-A%8-glucoseen intermediate 23 which
was formed when 22 was processed by E.q (Scheme

4). The fact that a small amount of the hydration
product 24 was collected and characterized lent
further credence to the proposed mechanism of
inactivation. Since the X-ray crystal structure of Eqyqy
is not yet available, further study of the modified
protein will provide valuable information about the
residues associated with the active site of the enzyme.

C. E1/E;: C—0 Bond Cleavage at the C-3 Position

The most intriguing step in the biosynthesis of
ascarylose (2) is the C-3 deoxygenation of the Eyqy
product, CDP—6-deoxy-L-threo-p-glycero-4-hexulose
(10), to form CDP—3,6-dideoxy-p-glycero-p-glycero-4-
hexulose (13). This C—O bond-cleavage event in-
volves a complicated mechanism catalyzed by two
enzymes: CDP—6-deoxy-L-threo-p-glycero-4-hexulose
3-dehydratase (E;) and its reductase (Es) (Scheme
1).911.24-26 The enzymatic system that catalyzes this
complex transformation, including the basic proper-
ties of the enzymes involved, cofactor requirements,
and the sequence of events in the reaction process
was first established through the pioneering research
of Strominger and co-workers.6-58 The genes encod-
ing E; and E; were later identified and subcloned by
the efforts of Liu and co-workers.?®5° Extensive
mechanistic studies on the recombinant proteins
available from heterologous expression of the corre-
sponding genes in E. coli have helped unlock the
mysteries of this intriguing C—O bond-cleavage reac-
tion.

1. Biochemical Properties of CDP—6-Deoxy-L-threo-p-
glycero-4-hexulose 3-Dehydrase (E;) and CDP—6-
Deoxy-L-threo-p-glycero-4-hexulose 3-Dehydrase
Reductase (Es)

E, is a dark red-brown protein that exists as a
homodimer in its native state with a subunit molec-
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ular mass of approximately 49 kDa.5:60 When the
wild-type enzyme was originally purified from Yers-
inia pseudotuberculosis, it was only pale yellow in
color. One of the chromophores in this enzyme was
subsequently identified as pyridoxamine 5'-phos-
phate (PMP).%657 It was later found that the fully
reconstituted enzyme contains 1 equiv of PMP per
subunit, as determined by radiometric®® and fluoro-
metric® quantitations. As opposed to other coenzyme
Bs-dependent enzymes in which the pyridoxal 5'-
phosphate (PLP) coenzyme is associated with the
protein through the formation of a Schiff base with
a lysine residue, the PMP cofactor in E; is associated
with the active site only through noncovalent ionic
interactions.®® Initial preparations of E; suffered from
low enzyme activity due to the dissociation of PMP
from the active site. Besides cofactor PMP, analytical
assays of E; also revealed the presence of stoichio-
metric amounts of iron and sulfur.t? Subsequent EPR
analysis confirmed that a [2Fe—2S] cluster is associ-
ated with E; (g = 2.007, 1.950, 1.930).5262 Since E; is
obtained as a mixture of the holo- and apoenzyme
after purification by column chromatography, exog-
enous PMP, Fe?*, and sulfur are usually required to
fully reconstitute its activity.

Es is a monomeric red-brown protein with a mo-
lecular mass of 36 kDa. The purified enzyme contains
1 mol of FAD per mol of enzyme.%* In addition, E;
also harbors a plant-type ferredoxin [2Fe—2S] center,
as revealed by UV—vis and EPR spectrometric analy-
sis and iron and sulfur quantitation.®* on the basis
of sequence homology, Ej is closely related to other
iron—sulfur proteins in the flavodoxin—NADP™ re-
ductase family.%® This enzyme can transfer reducing
equivalents from NADH to many acceptors, including
0O,, FMN, FAD, and 2,6-dichlorophenolindophenol
(DCPIP), with varying degrees of efficacy.> While the
FAD can operate independently of the [2Fe—2S]
cluster in transferring electrons from NADH to
alternative oxidants, the presence of the iron—sulfur
cluster is necessary for the reducing equivalents to
be channeled into the active site of E;.5* The ste-
reospecificity of hydride transfer from NADH has
been determined to be pro-R specific.%® The activity
of E3 can be abolished by sulfhydryl-directed reagents
such as 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB)
and N-ethyl maleimide (NEM).%” The cysteine resi-
dues that are targeted by these reagents are Cys75
and Cys296.5> Subsequent investigations have re-
vealed that these two cysteines may interact with the
[2Fe—2S] cluster and the NADH binding site of Es,
respectively.

Sequence alignments have shown that E; shares
good homology with other coenzyme Bg-dependent
enzymes, with two important distinctions.® First, a
highly conserved lysine that forms a Schiff base with
PLP in most Be-dependent enzymes is missing in Ej.
Instead, a histidine residue is present in its place at
position 220 in E;. Apart from E;, only a few other
sequences are known to have this unique replace-
ment.® In addition, E; also contains a unique iron—
sulfur cluster binding motif. It is believed that the
presence of this histidine residue and the iron—sulfur
cluster in E; represents a different evolutionary path
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undertaken by this enzyme, which ultimately con-
verted E; to a PMP-dependent dehydrase instead of
a normal PLP-dependent transaminase.

2. Role of Pyridoxamine 5'-Phosphate in the Catalytic
Mechanism of E;

E, is able to bind its substrate CDP—4-keto-6-
deoxyglucose (10) only in the presence of the co-
enzyme PMP. The enzyme—substrate complex shows
increased absorbance in the range of 370—410 nm,
indicating the formation of a conjugated imine that
is seen in the catalytic mechanisms of most coenzyme
Be-dependent enzymes.>® As shown in Scheme 5, the
catalytic mechanism has been proposed to be initi-
ated by the formation of a Schiff base between the
amino group of PMP and the C-4 keto group of
substrate 10. Since no release of 3H was detected
from the incubation of CDP—[U-**C-3-3H]-6-deoxy-L-
threo-p-glycero-4-hexulose with the enzyme,%57 a
mechanism involving C-3 deprotonation can be ruled
out. Instead, it is the abstraction of the pro-S 4'-
hydrogen of PMP that triggers the expulsion of the
C-3 hydroxyl leading to the formation of the conju-
gated A3*-glucoseen intermediate 11.7° Through se-
guence alignment with other PMP/PLP-dependent
proteins and site-directed mutagenesis studies, His220
has been identified as the active site base responsible
for the proton abstraction that results in the C-0
bond cleavage at C-3.5 Interestingly, the H220N
mutant of E; is not totally inactive. This may be
attributed to the partial rescue of activity by the
presence of another histidine at position 221, pre-
sumably through a small perturbation in the active
site. As expected, the H220N/H221N double mutant
is no longer catalytically active.

The C—0 bond cleavage at C-3 is a reversible
reaction, as indicated by the incorporation of 12O-label
at C-3 of the recovered substrate when unlabeled
substrate was incubated with E; in the presence of
[*80O]H.0.%° The dehydration and rehydration reac-
tions exist in an equilibrium, which is driven to
completion by the reduction of the A3“-glucoseen
intermediate 11 by electrons originating from Es.
Besides Es/NADH, other reductants such as dithio-
nite, diaphorase, and methane monooxygenase re-
ductase can also be used to reduce the A34-glucoseen
intermediate, albeit with a much lower efficacy.”>"*
A comparison of the substrate and product configura-
tions at C-3 revealed that the hydroxyl group in the
substrate is directly displaced by a hydrogen atom
derived from solvent.” Considering the pro-S specific
abstraction of the C-4' proton on PMP and the net
retention of configuration at C-3 of the deoxygenated
sugar product, the dehydration reaction catalyzed by
E, is probably a suprafacial process that occurs on
the solvent-accessible si face of the PMP—substrate
complex.

3. Roles of FAD and [2Fe—2S] Clusters in the Catalytic
Mechanisms of E; and Ej

As mentioned earlier, the Eq product 10 and the
A3%-glucoseen intermediate 11 exist in an equilibrium
at the active site of E;. A two-electron reduction of
the A34-glucoseen intermediate is necessary to drive
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the equilibrium to completion and regenerate the
PMP coenzyme. It was subsequently determined that
the reducing equivalents are relayed from the Es-
bound NADH to the active site of E; via a chain of
redox-active cofactors, including FAD and the two
iron—sulfur centers.53%.73 The presence of these
iron—sulfur clusters, which are obligatory one-electron-
transfer cofactors, dictates that a radical mechanism
is operative in the E;—Es-catalyzed dehydration.371

As illustrated in Scheme 5, the initial steps in the
catalytic mechanism of E; are based on anionic
chemistry. However, Es, which shares high sequence
homology to the ferredoxin—NADP™* reductase (FNR)
family of reductases, uses the bound flavin coenzyme
as a two-electron/one-electron switch in mediating
the transfer of electrons from NADH to the [2Fe—
2S] centers.®672 As shown in Scheme 5, E; first binds
NADH, resulting in the formation of a charge-
transfer complex between FAD and NADH. This
complex may be stabilized by Cys296, a residue that
was labeled in previous chemical-modification stud-
ies.5567 The first chemical step in the reductive half-

cycle is the transfer of a hydride from NADH to the
isoalloxazine ring of the FAD cofactor in Es, reducing
it to the hydroquinone form. From this point onward,
the chemistry switches from anionic to one-electron
based as the FAD hydroquinone performs two suc-
cessive one-electron relays through the Es-bound
[2Fe—2S] cluster and the E;-bound [2Fe—2S] cluster
to the PMP—glucoseen intermediate in E;.53 As a
result of these electron-transfer reactions, intermedi-
ate 11 is reduced to the Schiff base 12. The hydrolysis
of this Schiff base releases the C-3 deoxygenated
product 13, marking the end of one catalytic cycle.

The iron—sulfur clusters in the E;—E; system act
in a very modular fashion, since their activities can
be separated from other chemical events in the
catalysis. For example, the FAD cofactor in E3 retains
its ability to mediate electron transfer from NADH
to electron acceptors, even if the iron—sulfur center
of the enzyme is depleted.®® Similarly, removal of the
iron—sulfur center of E; does not hamper its ability
to catalyze the PMP-mediated reversible dehydration
of its substrate.®? Whereas E; displays a typical
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sequence motif that is seen in plant-type ferredoxins,
E; and its homologues do not display any of the
common sequence motifs seen in other [2Fe—2S]
proteins. The C—X,—C—X—C—X7;—C motif, which is
conserved in E; and its homologues, may represent
a special coordination motif that is unique for nucleo-
tide—sugar 3-dehydrases. This motif may be impor-
tant for modulating the properties of the iron—sulfur
cluster to allow better redox communication with its
receptor, the PMP—glucoseen intermediate 11.

4. Interactions Between E; and E3 and Redox Properties
of the E;—E3 System

Since the A3*-glucoseen intermediate 11 is an-
chored at the active site of E;, the transfer of
electrons from E; to this intermediate must involve
the formation of an intermolecular complex between
E; and Es. Accordingly, when a mixture of these two
proteins was injected in a FPLC gel-filtration column,
a new peak which corresponds to the protein—protein
complex was observed.3® When E; was titrated against
Es, no sharp inflection points were observed in a plot
of the reaction rate vs amount of E,% which implied
that the interaction between E; and E; is relatively
weak compared to those of other redox pairs such as
adrenodoxin/adrenodoxin reductase. In fact, the af-
finity of the Ej:E; pair has been estimated to be
approximately 288 nM, which is weaker than the low
nanomolar affinities observed in other systems. How-
ever, the formation of an in vivo complex between
E; and E; was clearly substantiated by using a yeast
two-hybrid system™ in which the interaction between
E; and Esz brings together the LexA and VP16
domains, allowing the reconstitution of a functional
transcription complex that activates the expression
of the lacZ reporter gene.3®

Studies on the redox potentials of the electron-
transfer cofactors in E; and E; also revealed the
importance of intramolecular and intermolecular
cofactor communications in this mechanism.”® For
example, the removal of the iron—sulfur cluster from
Es has a significant impact on the redox behavior of
the flavin coenzyme, changing its midpoint potential
from —212 to —227 mV. Interestingly, it was found
that the proposed electron-transfer pathway (Es;—
FAD — E3;—[2Fe—2S] — E;—[2Fe—2S]) may not be
energetically favorable since the midpoint potentials
for these three cofactors were determined to be —212,
—257, and —209 mV, respectively.” It is possible that
an excess amount of NADH may be required to
overcome the thermodynamic barrier against the
transfer of electrons from E;—FAD to E;—[2Fe—2S].
Therefore, the energy gap between these two cofac-
tors may serve a regulatory function, suppressing the
E,/E3 reaction until an excess supply of NADH is
present. The redox titrations also revealed that the
barrier for the electron transfer from E;—FAD to E;—
[2Fe—2S] was considerably reduced at higher pH
values.”™ This was corroborated by kinetic studies on
the reductive half-reaction of E; using stopped-flow
spectroscopy, which revealed that the FADsy/FADpq
couple has a higher reduction potential than the
[2Fe—2S] cluster at pH 7, but this trend is reversed
at pH 10.5 Therefore, it appears that the electron

He et al.

transfer in the Ei/E; system may also be regulated
by pH.

5. Formation of Radical Intermediates During the
Catalysis of E; and E3

As mentioned earlier, iron—sulfur clusters, which
are one-electron carriers, are intimately involved in
the catalytic mechanism of E; and Es. Therefore, it
is expected that transient free radicals are formed
in the catalysis of the E;—Ej; reaction. In fact, two
radicals have been observed by EPR spectroscopy
during turnover.837* Of these, the first radical was
unambiguously identified as the flavin semiquinone
radical. The second radical displayed a featureless
EPR singlet centered at g = 2.003 and was assigned
as a non-flavin organic radical.®® Since the latter
radical was observed only in the presence of sub-
strate, it was more likely to be substrate-based than
enzyme-based. However, because the A3*-glucoseen
part of 11 has at least one hydrogen at each of its
carbons, the apparent lack of hyperfine coupling
associated with the radical signal suggested that the
unpaired electron spin may reside on the PMP part
of the PMP—deoxysugar complex 26.%% The detailed
kinetics, especially those of the early stages of the
E1/Es reaction, were monitored using stopped-flow
spectroscopy.5366 To determine the individual micro-
scopic rate constants, the absorbance data obtained
at different wavelengths using a diode-array spec-
trophotometer was fit to a series of sequential
exponential equations. The spectroscopic data indi-
cated the formation of at least six intermediates in
the catalytic mechanism, as judged by the minimum
number of equations that were needed to obtain a
good fit.5% Rapid freeze—quench EPR studies revealed
that the kinetics of formation and decay of the
transient organic radical corresponded most closely
to those of Intermediate V in the stopped-flow stud-
ies. This intermediate accumulates to its maximum
concentration roughly 150 ms after mixing. The
spectrum of Intermediate V displayed an absorbance
maximum at 456 nm with a shoulder at 425 nm. This
suggested that Intermediate V may exist as a sugar—
PMP quinonoid species typically observed in PLP-
dependent S-elimination reactions.®® The additional
longer wavelength absorption bands may be due to
the flavin semiquinone and the reduced [2Fe—2S]
clusters.

6. Studies on the Localization of the Unpaired Electron
Spin in the E4/E3 Mechanism

The general mechanistic paradigm associated with
PMP/PLP-catalyzed reactions involves the formation
of anionic intermediates. However, many lines of
evidence outlined in the previous section implicated
an unprecedented role for PMP in the radical-based
E./E3 reaction. Therefore, extensive attempts were
made to further characterize the radical intermedi-
ate, especially the localization of the spin density on
the PMP ring. It was first assumed that the organic
radical is a phenoxyl-type radical (26a) with its spin
density primarily residing on the phenolic oxygen
atom of the PMP ring.”* This hypothesis was con-
sistent with the observation of a featureless singlet
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in the EPR spectrum. As depicted in Scheme 5, a
tautomerization mechanism, which involves the re-
arrangement of the PMP-A34-glucoseen intermediate
11 to the PMP—quinoid species 25, was proposed to
account for the formation of the phenoxyl radical.
To test this assumption, 3-deoxy-3-fluoropyridox-
amine-5'-phosphate ([3-F]PMP, 27) was prepared as
a mechanistic probe.” This coenzyme Bg-analogue
should be isosteric and isoelectronic to PMP; how-
ever, it would not be able to undergo the proposed
tautomerization. As expected, the deoxygenation of
the substrate was inhibited when 10 was incubated
with E; reconstituted with [3-F]PMP and Es. Sur-
prisingly, the [3-F]PMP-reconstituted enzyme also
lost its ability to catalyze the reversible formation of
the A34-glucoseen intermediate 11.7° It is likely that
the inhibition of its formation is a reflection of the
inability of [3-F]PMP to act as a competent PMP
analogue rather than of the constraints imposed on
the tautomerization process. Therefore, whether the
tautomerization to form a PMP—quinoid species 25
is part of the mechanism remains as yet unproven.
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To determine the localization of the radical inter-
mediate on the PMP skeleton, several isotopically
labeled PMP-analogues, including [4',5'-?H4]PMP (28)
and [2-C?H3]PMP (29), were synthesized.”® Apo-E;
was reconstituted with these analogues and then
subjected to EPR analysis. When [4',5-?H,]PMP-
reconstituted E; was used, the radical signal was
narrowed by approximately 3 G as compared to that
of the reference spectrum. Such a deuterium-induced
sharpening effect on the EPR signal is indicative of
the replacement of strongly hyperfine-coupled *H by
°H and provides strong evidence for the direct in-
volvement of PMP in harboring the unpaired electron
spin.’®

Pulsed electron nuclear double-resonance (pulsed
ENDOR) spectroscopy was also used to further probe
the structure of this PMP-based radical.”® The Mims
ENDOR spectra of the radical obtained by incubating
the substrate with E; reconstituted with PMP and
its labeled analogues allowed the assignment of
transitions specifically caused by the presence of
deuterium. It was determined that moderately large
°H hyperfine couplings exist between the unpaired
electron spin and each of the two sets of deuterium
labels (4'/5'-°H, and 2-°Hy) residing on at least two
separate positions within the PMP cofactor. These
results clearly established that the unpaired electron
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spin which has been characterized kinetically®® is
indeed localized on the PMP.7¢ Therefore, this study
provides the most conclusive evidence for the forma-
tion of an unprecedented PMP-based radical in the
mechanism of the Ei/Ej reaction. The participation
of PMP in deoxygenation is unique, but the direct
involvement of PMP in the electron-transfer reduc-
tion via a radical mechanism truly places E; in a class
by itself.

D. TyIX3/TyIC1: C-O Bond Cleavage at the C-2
Position

While the mechanisms of C-6 and C-3 deoxygen-
ations of hexose substrates have been studied in great
detail, the corresponding C—0O bond cleavage at the
C-2 position has been explored only recently. It
should be pointed out that the C—O bond cleavage
at the C-2 position of a pentose substrate catalyzed
by ribonucleotide reductase is a very well-studied
deoxygenation reaction. Since the ribose substrate for
ribonucleotide reductase does not possess a conve-
nient activating group, this enzyme has to resort to
a complex mechanism using a protein-based radical
to initiate the reaction.'”??> The C-2 deoxygenation of
hexoses, on the other hand, relies on the presence of
a C-4 keto group in the substrate to promote the
elimination of the C-2 hydroxyl located at its 8
position. A second enzyme that functions as a reduc-
tase is also required to produce the C-2 deoxygenated
product.””7® Since unusual sugars that lack a hy-
droxyl at C-2 are relatively abundant in secondary
metabolites, especially in macrolide and aminogly-
coside antibiotics, studies on this reaction have been
facilitated by the identification of the corresponding
genes from the biosynthetic pathways of granaticin,””
oleandomycin,”” and tylosin,”® all of which contain a
2,6-dideoxyhexose in their structures.

1. Identification and Biochemical Characterization of
Enzymes Involved in C-2 Deoxygenation

The first evidence that shed light on the mecha-
nism of C-2 deoxygenation was obtained recently by
Floss and co-workers in their studies on the forma-
tion of the 2,6-dideoxy-b-hexose moiety in the anti-
biotic granaticin (30) that is produced by Streptomy-
ces violaceoruber T122.59477 As shown in Scheme 6,
using the crude extracts of the transformed E. coli
cells which harbor the plasmids bearing gra orf 27
and gra orf 26 genes, Draeger et al. characterized the
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products of these genes as a dehydratase and a
reductase, respectively. These two enzymes work in
concert to convert TDP—4-keto-6-deoxy-p-glucose (32)
into TDP—4-keto-2,6-dideoxy-p-glucose (34) via the
intermediate = TDP—3,4-diketo-2,6-dideoxyglucose
(33).77

More biochemical studies on this mechanism were
performed by Liu and co-workers in their studies on
the biosynthetic pathway of mycarose, a 2,6-dideoxy
C-3 methyl-branched sugar found in several antibiot-
ics such as tylosin (35)%° and erythromycin.8' The
proteins encoded by the genes tylX3 and tylC1 in the
tyl cluster have been suggested to participate in the
biosynthesis of mycarose.”8! Both tylX3 and tylC1
have been subcloned and overexpressed in Escheri-
chia coli BL21 (DE3).7® The recombinant TylX3 exists
as a homodimer with a subunit molecular mass of
55 kDa, while TyIC1 is a single polypeptide of mass
36 kDa. The UV—vis spectra of these two enzymes,
which are transparent above 300 nm, indicate that
they are devoid of common redox cofactors such as
an iron—sulfur center or a FAD. Instead, the activity
of TylX3 has been found to correlate directly to its
Zn?* content, an indication of this metal ion’s impor-
tant role in the enzyme catalysis.”® Analysis of the
deduced sequence of tylC1 has revealed the presence
of an extended Rossman fold *”’"GVSGAVIG?84).5 In
fact, the activity of TylC1 is dependent on the reduced
form of the nicotinamide cofactor and demonstrates
a preference of NADPH over NADH.

2. Mechanism of C-2 Deoxygenation

When substrate TDP—4-keto-6-deoxy-p-glucose (32)
was treated with TyIX3 alone, compounds TDP and
maltol (38) could be isolated by HPLC and were
structurally identified by 'H NMR.’® Similar out-
comes were also noted in the Gra Orf27-catalyzed
reaction by Draeger et al., who suggested that maltol
comes from the degradation of the expected dehydra-
tion product 33.77 Addition of TylC1 and NADPH to
this incubation mixture resulted in the formation of
TDP—2,6-dideoxy-p-glycero-p-glycero-4-hexulose (39)

Scheme 7
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as the sole product. The stereochemical course of the
TyIX3/TyIC1 catalysis was studied by carrying out
the incubations in buffer prepared with D,0. It was
observed that deuterium is incorporated at the C-2
equatorial position of the product while the hydroxyl
group at C-3 is in the axial orientation in 39 as
determined by 'H NMR.”® These results clearly
established that the reduction catalyzed by TyIC1
must occur at C-3 and the substitution of 2-OH with
a solvent hydrogen must proceed with a retention of
configuration. Recent experiments have shown that
TyIC1 stereospecifically transfers the pro-R C'-4
hydrogen of NADPH. A mechanism for C—0O bond
cleavage at the C-2 position of a 4-ketohexose can be
envisaged on the basis of these data (Scheme 7). The
enzymatic transformation is initiated by a depro-
tonation at C-3, followed by the expulsion of 2-OH
from enolate 36. This process is analogous to the first
half-reaction of the C-6 deoxygenation event for the
generation of a 4-keto-6-deoxyhexulose from a 4-keto
precursor (see section 11.B) and the conversion of
ribulose-5-phosphate into 3,4-dihydroxybutanone-4-
phosphate in the biosynthesis of riboflavin.®?2 The
resulting a,f-unsaturated TDP—2,3-dienol-4-keto-6-
deoxyglucose (37) could undergo an elimination of
TDP and a tautomerization to form the more stable
maltol (38).777® However, in the presence of TylC1/
NADPH, this unstable intermediate can be reduced
to give the desired product, TDP—4-keto-2,6-dideoxy-
hexose (39).78

As mentioned earlier, the catalysis of TylIX3 ap-
pears to rely on the presence of Zn?* ions. This cation
could activate a water molecule, which serves as the
general base responsible for the C-3 deprotonation.
Alternatively, it could polarize the C-4 keto function-
ality of substrate 32 to facilitate the formation of the
enediolate intermediate 36. Finally, this ion could act
like an active-site Lewis acid assisting the departure
of 2-OH. It should be noted that intermediate 37 is
highly unstable. Its ready decomposition to TDP and
maltol 38 in the absence of TyIlCl suggests that
TylX3 and TyIC1 might have to interact closely in
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vivo in order to capture this reactive species ef-
ficiently. However, attempts to detect such an inter-
action using either the yeast two-hybrid system™ or
gel filtration chromatography were not fruitful.

Similar functions have also been assigned to the
orfl0 and orfll encoded enzymes responsible for
synthesis of the L-oleandrose moiety in antibiotics
oleandomycin produced by S. antibioticus T199.”” The
deduced sequences of tylX3, gra orf27, and TU99 orf10
are all highly homologous to other genes that are
believed to participate in the C-2 deoxygenation step
of the 2,6-dideoxyhexoses biosynthesis, such as
eryBVI from the erythromycin pathway,® lanS from
the landomycin pathway,®® orf23 in the vancomycin
pathway,?® snoH in the nogalamycin pathway,?® and
dnmT from the doxorubicin pathway.® It is possible
that these genes may constitute a small family of
Zn?*-dependent dehydratases that are structurally
and mechanistically distinct from enzymes catalyzing
the C-3 deoxygenation in the biosynthesis of CDP—
ascarylose (see section 11.C). Although TyIC1, Gra
Orf26, and Tu99 Orfll are all NADPH-dependent
keto-reductases with the same substrate specificity,
their sequences do not demonstrate any significant
similarity. It is worth mentioning that final products
from the action of TylC1 or Gra Orf26/T099 Orfll,
39 and 34, respectively, are different in their con-
figurations at C-3,7”® which may reflect the struc-
tural variation of the enzyme active sites. While Gra
Orf26 and Tu99 Orfl1l are yet to be classified, TylC1
meets most of the criteria for a long-chain alcohol
dehydrogenase:®” a polypeptide of 329 amino acid
residues, a Rossman-fold near its C-terminus, and
stereoselectivity of the pro-R C'-4 hydrogen of NAD-
PH. It would be interesting to see if TylC1, like other
members of the long-chain dehydrogenase family,
also utilizes Zn?" in its catalytic mechanism.

[ll. C-X Bond-Formation Reactions

The formations of C—N, C—0, and C—C bonds are
the most fundamental reactions in living organisms.
In this part of the review, we will discuss the
mechanisms of several enzymes involved in the
transformations of common hexoses into amino- or
branched-chain sugars.

A. C—-N Bond-Formation Reactions

Aminosugars occur in a wide variety of natural
products such as glycoproteins, glycolipids, and nu-
merous secondary metabolites. The amino groups in
these sugars may be found in the free, methylated,
or acetylated states. The replacement of a hydroxyl
group with an amino group can significantly change
the properties of the parent sugar by influencing
factors such as the hydrogen-bonding capacity, charge,
and overall hydrophobicity of the molecule. Therefore,
it is not surprising that aminosugars have been found
to play important physiological roles in many glyco-
conjugates such as aminoglycoside antibiotics and the
lipopolysaccharide of Gram-negative bacteria. In this
section, two enzymes that catalyze formation of C—N
bonds in carbohydrates are discussed. The first
enzyme, glucosamine-6-phosphate synthase, cata-
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lyzes the C—N bond formation in the biosynthesis of
glucosamine, a common aminosugar distributed widely
in nature. This reaction involves a nucleophilic
addition of the amide-hydrolysis-derived ammonia to
a ketosugar precursor. The second enzyme, TyIB, is
involved in the biosynthesis of mycaminose, an
aminosugar that is found in the macrolide antibiotic
tylosin. TyIB catalyzes the formation of the C—N
bond through a PLP-dependent transamination reac-
tion.

1. Glucosamine-6-phosphate Synthetase: C—N Bond
Formation via Transamidation

Glucosamine-6-phosphate synthetase, also known
as 1-glucosamine p-fructose-6-phosphate amidotrans-
ferase, catalyzes the conversion of bp-fructose-6-
phosphate (40) into p-glucosamine-6-phosphate (41).

~0;PO GIcN-6-P OPO3~
HO 0 synthetase Hoﬁ\
HO OH ———<™ HO
H m HoN gy

glutamine glutamate
40 41

The nitrogen source in this C—N bond-formation
reaction is ammonia, which is derived from the
cosubstrate L-glutamine (42). The product p-glu-
cosamine-6-phosphate (41) is further transformed by
downstream enzymes into UDP—N-acetylglucosamine,
which is the central structural entity of many im-
portant biopolymers, such as peptidoglycan and
chitin. Because glucosamine-6-phosphate is a key
precursor for the biosynthesis of many essential
biopolymers, glucosamine-6-phosphate synthetase
has been considered as an attractive target for
antibacterial or antifungal agents. In fact, studies on
the active site and the catalytic mechanism of this
enzyme have helped in the design of glutamine
analogues and their peptide conjugates as potential
drug leads with in vivo antimicrobial activities.888°

a. Glucosamine-6-phosphate Synthetase as a
Member of the Amidotransferase Family. The
activity of glucosamine-6-phosphate synthetase was
first reported by Ghosh et al.®® Most of the early
studies were performed on the partially purified
enzymes from rat liver,°>~% bacteria,®®°” fungi,®® and
Baker’s yeast.%1%0 Recently, glmS, the corresponding
gene that encodes this enzyme in E. coli, was
discovered and cloned.'9*19 Overexpression of gimS
has allowed the recombinant E. coli glucosamine-6-
phosphate synthetase (GImS) to be purified to ho-
mogeneity. This enzyme is a homodimeric protein
with a subunit molecular mass of 70.8 kDa.' Studies
on the inhibition of this enzyme with the glutamine
analogue 6-diazo-5-oxo-L-norleucine (DON) resulted
in an alkylation at the N-terminus of the polypep-
tide.°® However, the stoichiometry of labeling in the
absence of fructose-6-phosphate was only 0.5 mol of
DON/mol of subunit. Therefore, this enzyme exhibits
half-of-the-sites reactivity, indicating that the binding
of one molecule of DON to one subunit induces a
conformational change that prevents the binding of
a second molecule of DON to the other subunit.1%3
Interestingly, the first amino acid residue at the
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N-terminus of the mature protein is cysteine instead
of methionine, as predicted by the gene sequence.'%
Such a modification appears to be a common feature
shared by other enzymes of its class.104-1%

Glucosamine-6-phosphate synthetase from E. coli
exhibits high sequence homology to other amido-
transferases that utilize the amide functional group
of glutamine as the nitrogen source for the synthesis
of amino acids, nucleotides, and coenzymes.% De-
tailed sequence alignments have revealed that this
synthetase belongs to the PurF subfamily of glu-
tamine-dependent amidotransferases, which is named
after the purF-encoded glutamine phosphoribosyl-
pyrophosphate amidotransferase.®” Three conserved
residues in this subfamily, Cys!-His'%-Asp?® (purF
numbering), have been implicated to participate in
a catalytic triad similar to that found in serine
proteases.'971% Indeed, derivatization of the N-ter-
minal cysteine of glucosamine-6-phosphate syn-
thetase by reagents such as iodoacetamide'®® or the
N3-fumaroyl-L-2,3-diaminopropionate derivatives is
effective in abolishing the amidohydrolase activity of
this enzyme.0%110 Similarly, substitution of Cys-1
with alanine results in a totally inactive mutant
protein.t?

It has been proposed that the overall catalytic
mechanism of this enzyme consists of two transfor-
mations: (1) the hydrolysis of glutamine to generate
L-glutamate and ammonia and (2) the isomerization
of fructose-6-phosphate to an aldose (analogous to the
Heyns rearrangement), followed by the amination of
the resulting aldose with ammonia to form glucos-
amine-6-phosphate.'2112 Kinetic measurements have
revealed that the overall reaction proceeds by an
ordered Bi—Bi mechanism in which the binding of
p-fructose-6-phosphate (40) occurs prior to that of the
second substrate, L-glutamine (42). Limited proteoly-
sis of glucosamine-6-phosphate synthetase has shown
that the protein is organized into two domains, each
bearing a distinct catalytic activity. It has been
established that the glutamine amidohydrolase/
glutaminase activity is associated with the N-termi-
nal domain (residues 1—240) while the C-terminal
domain (residues 241—608) is responsible for the
synthetase activity, catalyzing the isomerization and
amination of p-fructose-6-phosphate.

b. Glutaminase Activity of Glucosamine-6-
phosphate Synthetase. Mechanistic studies of the
glutaminase activity associated with glucosamine-6-

phosphate synthetase have led to a catalytic model
in which Cys-1 acts as a nucleophile to attack the
amide carbonyl of the substrate glutamine (42) to
initiate the reaction, resulting in the production of
ammonia and a y-glutamyl thioester adduct 43b. The
likely presence of a tetrahedral intermediate 43a
during the course of glutaminase reaction is sup-
ported by the potent inhibition of this enzyme by
glutamate y-semialdehyde (K; = 3 x 1078 M), which
is a minor component in equilibrium with pyrroline-
5-carboxylate.'*® The roles of the other two residues
in the putative catalytic triad have also been postu-
lated. The histidine residue may be used to enhance
the nucleophilicity of Cys-1, while the aspartate
residue may be responsible for the regeneration of
the free thiol of Cys-1 following the release of NH3
and L-glutarate 44 (Scheme 8).1% Chemical modifica-
tion studies of the enzyme from Baker’s yeast have
shown that a similar catalytic triad might exist in
that enzyme.'% Moreover, an arginine residue which
is not part of the putative catalytic triad was also
implicated to play an important role based on these
modification experiments.1®

The structure of the glutaminase domain of the E.
coli enzyme cocrystallized with the byproduct L-
glutamate at 1.8 A resolution has provided important
insights into the mechanism of this enzyme.'1%117 One
of the most intriguing observations from this study
is that no protease-like catalytic triad could be
identified in the crystal structure. Instead, the N-
terminal cysteine residue appears to play the role of
a general base in the hydrolysis of glutamine.'!’
Residue Arg26, which was probably targeted in the
chemical modification experiments on the yeast
enzyme, is suggested to be crucial for the com-
munication between the glutaminase domain and the
synthetase domain. However, structural studies of
this enzyme have not clarified the actual functions
of the histidine and aspartate residues, which were
deemed important in the chemical modification stud-
ies. The inability to assign functions to these residues
based on the analysis of the X-ray structure may be
due to the possibility that the crystal structure
represents a different conformation of the enzyme,
since it is complexed with the product.

c. Synthetase Activity of Glucosamine-6-phos-
phate Synthetase. The synthetase domain of glu-
cosamine-6-phosphate synthetase catalyzes the ac-
tual coupling of NHj3, derived from the hydrolysis of
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glutamine, to p-fructose-6-phosphate (40). The pro-
posed mechanism of this reaction is analogous to that
of the ketose/aldose isomerases in which a cis-enediol-
like intermediate (46) is formed following the ab-
straction of a proton from fructose-6-phosphate
(Scheme 9).1'8 The stereochemistry of the deproton-
ation step was established to be pro-R stereospecific,
since the majority of the isotope label was washed
out in the medium when (1R)-p-[1-*H]fructose-6-
phosphate was incubated with the enzyme. However,
the retention of a small amount of tritium in (2R)-
[2-*H]glucosamine-6-phosphate was also noted. Re-
sults from this study indicated that the deprotonation
and reprotonation must be mediated by a single
active-site base and the reprotonation occurs at the
re face of the enolamine intermediate (46).1** On the
basis of the studies of the tritium incorporation into
both the substrate and product from tritiated water,
it was concluded that the slowest step of this enzy-
matic conversion is the formation of fructosimine-6-
phosphate (45b). In addition, the energy barrier for
product release was determined to be lower by only
1.9 kcal/mol. Therefore, these two processes may both
be partially rate-determining.

The phosphoglucoisomerase-like activity of glu-
cosamine-6-phosphate synthetase was also addressed
using [2-13C]fructose-6-phosphate as the starting
material.’*® In the absence of glutamine, glucose-6-
phosphate was produced, albeit at an efficiency much
lower than that of the normal catalytic turnover (Kn,
= 7.6 mM and kot = 0.2 min~! vs K, = 0.42 mM and
kst = 931 min?1). It was found that the K603R
mutant showed enhanced phosphoglucoisomerase
activity. Lys603 has been proposed to anchor the
substrate at the enzyme active site by forming a
Schiff base (45a) with the 2-keto group of fructose-
6-phosphate. If glutamine is present, this Schiff base
(45a) is exchanged with NHj; to form the desired
fructosimine-6-phosphate (45b).119120 On the basis of
the results obtained with the K603R mutant, it seems
that the postulated Schiff base favors the amination
reaction over the phosphoglucoisomerase-like reac-
tion in the presence of glutamine during normal
turnover.1®

d. Coupling between the Glutaminase Activ-
ity and the Synthetase Activity. Since exogenous
NH; cannot substitute for glutamine in the reaction
catalyzed by glucosamine-6-phosphate synthetase,
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the glutamine-hydrolyzing activity and sugar-ami-
nating activity of this enzyme must be tightly coupled.
In fact, based on the Bi—Bi mechanism established
for this enzyme,'® it has been proposed that the
synthetase undergoes a conformational change upon
binding of fructose-6-phosphate (40) to initiate the
hydrolysis of glutamine. The nascent NH; is then
channeled to the highly shielded acceptor site where
the amination reaction occurs.'®® The close prox-
imity of the glutamine and fructose-6-phosphate
binding sites in glucosamine-6-phosphate synthetase
has been probed by anhydro-1,2-hexitol-6-phosphate,
a known irreversible inhibitor for phosphogluco-
isomerase. Incubation of this compound, which should
bind at the synthetase domain, results in the covalent
modification of the N-terminal cysteine, probably due
to the trapping of Cys-1 by the electrophilic epoxide
ring of the inhibitor.*?!

Additional evidence indicating the proximity of
these domains comes from the inhibitory studies of
this enzyme by N-iodoacetylglucosamine-6-phos-
phate. The structural core of this sugar derivative
resembles product glucosamine-6-phosphate. It also
contains an electrophilic amino branched chain.
While this compound should be bound at the syn-
thetase domain, it is able to inactivate the enzyme
irreversibly by alkylating the thiol group of Cys-1 at
the adjacent glutaminase domain.'?? It should be
noted that fructose-6-phosphate effectively protects
the enzyme from inhibition by N-iodoacetylglu-
cosamine-6-phosphate. The dissociation constant for
fructose-6-phosphate determined from the competi-
tive protection experiments using this inhibitor was
found to be 3 orders of magnitude less than that
obtained from the initial velocity data.?®'?2 There-
fore, an alternative scenario in which the binding of
glutamine reduces the affinity of the enzyme for
fructose 6-phosphate has been suggested.??

While the proximity between the two domains of
this enzyme during catalysis has been demonstrated,
the interactions between them remains a subject of
interest. In particular, details on the collaborative
action of the NH3 donor and acceptor sites have yet
to be uncovered. A more definitive mechanistic model
must therefore await more structural and mutagen-
esis data, especially the X-ray crystallographic in-
formation on the synthetase domain.
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2. TyIB and DesV: C—N Bond Formation via
Transamination

Many aminoglycoside antibiotics produced by Strep-
tomyces contain aminosugars, which serve as the key
elements for interaction with their targets.?® Eluci-
dation of the biosynthetic pathways for the formation
of these unusual sugars has become an integral part
of the recent efforts to generate new antibiotics for
fighting infectious diseases through microbial genetic
manipulations. Mycaminose, a 3-amino-3,6-dideoxy-
hexose, is one of the sugar components of the mac-
rolide antibiotic tylosin (35) produced by Streptomy-
ces fradiae.’® Extensive genetic and phenotypic
complementation studies have led to the tentative
assignment of various genes in the tylosin biosyn-
thetic gene cluster. As shown in Scheme 10, the gene
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tylB has been assigned to encode the enzyme respon-
sible for introducing an amino group into a ketosugar
precursor (47) to yield an aminosugar (48).798%125 On
the basis of sequence alignment analysis, it was
believed that the gene product of tylB is a pyridoxal
5'-phosphate (PLP)-dependent transaminase.

To determine the function of its encoded protein,
tylB was subcloned and overexpressed in E. coli BL21
(DE3).%?®> The recombinant enzyme was found to be
homodimeric with a subunit molecular mass of 42
kDa. The purified enzyme appeared to be devoid of
its putative cofactor PLP, since the UV—vis spectrum
of the protein was transparent at wavelengths above
300 nm. Initially, the transaminase activity of this
protein could not be detected, despite attempts to
reconstitute it with PLP under native/denaturing
conditions. However, when TyIB was incubated with
PLP, a-ketoglutarate, and its putative product 48,
the formation of a new species was observed by
HPLC. Structural analysis of the new species indi-
cated that it corresponds to the 3-ketosugar 47, which
is the proposed substrate of TylB. Therefore, the
function of TylB was confirmed by assaying its
activity in the reverse direction.'?

Interestingly, TyIB recovered from this reaction
displayed a typical spectrum of a PLP-containing
protein: a fingerprint absorption at 418 nm. It was
also fully active without adding exogenous PLP and
had a maximal activity at pH 7.5. Although both
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o-ketoglutarate and pyruvate could accept the amino
group derived from 48, the former was found to be
5-fold more competent. This indicates that L-glutamate
probably serves as the amino donor for the forward
reaction in vivo. The TylB-catalyzed reaction is
clearly reversible and favors the formation of the
aminosugar 48 by a factor of 10 at 24 °C. Despite a
previous observation that upon treatment of 32 with
Dowex-1 ion-exchange resin the C-4 keto group could
migrate to C-3 and form 47 in a nonenzymatic
fashion,?¢ compound 32 was shown not to be a
substrate of TyIB. Therefore, enzyme TyIB is specific
for a 3-ketosugar substrate, which has important
implications for the biosynthetic pathway of mycami-
nose.?%

Sequence alignment has revealed that tylB is
homologous to a number of genes assigned to par-
ticipate in the biosynthesis of unusual sugars associ-
ated with other macrolide antibiotics, such as nleN2
of the oleandomycin pathway,*?” eryC1 of the eryth-
romycin pathway,*?® dnrJ of the daunorubicin path-
way,*?° and desV of the methymycin/neomethymycin
(49, 50) pathway.'3° The biochemical confirmation of
the role of TylB as a PLP-dependent transaminase
strongly suggests that the products of the other genes
must assume similar roles. Initial evidence support-
ing DesV as a TylB homologue was obtained from the
heterologous expression of tylB in a mutant of the
methymycin/neomethymycin producing strain Strep-
tomyeces venezuelae in which the desV gene had been
deleted. When the coding sequence of tylB was
introduced into S. venezuelae to substitute desV,
production of both methymycin and neomethymycin
was resumed by the recombinant strain.**! Recently,
DesV has been overexpressed and purified from E.
coli BL21 (DE3). This enzyme has been characterized
to exist as a homodimer with a subunit molecular
mass of 41 kDa. Purified recombinant DesV was
shown to exhibit transaminase activity and was able
to process the ketosugar 51 even in the absence of
exogenous PLP (Scheme 11), indicating a higher
affinity for its cofactor as compared to TylB.*! The
biochemical characterization of DesV and TyIB has
thus confirmed that they represent a family of trans-
aminases essential for the biosynthesis of amino-
sugars in nature. The catalytic mechanisms of these
enzymes merit further investigation.

B. C-0O Bond-Formation Reaction

Many transformations and interconversions of
carbohydrate molecules involve the formation of C—O
bonds. Included in this category are the construction
or hydrolysis of glycosidic linkages in which the
formation of one C—0 bond is accompanied by the
cleavage of another. Another example is the oxidation
of the hydroxymethyl group in a hexose, as seen in
the conversion of glucose to glucuronic acid. The
nucleophilic hydroxyl groups in sugars also fre-
guently participate in C—O bond-formation reactions.
Transformations of this type include esterification
reactions with long-chain fatty acids and the forma-
tion of O-methyl sugars by methyltransferase-cata-
lyzed reactions. Reactions with electrophiles such as
phosphoenol pyruvate (PEP) that result in O-alkyl-
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ation also fall in this class. In the following section,
the enolpyruvyl transferase involved in the formation
of N-acetylmuramic acid is selected as an example.
The mechanism of its catalysis has been studied in
detail.

UDP—N-Acetylglucosamine Enolpyruryl Trans-
ferase. The bacterial peptidoglycan is an essential
cellular component that maintains the shape and the
rigidity of the cell, provides strength to the bacterial
cell wall,*®? and offers protection against osmotic
shock lysis.'® This layer is assembled from repeating
disaccharide units consisting of N-acetylglucosamine
and N-acetylmuramic acid. The formation of N-acetyl-
muramic acid from N-acetylglucosamine (GIcNACc) is
accomplished in two reactions catalyzed by UDP—
N-acetylglucosamine enolpyruvyl transferase (MurA)
and UDP—N-acetylenolpyruvylglucosamine reduc-
tase (Mur B). The MurA protein catalyzes the cou-
pling of an enolpyruvate unit from phosphoenolpyru-
vate (PEP, 52) to the 3'-OH of UDP—GIcNAc (53) to
form UDP—GIcNAc-enolpyruvate (54), which is sub-
sequently reduced by MurB to form N-acetylmuramic
acid (55). The activity of MurA is essential for the
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survival of the bacterial cells, as demonstrated by a
lethal chromosomal deletion of the encoding gene
murA in E. coli.’® Fosfomycin (56), an antibiotic

produced by Streptomyces spp., also exerts its toxicity
by blocking the biosynthesis of the peptidoglycan via
inactivation of this enzyme (Scheme 12).13* The
assembly of the peptidoglycan layer offers a unique
target for intervention by antimicrobial agents; there-
fore, as a key enzyme for making the building blocks
that comprise the peptidoglycan, MurA has been
studied extensively to enable the design of potentially
useful inhibitors.
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1. UDP-N-Acetylglucosamine Enolpyruvyl Transferase as
a Member of the PEP-Utilizing Enzyme Family

UDP—N-acetylglucosamine enolpyruvyl transferase
was first purified to homogeneity from Enterobacter
cloacae. This enzyme was found to be monomeric
with a molecular mass of approximately 41 000 Da,*%®
which was later revised to 44 800 Da based on the
calculated nucleotide sequence.'®® This enzyme has
now been purified from a variety of bacterial sources,
and the encoding gene has been cloned and se-
guenced from various organisms.'3®-1%7 The Entero-
bacter cloacae and E. coli enzymes are two of the best
studied enzymes.136.138
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MurA is a member of the PEP-utilizing enzyme
family; while most enzymes in this class utilize PEP
by cleaving its high-energy P—O bond, in MurA-
catalyzed reaction, it is the C—0O bond of PEP that is
cleaved. The enolpyruvyl moiety (EP) is then trans-
ferred to the sugar receptor to form the enol ether
linkage with an overall retention of configuration
about the double bond. A similar regioselectivity of
PEP degradation has also been found for 5-enolpyru-
vylshikimate-3-phosphate (EPSP) synthase, which
catalyzes the addition of shikimate-3-phosphate to
PEP in the shikimic acid pathway.**® The interme-
diacy of a noncovalently bound ketal species in the
mechanism of EPSP synthase has been well estab-
lished.’*® Since MurA and EPSP synthase share
moderate sequence homology (18.3% identity),3¢
whether MurA adopts an analogous strategy to
accomplish its chemical transformation has been the
subject of extensive investigations in recent years.

2. ldentification of an Enzyme—PEP Adduct and Its
Relevance to the Catalytic Mechanism

The formation of an enzyme—PEP covalent adduct
(57) in the MurA-catalyzed reaction was first detected
in a study performed with partially purified enzyme
from Micrococcus leisodeikticus using subsaturating
amounts of the cosubstrate UDP—GIcNAc (53).14! The
same adduct was also found in the reverse reaction
by incubating the enzyme with UDP—GIcNAc—
enolpyruvate (54, UDP—GIcNAc-EP) and inorganic
phosphate. It has been shown that this enzyme—PEP
adduct (57) could be used as a PEP donor to react
with UDP—GIcNACc (53) to generate UDP—GIcNAc—
enolpyruvate (54). Furthermore, while the PEP-
modified enzyme was found to be immune to the
action of fosfomycin (56) and other thiol-directed
agents such as N-ethylmaleimide (NEM) and EII-
man'’s reagent (DTNB), it became vulnerable to these
reagents upon exposure to UDP—GIcNAc due to the
release of the bound PEP.13814! Since coupling be-
tween an active-site cysteine (Cys-115 in the case of
Enterobacter cloacae enzyme) to C-2 of fosfomycin has
been shown to be the cause of enzyme inactivation,'38
the above observations led to a conclusion that
covalent modification of MurA by PEP may follow a
similar mode of action involving the trapping of the
same active-site cysteine by PEP (Scheme 12). The
fact that this adduct is sufficiently stable to survive
multistep purification but becomes labile in an acidic
environment is consistent with the general properties
of thioketals under similar conditions.

A more detailed characterization of the enzyme—
PEP adduct was carried out using the recombinant
E. coli enzyme.’*? It was found that a significant
portion of MurA, when purified, already contained a
covalently bound PEP. It was also noted that the
uptake of PEP by PEP-free enzyme was enhanced
considerably in the presence of UDP—GIcNAc. A
favorable change of MurA conformation induced by
binding with UDP—GIcNAc was suggested to account
for this phenomenon. Using [2-13C]PEP in the incu-
bation with PEP-free enzyme, this enzyme—PEP
adduct (57) was characterized by NMR as a tetra-
hedral phospholactoyl species derived from the at-
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tachment of an enzyme nucleophile at C-2 of PEP.
Pre-steady-state kinetics showed that the formation
and decay of this covalent adduct in the presence of
UDP—GIcNAc paralleled the rate of consumption of
the substrate and that of the appearance of the
UDP—GIcNAc—enolpyruvate product. The inclusion
of UDP—GIcNAc or 3'-deoxy-UDP—GIcNAc in the
incubation mixture was also found to accelerate the
time-dependent inactivation of MurA by fosfomycin,
probably by exerting a favorable influence on the
active-site conformation of the enzyme.'*® The re-
markable similarity between the formation of an
enzyme—PEP adduct and the inactivation by fosfo-
mycin provided further support for the role of this
phospholactoyl enzyme intermediate in the catalytic
mechanism of the enzyme.

3. Isolation of a Free Tetrahedral Intermediate and a
Revision of the Mechanism of MurA

An important development in the mechanistic
studies of MurA was the isolation of a relatively
stable and noncovalently bound tetrahedral inter-
mediate, phospholactoyl—-UDP—GIcNAc (58), from a
rapid quenching experiment.'** Although the phos-
pholactoyl enzyme 57 could also be detected, it was
found to be in rapid equilibrium with 58 under single-
turnover conditions.*#2144.145 Since the decomposition
of 58 led to the formation of the turnover products of
both the forward and reverse reactions, a sequential
mechanism in which 57 is the precursor for 58 was
proposed (Scheme 13).14 Interestingly, both the (E)-
and (Z)-isomers of 3-fluoro—PEP (F—PEP) are time-
dependent inhibitors of MurA.*> 19F NMR analysis
of the incubation mixture had identified two stable
intermediates, fluorophospholactoyl enzyme (59) and
fluorophospholactoyl-UDP—GIcNAc (60). Their ac-
cumulation was a result of the large rate retardation
(108-fold) of the elimination reaction caused by the
fluorine substitution at PEP.

Since adducts 59 and 60 are the corresponding
mimics of the transient intermediates 57 and 58 in
normal catalysis, studies of these two more stable
adducts have provided important insights into the
mechanism of MurA. A detailed kinetic analysis of
their formation, interconversion, and decomposition
back to the starting material revealed that interme-
diates 59 and 60 were formed from the enzyme-
UDP—GIcNAc-inhibitor complex in parallel path-
ways, in contrast to the previously believed sequential
formation of 57 followed by 58.14% As illustrated in
Scheme 14, these two intermediates slowly intercon-
verted at the MurA active site (0.1 min™?) to reach a
final ratio of 1.2 (59:60). However, it was determined
that this interconversion did not involve the forma-
tion of FPEP. Therefore, an oxocarbenium ion (61)
that would allow free rotation along the C,—C; bond
of PEP was proposed as an intermediate in this
transformation. It was also postulated that since the
formation of 60 did not require prior formation of 59,
the primary intermediate in the actual catalytic
mechanism of the enzyme was 58, which is analogous
to 60. Therefore, it appears that the formation of
intermediates 57 and 59 upon incubation of the
enzyme with PEP and FPEP, respectively, are likely
the results of adventitious reaction with C115.146
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According to the new mechanism shown in Scheme
15,146 the first step is the protonation of PEP at C-3
to form an oxocarbenium ion 62, which reacts with
the 3'-OH of UDP—GIcNAc at C-2 to produce the
tetrahedral intermediate 58. The highly reactive 62
could also capture an active-site nucleophile (pre-
sumably Cys-115) to form the phospholactoyl enzyme
adduct 57. The breakdown of 58 is initiated by the
release of inorganic phosphate, and the desired
product UDP—GIcNAc enolpyruvate is formed from
the deprotonation of the oxocarbenium ion 63 by an

active-site base. The formation of the oxocarbenium
ions 62 and 63 accounts for the lower pK, value of
the methyl group and would assist in its deprotona-
tion. This was also supported by the observed reduc-
tion in the rate of the reaction with FPEP analogues
due to the inductive destabilization of the oxocar-
benium ions.

One important issue needed to be addressed is the
function of Cys-115 which had earlier been implicated
to act as a nucleophile in the catalysis. Since the
formation of 57 has no direct role in the revised
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catalytic mechanism of the enzyme, Cys-115 has now
been suggested to participate in the reaction as a
general acid/base that may also help to stabilize the
oxocarbenium ions through its side-chain thiolate.
The fact that mutants lacking ionizable side chains
at this position (C115A and C115S) are devoid of
enzyme activity and mutants bearing a carboxylate
side chain (C115D and C115E) remain active appears
to support the newly proposed role for this residue.*4’
However, the postulated function of Cys-115 as a
proton-transfer catalyst is challenged by the results
from an X-ray crystallographic study of a complex
between fluorophospholactoyl UDP—GIcNAc and the
C115A mutant of MurA.#8 According to the struc-
tural data, the loop bearing Cys-115 adopts a flexible
conformation and a major relocation is necessary in
order to allow the thiolate to participate in the
general acid/base catalysis. It is suggested that one
of the phosphate oxygen atoms, which is only 2.5 A
away from the C-3 of the fluoromethyl group of 60
(58 in normally catalysis), is a good candidate to
promote an intramolecular proton transfer. Clearly,
this issue remains to be resolved.

C. C—C Bond-Formation Reactions

The formation of C—C bonds in carbohydrates
is commonly encountered in the biosynthesis of
branched-chain sugars.?”-31:149.150 These sugars can be
divided into two groups: the Group | sugars are
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pyranose derivatives carrying a side chain of one or
two carbon atoms that are derived from exogenous
donors, while the Group Il sugars are furanose
derivatives with a formyl/hydromethyl side chain
that are formed by intramolecular rearrangements
of the corresponding pyranose precursors.3%14° Two-
carbon-branched sugars and methyl-branched sug-
ars, such as L-mycarose (64), are found predomi-
nantly in secondary metabolites, especially glycoside
antibiotics.?’23! While their presence in other biologi-
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cal systems is less common, two hydroxyethyl-
branched 3,6-dideoxyhexoses, yersiniose A (65) and
B (66), were recently isolated from the O-antigens of
Yersinia pseudotuberculosis.’®%152 The biosynthesis of
the Group | branched-chain sugars involves the
formation of a C—C bond between a hexulose precur-
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sor with a C; or C, unit from appropriate donors. In
this section, studies on the chain attachment of two
Group | branched-chain sugars will be summarized.
In the first case, the two-carbon side chain of yers-
iniose A (65) is installed by the thiamine pyrophos-
phate (TPP)-catalyzed addition of a C, unit to a
4-ketosugar, followed by reduction to generate a
1-hydroxyethyl side chain. The second example re-
lates to the installation of a methyl branch derived
from S-adenosylmethionine during the formation of
mycarose (64), a 2,6-dideoxy branched-chain sugar
found in the antibiotic tylosin. Preliminary studies
on these enzymes that catalyze the branch installa-
tion will be described.

1. YerE/YerF: Two-Carbon Branched-Chain Attachment

The mode of side-chain attachment in the biosyn-
thesis of two-carbon branched-chain sugars has long
been speculated. It has been proposed that the
coupling reaction may be thiamine pyrophosphate
(TPP) dependent, involving the formation of hy-
droxyethyl—TPP as the nucleophilic two-carbon do-
nor.27:31.149.150 However, the inability of well-known
inhibitors of TPP-dependent enzymes to affect the
production of these two-carbon branched-chain sug-
ars and the failure to detect radioactive products in
the incubation of 1-([1-**C]-hydroxyethyl)—TPP with
cell-free extracts of the producing strain had cast
doubts on the proposed mechanism.'53-15 Hence, the
mechanism of attachment of the C, side chain
remained obscure until the recent overproduction and
characterization of two enzymes responsible for the
biosynthesis of the branched-chain sugar yersiniose
A, a prototypical hydroxyethyl-branched 3,6-dideoxy-
hexose found in the O-antigen of Yersinia pseudo-
tuberculosis V1.151.152

a. YerE as the Branched-Chain Coupling En-
zyme in the Biosynthesis of Yersiniose A.
Yersiniose A (65) is a 3,6-dideoxyhexose carrying a
1-(R)-hydroxyethyl branch.15%152 Studies on the bio-
synthesis of 3,6-dideoxyhexoses have identified 3,6-
dideoxy-4-hexulose (13) as a common intermediate
for the formation of this class of unusual sugars, from
which different isomers are formed by epimerization
and reduction.®124-26 The knowledge gained from
early work on the biosynthesis of ascarylose (15,
Scheme 1) produced by a related strain aided the
design of a suitable probe to screen the genomic
library of Y. pseudotuberculosis VI and in the isola-
tion of the yersiniose biosynthetic gene cluster (yer).1%
Among the eight open reading frames (ORFs) present
in this cluster, the yerE and yerF genes were found
to be essential for the installation of the oxyethyl
branched chain in yersiniose A.1%6

The translated sequence of yerE in this cluster
strongly resembles that of the large subunit of the
FAD-containing acetolactate synthases (32% iden-
tity), whose activity is known to be TPP-dependent.?5”
Sequence alignment further revealed the presence of
a TPP-binding motif constituted by a glycine-aspar-
tate-glycine (GDG) triplet and an asparagine doublet
(NN). These consensus residues are located in a
region highly conserved among acetolactate syn-
thases and TPP-dependent decarboxylases.%81%° Stud-
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ies of this class of acetolactate synthases have shown
that TPP is directly involved in the generation of an
“acetyl carbanion” from pyruvate and its subsequent
condensation with another molecule of pyruvate or
2-ketobutyrate. In view of the high sequence homol-
ogy as well as the chemical relevance of the catalysis,
the yerE-encoded protein (YerE) must be a TPP-
dependent flavoenzyme which catalyzes the branched-
chain attachment in the biosynthesis of yersiniose A
(65).

b. Biochemical Properties and Catalytic Mech-
anism of YerE. The recombinant protein YerE
overproduced in E. coli BL21(DE3) cells was indeed
found to contain tightly bound FAD, which produces
a typical flavin absorption spectrum with two maxima
at 370 and 450 nm.*%® YerE is a homodimeric enzyme
with a subunit molecular mass of roughly 58.5 kDa.
In the presence of TPP and Mg?*, YerE is able to
couple the 4-ketosugar 13 and pyruvate to form 67
(Scheme 16), whose structure has been confirmed by
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both 'H and **C NMR.'*® The Michaelis constants
(Kin) of sugar substrate 13 and pyruvate are 3.11 +
0.24 and 7.9 + 1.8 mM, respectively. Under saturat-
ing concentration of pyruvate, the dependence of
reaction rate on the concentration of substrate 13
follows classical Michaelis—Menten saturation kinet-
ics with a rate constant (K) of 72.3 £+ 2.8 min.

Although the crystal structure of acetolactate syn-
thase is yet to be determined, the known structures
of TPP-dependent enzymes including pyruvate oxi-
dase, transketolase, and pyruvate decarboxylase
display a very similar TPP-binding motif.'%° The
coenzyme is located at the interface of enzyme
subunits, and a divalent metal ion (Mg?* or Ca?") is
necessary for anchoring the TPP pyrophosphate
moiety to the protein core. The incorporation of TPP
may have a crucial role inducing the formation of
correct quaternary structure of the protein. As a
result, this family of enzymes is generally sensitive
to reaction conditions such as pH, ionic strength, and
the presence of certain anions. Indeed, the activity
of YerE was found to be dependent on the presence
of Mg?* with an optimal pH of 8.0.

Enzyme YerE facilitates a de facto “umpolung”
(charge-reversal) reaction in catalyzing the attach-
ment of the two-carbon side chain to make CDP—
yersiniose A. As depicted in Scheme 17, the coupling
of TPP and pyruvate generates a nucleophilic car-
banionic adduct 68, which subsequently attacks the
4-keto group of 13. The collapse of adduct 69 produces
67 and regenerates the coenzyme. Since the activity
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of YerE was not altered in the presence of the
reducing agent dithionite under aerobic or anaerobic
conditions, it appears that the FAD does not play a
redox role in this transformation.>® Interestingly,
acetolactate synthase is not a redox enzyme either.
The flavin coenzyme in the latter case has been
suggested to mainly play a structural role in stabiliz-
ing the active conformation of this enzyme.*” Con-
sidering its significant sequence identity to aceto-
lactate synthase, YerE may also be an evolutionary
descendant of pyruvate oxidase, an enzyme that
requires FAD and ubiquinone-40 (Qg) for shuttling
electrons and shielding reaction intermediates from
solvent during catalysis. However, the FAD cofactor
in YerE may be important solely for maintaining the
integrity of the active site of this enzyme, as seen in
acetolactate synthase.

c. Biochemical Properties of YerF. The open
reading frame designated yerF is downstream of the
gene yerE in the yersiniose biosynthetic gene cluster.
The translated sequence of yerF shows moderate
homology to NAD(P)* binding enzymes such as
CDP—b-tyvelose 2-epimerase and UDP—Db-galactose-
4-epimerase.’®! Thus, it was speculated that this gene
encodes an enzyme for the reduction of sugar inter-
mediate 67. When this gene was overexpressed in E.
coli BL21 (DE3), a homodimeric protein with a
subunit molecular mass of 65.5 kDa was isolated.
Incubation of YerF with NADPH and 67 produced
CDP—yersiniose A (65), as confirmed by NMR. This
enzyme works more efficiently in a slightly acidic
environment and displays maximal activity at pH
6.5. Although YerF lacks a conventional Rossmann
fold for binding the nicotinamide cofactor, this protein
definitely utilizes nicotinamide dinucleotides for the
reduction of the oxoethyl side chain in 67, with a
preference for NADPH over NADH by a factor of 12.
The stereochemical course of the hydride transfer
from NADPH to 67 was determined to be pro-S
specific. The relatively small subunit size (309 amino
acids) and its stereospecificity of hydride transfer
places YerF in the short-chain alcohol dehydrogenase
family. It is not clear if YerE and YerF form a tight
complex in vivo for the synthesis of 65, since a yeast
two-hybrid assay failed to detect such an interac-
tion.162
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2. TylC3: One-Carbon Branched-Chain Attachment

Mycarose, a 2,6-dideoxy-b-threo-hexose with a C-3
methyl branch (64), has been found in several mac-
rolide antibiotics, such as tylosin produced by Strep-
tomyces fradiae.’** As mentioned earlier, little is
known about the attachment of a one-carbon unit to
make methyl-branched sugars. Although S-adeno-
sylmethionine (S-AdoMet) has long been proposed to
be the methyl donor according to early tracer experi-
ments®:14° and the acceptor has been proposed to be
a nucleotide—hexulose, specific information on the
actual pathways leading to the formation of these
unusual carbohydrates is sparse. In fact, coupling of
the hexulose precursor with a nucleophilic methyl
group supplied by methylcobalamin is an appealing
alternative that has precedence in fosfomycin bio-
synthesis.'®® To elucidate the mechanism of the
C-methylation reaction in unusual sugar biosynthe-
sis, the methyl branched-chain attachment step in
the mycarose biosynthetic pathway was investigated.

a. Biochemical Properties and Catalytic Mech-
anism of TyIlC3. Early genetic and phenotypic
complementation studies have led to the identifica-
tion of the entire gene cluster responsible for the
biosynthesis of tylosin (35), including the genes
involved in the biosynthesis of mycarose.'?* Sequenc-
ing results and analysis have helped identify tylC3
as the gene likely to encode the C-methyltransferase
required for the attachment of the methyl branched
chain to the hexulose precursor 39 (Scheme 18).162.164
Although TyIC3 did not display significant sequence
homology to any known AdoMet-dependent methyl-
transferase on the basis of a BLAST search, a closer
inspection did reveal the presence of three localized
sequences characteristic for the binding motif of
S-AdoMet.1¢5 It should be noted that a TylC3 equiva-
lent, EryBlIIl, which shows high sequence homology
(68% identity and 80% similarity) to TylC3, has also
been found in the biosynthetic gene cluster of eryth-
romycin,® which contains a mycarose derivative
(cladinose) as one of its appended sugars. Since
eryBlll found in the erythromycin cluster has been
implicated to encode the C-methyltransferase in-
volved in the biosynthesis of cladinose based on gene-
knockout studies,'%® the high sequence homology
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between TylC3 and EryBIIl strongly suggests an
analogous role of the former enzyme in mycarose
biosynthesis.

The purified TylIC3 is a monomeric protein with a
molecular mass of 46 423 Da deduced from its amino
acid sequence. It displays no significant UV—vis
absorption above 300 nm and has a moderate affinity
for S-AdoMet (1.5 + 0.2 uM). When this enzyme was
incubated with [C3H3]AdoMet and sugar substrate
39, a new compound was isolated by HPLC that was
identified as the C-3 methylated sugar 70 by 'H
NMR. This newly installed C-3 methyl group must
adapt an axial position since a positive nuclear
Overhauser effect (NOE) was observed between the
methyl hydrogens and the C-5 axial hydrogen. It has
also been established that the catalysis of TylC3 leads
to an overall inversion of configuration at C-3.162

The determined kg value of 1.4 + 0.1 min~! is
typical for methyltransferases. The K, for sugar
substrate 39 could only be estimated as <1 uM.%64
The mechanism of this reaction is likely initiated by
a proton abstraction from C-3 to generate an enediol
anion intermediate (71). As shown in Scheme 18,
subsequent nucleophilic attack to capture the elec-
trophilic methyl group in S-AdoMet leads to the
formation of a new C—C bond. However, the activity
of this enzyme shows no correlation to the content of
Zn?* or Mg?*. Thus, the manner in which the enolate
intermediate 71 is stabilized by TylC3 remains
unclear. Nevertheless, this study has established
TylC3 as the first biochemically characterized C-
methyltransferase that is involved in branched-chain
sugar biosynthesis. The mechanistic insights ob-
tained by the study of this enzyme may be extrapo-
lated to the formation of other methyl-branched
sugars.

IV. Epimerization Reactions

Many enzymatic transformations of carbohydrates
involve the inversion of configuration at one or more
stereogenic centers. Such an epimerization has been
commonly used in the conversion of p-sugars to the
corresponding L-sugars. It is also a convenient mech-
anism for accessing the structural diversity derived
from a handful of common sugar precursors. The
reactions of most epimerases take place at a chiral
carbon adjacent to an activating moiety such as a
carbonyl group, and the catalysis typically involves
a simple deprotonation-reprotonation mechanism.
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For example, enzymes such as the hexose 3,5-epi-
merases and hexose 5-epimerases use a 4-hexulose
as the substrate, where the presence of a keto group
at C-4 facilitates the epimerization by lowering the
pK, of the adjacent chiral center(s).?83%6% However,
the four reactions discussed in this section stand
apart due to the fact that their catalyses involve
epimerization at unactivated centers. The C-4 epimer-
ization of UDP—glucose to UDP—galactose mediated
by UDP—galactose 4-epimerase is the best studied
enzyme-catalyzed stereoinversion. The second reac-
tion, catalyzed by ribulose-5-phosphate 4-epimerase,
also involves C-4 epimerization, albeit via a different
mechanism. The last two examples are the intercon-
version of UDP—N-acetylmannosamine and UDP—
N-acetylglucosamine and the transformation between
CDP—paratose and CDP—tyvelose catalyzed by the
corresponding 2-epimerases. Again, both cases in-
volve the inversion of stereochemistry at the unac-
tivated C-2; however, their mechanisms are distinctly
different. As will be evident in the following sections,
nature has clearly evolved a diverse range of cataly-
ses to accomplish epimerization at chemically inert
centers.

A. UDP-Galactose 4-Epimerase

The Leloir pathway of galactose metabolism exists
in most organisms including animals, plants, and
microorganisms, where it plays an important physi-
ological role in metabolism. This pathway consists
of three enzymes: galactokinase, galactose-1-phos-
phate uridylyltransferase, and UDP—galactose 4-epi-
merase (Scheme 19).167-170 Through the actions of
these enzymes, galactose (72) enters metabolic path-
ways in the form of glucose-1-phosphate (73), which
is used as the starting material for glycogen biosyn-
thesis and glycolysis. The same set of enzymes acting
in the reverse direction can also convert the glucosyl
units to galactosyl units, which are utilized for the
glycosylation of proteins and lipids and the biosyn-
thesis of cell walls. The deficiency of galactose-1-
phosphate uridylyltransferase or UDP—galactose
4-epimerase in humans causes metabolic disorders
such as galactosemia and thrombocytopenia.l’0-172
The most interesting chemical transformation in the
Leloir pathway is the interconversion of UDP—
galactose (74) and UDP—glucose (75) via stereo-
inversion at C-4, which is catalyzed by UDP-—
galactose 4-epimerase. The lack of a carbonyl group
adjacent to C-4 in the substrate makes this reaction
an intriguing example of epimerization at an unac-
tivated center.

a. Biochemical Properties and Catalytic Mech-
anism. UDP—galactose 4-epimerase has been puri-
fied from a variety of sources such as E. coli,"3"17
Saccharomyces fragilis,*’®"17® and bovine liver.179:180
The E. coli enzyme, which is the most thoroughly
investigated, is a homodimeric protein with a subunit
molecular mass of 79 kDa. Early analysis showed
that the purified enzyme contains only one NAD™ per
dimer.173 However, the recent X-ray crystal structure
of the enzyme at 2.5 A resolution clearly dem-
onstrated that the dimeric enzyme contained two
nucleotide-binding pockets which are located at the
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N-terminal domain of each polypeptide.'®* The en-
zyme active site is located at a cleft between the N-
and C-terminal domains of each subunit. Early
studies had shown that the tightly bound NAD™
functions as a true prosthetic group mediating an
intramolecular oxidation—reduction reaction in the
catalysis as shown in Scheme 20.182718 The formation
of 4-ketoglucose (76) as the intermediate is the key
step of this reaction, during which the reaction center
(C-4) changes from an sp® tetrahedral configuration
to an sp? planar configuration. Subsequent enzyme-
controlled reduction may allow the hydride to be
transferred from NADH to either the re or the si face
of the C-4 carbonyl group.

This mechanism is supported by many lines of
evidence.4"186-191 For example, incubation of the
6-deoxy analogue of the putative intermediate 76
with (4'S)-[4'-*H]NADH-containing epimerase pre-
pared by NaB3H, reduction of the wild-type enzyme
resulted in the formation of two expected products,
the 4-°H-labeled fucose (6-deoxy-b-galactose) and
4-3H-labeled quinovose (6-deoxy-p-glucose).*” Upon
treatment with the oxidized form of the epimerase,
the reverse transfer of tritium from [4-H]fucose to
the 4-pro-S position on NAD" was also observed.*’
The kinetic isotope effects ranging from 1.7 to 3.5
detected for the epimerization of a series of nucleoside
diphospho-[4-3H]hexoses lent further credence to the
proposed mechanism. The latter data also indicated
that C—H bond cleavage at C-4 is at least partially
rate limiting.192193

b. Stereochemical Issues Surrounding Hy-
dride Transfer to the Hexulose Intermediate.
The central issue surrounding the catalytic mecha-
nism of this enzyme is the stereochemical fidelity of
the NAD"-mediated intramolecular hydrogen trans-
fer. While this process is stereospecific with respect
to hydride transfer to and from the nicotinamide co-
enzyme, the oxidation and reduction at C-4 of the
sugar substrates is clearly nonstereospecific. This
unusual characteristic distinguishes UDP—galactose
4-epimerase from other pyridine nucleotide-depend-
ent oxidoreductases.® To investigate the structural
basis of this unusual lack of stereochemical prefer-
ence, extensive studies on the environment of the
active site and its interactions with bound substrate
have been carried out.*°%1%* All data indicate that the
nicotinamide ring is buried in a hydrophobic environ-
ment,'% as seen in other oxidoreductases. Since
chemical reduction of the enzyme-bound NAD™ by
NaBH, was found to be pro-S stereospecific, the
binding of NAD* must be reasonably tight, with only
one face of the cofactor being exposed to the sugar
substrates.'8187 Thus, the nonstereospecific reduc-
tion of the 4-ketosugar catalyzed by this enzyme is
less likely to be the result of an easy rotation of its
nicotinamide coenzyme and more due to the flexible
binding of the sugar nucleotides.

The interactions between UDP—galactose 4-epi-
merase in its oxidized/reduced forms and UMP, UDP,
and other uridylyl sugars have been quantitatively
analyzed.*®® The free energy changes for binding of
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UMP and glucose to E-NAD* were determined to be
—3.8 and +0.7 kcal/mol, respectively, suggesting that
the major contribution to the binding interactions is
made by the nucleotide moiety of the substrate.1®® A
free energy change from —8.8 to —9.4 kcal/mol was
also determined for the binding of UDP—4-keto-
pyranoses to the reduced epimerase (E-NADH). Since
the contribution of the interaction of the UDP moiety
is expected to be —7 kcal/mol,*®! the above data
indicated that the glycosyl moiety is not tightly bound
to the enzyme and may possess a reasonable degree
of conformational flexibility.'®® Thus, it was proposed
that a rotation of the hexose ring along its C;—0O bond
and the Ps—O linkage of the pyrophosphoryl group
may allow both sides of the sugar to be presented to
the nicotinamide coenzyme.®

NADH:-UDP—GIlc and NADH-UDP—Gal bound to
a Y149F-S124A double mutant clearly shows that
opposite faces of the pyranose ring are exposed to the
si face of the nicotinamide ring.*®® However, inspec-
tion of the structure of data from the recently solved
crystal structure of the abortive complex formed by
the binding of UDP—glucose to the reduced enzyme
(E-NADH-UDP—glucose) revealed that a simple 180°
rotation about the oxygen—phosphorus bond may not
be sufficient to place the opposite face of the keto
intermediate in close proximity to the nicotinamide
ring. Additional rotations along the phosphate back-
bone of UDP may be necessary to achieve the proper
alignment for the hydride transfer to occur.'®” Over-
all, it is clear that the sugar substrate is bound to
UDP—galactose 4-epimerase using UDP as the an-
chor. The loose interactions between the hexose
portion of the substrate and the enzyme active site
may allow the sugar ring to reorient itself toward the
nicotinamide coenzyme, constituting the structural
basis of a nonstereospecific reduction.

c. Activation of UDP—Galactose 4-Epimerase
by aNucleotide-Induced Conformational Change.
Early studies showed that UMP was effective in
accelerating the reaction of E-NAD™ with glucose and
in stabilizing E-NADH against oxidation.*®”=2%2 Thus,
it was speculated that the binding of UMP induces a
different protein conformation (E*), which constrains
the nicotinamide ring to make it a better hydride
receptor.®>2% The variation of the chemical shifts of
the phosphorus atoms of enzyme-bound NAD™* in the
absence and presence of UMP provided spectral
evidence for the postulated protein conformational
change.?® Interestingly, a comparison of the crystal
structures of the oxidized and reduced epimerase
from E. coli complexed with UDP failed to show any
significant structural difference except for the nico-
tinamide ring.?% The ring adopts a syn conformation
in E-NAD"-UDP but an anti conformation in the
reduced enzyme complex.

The mechanism of NAD* activation induced by
binding with uridine nucleotide was further investi-
gated by 3C and >N NMR analysis using isotopically
labeled nicotinamide cofactors.?°® While the >N/*3C
NMR signals of enzyme-bound [carboxamide-°N]-
NAD™, [2-13C]NAD™, and [6-*C]NAD™ remained prac-
tically unchanged upon addition of UDP, those of
[nicotinamide-1-'>*NJNAD™ and [nicotinamide-4-13C]-
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NAD" shifted upfield by 3.0 ppm and downfield by
3.4 ppm, respectively.t70206 Sych a change of polar-
ization of the nicotinamide ring reflected a decrease
of the electron density at C-4 making the coenzyme
a stronger oxidant that can accept a hydride from the
substrate more readily. In fact, a perturbation lead-
ing to a 3.4 ppm downfield shift in the *C NMR
signal corresponds to a 125—150 mV increase in the
reduction potential of the nicotinamide ring, which
could theoretically bring about a 3000- to 15 000-fold
enhancement in the rate of oxidation.

Since no physical distortion of the nicotinamide
ring was observed in the structure of E-NAD"-UDP
complex,?% electrostatic repulsion between the posi-
tively charged nicotinamide ring at N-1 and a posi-
tively charged amino acid side chain has been ration-
alized as the cause of the electronic destabilization
of the nicotinamide ring.?°® Lys153 is probably the
residue involved in this process, since it is hydrogen-
bonded to both the 2'- and 3'-OH groups of the
nicotinamide riboside moiety of NAD™ in the active
form (E*) of the enzyme?®” and is conserved in all
known epimerase sequences.?®® The pH—rate profile
of the inactivation of the epimerase by P*-5'-uridine-
P2-glucose-6-yl pyrophosphate (UGP) also suggests
the participation of two groups with pK, values
between 9.2 and 9.3, one of which is likely to be
Lys153.2%° Two mutants of the epimerase, K153M
and K153A, had been constructed to test the role of
Lys153.21° Unlike the wild-type enzyme, these mu-
tants could not react with glucose in the presence of
UMP. Furthermore, the hydride reduction of the
enzyme-bound NADT in these mutants was insensi-
tive to the addition of UMP to the reaction mixture.
Evidently the removal of Lys153 dramatically re-
duced the susceptibility of NAD™ toward reducing
agents.

A ground-state destabilization model has been
proposed to account for the activation of NAD"
toward reducing agents upon binding of uridine
nucleotides to UDP—galactose 4-epimerase.170:206.210
As illustrated in Scheme 21, binding of uridine
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nucleotides may induce a conformational change of
the enzyme that moves Lys153 near the N-1 of the
nicotinamide ring. The destabilization of the nico-
tinamide ring due to charge repulsion results in a
minimization of the energy barrier between the
ground state and the transition state for the reduc-
tion of NAD™. This model represents an uncommon
case in which the enzyme accelerates a chemical
transformation by selectively destabilizing the ground
state along the reaction coordinate through confor-
mational changes, as opposed to the widely held belief
that enzymes exert their catalytic power by the
selective stabilization of reaction transition states.




4640 Chemical Reviews, 2000, Vol. 100, No. 12

However, there are apparent inconsistencies between
this model and the recently available structural
information. In the X-ray crystal structure of the
enzyme, Lys153 is not located near C-1' of the
nicotinamide ring, indicating that a large movement
would be necessary for it to impose any significant
effects on the redox properties of the cofactor.?!
Moreover, although it had been shown that the
conformational changes of this enzyme during ca-
talysis determine the course of the reaction, it ap-
pears that the enzyme can accommodate various
sugars in its active site by shuffling water molecules
rather than by changing the conformations of the
amino acid side chains.?*? These apparent contradic-
tions may arise due to the fact that structural
information, while critical for the visualization of the
binding site and gaining insights into the mechanism,
is static in nature. Therefore, such information may
not truly reflect the dynamic movements of the
enzyme along the reaction coordinate. Clearly, more
experiments are needed to help resolve these mecha-
nistic issues.

B. L-Ribulose-5-phosphate 4-Epimerase

L-Ribulose-5-phosphate 4-epimerase catalyzes
the C-4 stereoinversion of L-ribulose-5-phosphate
(77, L-Ru5P) to form b-xylulose-5-phosphate (78,
D-XUu5P).213214 This enzyme activity is inducible in E.
coli,?*® Lactobacillus plantarum,?*® Bacillus subti-
lis,?'” and Aerobacter aerogenes?'®-220 under growth
conditions where L-arabinose, L-arabitol, or L-xylose
is used as the sole carbon source. The E. coli enzyme
consists of four identical subunits, and each has a
molecular mass of 25.5 kDa. Each subunit of this
homotetrameric enzyme contains a metal-binding
site.??! It has also been shown that a divalent
transition-metal cation is required for the activity of
L-ribulose-5-phosphate 4-epimerase. The bound metal
ion can be stripped off the enzyme by treatment with
EDTA. The activity of the metal-reconstituted en-
zymes follows the order Mn?* > Co?" > Ni?" > Ca?"
> Zn?*t > Mg?*,??2 although Zn?* has been found to
be the most abundant divalent metal associated with
the recombinant E. coli enzyme.?'* This enzyme links
the metabolism of arabinose to the intermediates
found in the pentose phosphate pathway, enabling
the bacteria to utilize arabinose as a source for
metabolic energy.??3

1. Possible Mechanisms for C-4 Epimerization

The mechanism of this epimerization cannot rely
on a direct deprotonation—reprotonation strategy
because the inversion of configuration occurs at an
unactivated stereocenter. The involvement of a rate-
determining C—H bond-cleavage event in this ca-
talysis can also be excluded, since no primary kinetic
isotope effect was detected in the epimerization of
D-[4-3H]XuU5P or L-[4-3H]RuU5P.??122* Furthermore,
characterization of this epimerase failed to detect the
presence of enzyme-bound NAD*, and the addition
of any form of the nicotinamide cofactor showed no
effect on the activity of the enzyme.??> Therefore, it
seems unlikely that L-ribulose-5-phosphate 4-epi-
merase follows a mechanism analogous to that of the
previously discussed UDP—galactose 4-epimerase.??62
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Several mechanisms can be envisioned that are
consistent with the above experimental observations
(Schemes 22—24). In Mechanism A (Scheme 22), the
reaction is initiated by a retro-aldol-type C;—C, bond
cleavage to give glycolaldehyde phosphate (79) and
dihydroxyacetone in its enediolate form (80). A rota-
tion of glycolaldehyde phosphate (79) followed by an
aldol condensation with 80 would generate the
epimerized product.?'4?22 In this mechanism, the
divalent metal ion at the enzyme active site serves
as an electrophilic catalyst to stabilize the developing
negative charge during the formation of the ene-
diolate intermediate. Mechanism B (Scheme 23)
proceeds with deprotonation at C-3 by an active-site
base followed by the elimination of a hydroxide anion
from C-4. Here, the role of the divalent metal is to
accept this hydroxide and to deliver it back to the
opposite face of the enediolate intermediate (81).214222
However, a recent study failed to detect the presence
of a significant deuterium primary Kinetic isotope
effect that should be associated with this mechan-
ism.?26b The epimerization reaction can also proceed
via a stepwise migration of a carbonyl group through
proton relays as depicted in Mechanism C (Scheme
24).226a However, neither solvent-derived oxygen nor
hydrogen atoms are incorporated into the product or
the recovered starting material in the enzyme-
catalyzed reaction, suggesting that the hydroxide
anion and protons removed from the substrate would
have to be sequestered from the bulk solvent if this
mechanism were operative.??’

2. Similarity of L-Ribulose-5-phosphate 4-Epimerase to
Class Il Aldolases

Sequence alignments have shown that L-ribulose-
5-phosphate 4-epimerase and the class Il bacterial
aldolases are highly homologous.?*42%8 In fact, the
N-terminal domains of L-ribulose-5-phosphate 4-epi-
merase and L-ribulose-1-phosphate aldolase (FucA)
were found to be 35% identical. More importantly,
the 4-epimerase and the class Il aldolases are both
divalent metal-dependent. It has been well estab-
lished that, in contrast to the class I aldolases where
an essential lysine residue forms a Schiff base with
the substrate carbonyl group to serve as an electron
sink, the class Il aldolases utilize a divalent metal
ion as a Lewis acid catalyst to stabilize the electron-
rich reaction intermediates.??°230 In view of the high
sequence homology between L-ribulose-5-phosphate
and class Il aldolases, it is likely that their mecha-



Enzymatic Mechanisms in Carbohydrate Metabolism

Scheme 23

Scheme 24

Ribulose-5-P
4-epimerase

C

OH
HO. A H = H,n'
OH HO
~0;P0 =04PO

78

nisms are also closely related.?*4228 Namely, L-ribu-
lose-5-phosphate 4-epimerase may achieve its cataly-
sis via the metal-assisted cleavage and reformation
of a C—C bond as depicted in Mechanism A.
Interestingly, FucA is the only protein among class
Il aldolases whose structure has been determined at
high resolution.??®23! Three histidine residues (His92,
His94, and His155) and a glutamate residue (Glu73)
have been found to coordinate the active site Zn?* in
the resting state of this enzyme.?®! Residue Glu73,
which is subsequently displaced by the substrate (82),
also serves as a general acid in the formation of the
product, dihydroxyacetone phosphate (83, Scheme
25),214.228,231,232a The counterparts of the above metal
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ligands in L-ribulose-5-phosphate 4-epimerase are
probably Asp76, His95, His97, and Hisl171.214232
Individual replacement of the first three (Asp76,
His95, and His97) with asparagine provided mutant
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enzymes with almost unchanged K, values. However,
the catalytic efficiencies of these mutant proteins
were dramatically reduced, especially in the absence
of exogenous Zn?*.21* These data confirmed that the
aforementioned residues are indeed involved in the
metal ion coordination or the general base catalysis
but do not participate in the binding of substrate.?*

3. Aldolase Activity of H97N Mutant

Since the overall reactions and mechanisms of
L-ribulose-5-phosphate 4-epimerase and class Il al-
dolases are closely related, the epimerase may also
possess aldolase activity of its own, resulting in the
formation of L-ribulose or p-xylose from dihydroxy-
acetone and glycolaldehyde phosphate. However, the
wild-type epimerase does not show a significant level
of such activity nor are these compounds potent
inhibitors of the enzyme.?’* On the contrary, the
H97N mutant of L-ribulose-5-phosphate 4-epimerase
exhibits good aldolase activity while retaining a
substantial amount of epimerase activity (~33%).2'4
Incubation of this mutant protein with the epimeric
sugar phosphate substrates, L-ribulose-5-phosphate
(77) or p-xylulose-5-phosphate (78), led to the forma-
tion of dihydroxyacetone. It is possible that the
enzyme may employ two spatially distinct bases to
initiate the retro-aldol reaction with these epimeric
substrates.?** The H97N mutant also accepts dihy-
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droxyacetone (80) and glycolaldehyde phosphate (79)
to produce L-ribulose-5-phosphate and p-xylulose-5-
phosphate. However, glycolaldehyde phosphate in-
hibits the epimerase activity of the H97N mutant in
a competitive fashion (K, = 0.37 mM).?'4 Thus, the
substitution of His97 with Asn not only slows down
the epimerization reaction, but also loosens the
sequestered nature of enzyme and the reaction
intermediates. As a result, the solvent accessibility
to the active site is increased at the expense of
fidelity. Residue Asp76 is another important residue
which is believed to function as the general base. It
could either promote the C—C bond-cleavage process,
analogous to the role played by Tyr113 in FucA, or
facilitate the formation of a new C—C bond between
the intermediates as mediated by Glu73 in FucA.*!

A major distinction between L-ribulose-5-phosphate
4-epimerase and the aldolases is the stereochemical
stringency of their catalyses. With a few exceptions,
aldolases exhibit high stereoselectivity of bond for-
mation by controlling the rotational freedom of their
reaction intermediates either through Schiff base
formation or metal coordination.?29:233-240 However,
L-ribulose-5-phosphate 4-epimerase catalyzes a non-
stereospecific C—C bond-cleavage/formation process
to achieve epimerization, presumably because its
intermediates have a certain degree of rotational
flexibility.?* It is expected that dihydroxyacetone
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(80), as a bidentate ligand of the divalent metal ion,
would experience significant steric restraints while
glycolaldehyde phosphate (79), which is not tightly
bound, may undergo rotation without introducing too
much conformational hindrance in the active-site.?*
As illustrated by Mechanism A, such a rotation would
expose the opposing faces of 79 to accept electrons
from dihydroxyacetone to generate two epimeric
products. Structural knowledge of L-ribulose-5-phos-
phate 4-epimerase will undoubtedly aid in the es-
tablishment of a more conclusive mechanistic model
for its reaction.

C. UDP-N-Acetylglucosamine 2-Epimerase

The mammalian UDP—N-acetylglucosamine 2-epi-
merase catalyzes the conversion of UDP—N-acetyl-
glucosamine (UDP—GIcNACc, 84) to UDP and N-acetyl-
mannosamine (ManNAc) in an essentially irreversible
process. While this enzyme has been isolated from
rat liver, only limited studies have been conducted
on it due to its extreme instability. This murine
enzyme is specific for UDP—GIcNAc and is inactive
toward other glycosyl derivatives such as UDP—N-
acetylgalactosamine, UDP—N-glycosylglucosamine,
N-acetylglucosamine-1-phosphate, and N-acetylglucos-
amine.?*12% A similar enzyme activity that inter-
converts the diastereomers UDP—N-acetylglucosamine
(84) and UDP—N-acetylmannosamine (85, UDP—
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ManNAc) has also been found in various bacteria,
such as E. coli,?*>7247 Bacillus cereus,?*® or Aerobacter
cloacae.?*® This enzymatic reaction is physiologically
significant since its product, ManNAc, is used for the
biosynthesis of a variety of bacterial surface polysac-
charides, such as the capsule polysaccharide found
in both the Gram-positive and Gram-negative encap-
sulated bacteria.?®°=252 The ManNAc residue also
serves as a bridge between the peptidoglycan and
teichoic acids which are the source of negative
charges on the cell surface that are important for cell
division.?53254

UDP—N-Acetylglucosamine 2-epimerase purified
from E. coli IM109 (DE3, pKI186) cells is a homodimer
with a subunit molecular mass of 38 kDa. This
enzyme shows optimal catalytic activity in the pH
range of 7~9. A Hill coefficient of 2.0 for the depend-
ence of the rate of epimerization on the concentration
of UDP—GIcNAc has been obtained. Since UDP—
GIcNAc is also required for the reverse reaction,
where UDP—ManNAc is the substrate, it has been
suggested that either a modulator site is present in
the enzyme or the active site of one subunit must be
occupied by UDP—GIcNAc in order for the other
subunit to function.?46:247.25 At equilibrium, the en-
zyme-catalyzed epimerization favors the formation
of UDP—GIcNAc by a 9:1 margin.?47:?55 The apparent
Km for UDP—GIcNAc is 0.63 mM, while that for
UDP—ManNAc in the presence of 1 mM of UDP—
GIcNACc is 0.5 mM.246.255

1. Possible Mechanisms for C-2 Epimerization

The reaction catalyzed by UDP—N-acetylglucos-
amine 2-epimerase is of great mechanistic interest,
since the epimerization takes place at an unactivated
stereocenter. Early studies on this enzyme have
allowed the postulation of three possible mechanisms
for the epimerization at C-2, which are highlighted
in Scheme 26. Mechanism A is based on the assump-
tion that this enzyme is NAD"-dependent. This
proposal involves the transient oxidation at C-3 of
84 mediated by the NAD™ cofactor, deprotonation at
C-2 followed by reprotonation from the opposite side,
and the final reduction of the C-3 keto group to give
85 and regenerate the cofactor.?*® In Mechanism B,
the substrate 84 undergoes an anti-elimination of
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UDP from UDP—GIcNAc to form a 2-acetamidoglucal
intermediate 86. A subsequent rebound of UDP in a
syn addition could form the product UDP—ManNAc
(85).%%5 Elements from the these two mechanisms can
be incorporated into a hybrid mechanism (Mecha-
nism C) in which a tightly bound NAD™ is also a
prerequisite. The cofactor could be used for a tran-
sient oxidation at C-3 of 84, which would promote
the elimination of UDP.?>®

The identification and overexpression of the gene
encoding UDP—N-acetylglucosamine 2-epimerase from
E. coli?®®25728 has greatly aided in unveiling the
mechanistic details of this enzyme catalysis. The
amino acid sequence of this enzyme does not contain
any of the consensus sequences shared by the NAD™
binding proteins.>* Unlike the previously discussed
UDP—galactose 4-epimerase, no associated NAD™
coenzyme has been detected with the purified en-
zyme. In addition, the exogenous addition of nico-
tinamide cofactors has no effect on the enzyme
activity.?%>2% Therefore, it is unlikely that Mecha-
nisms A or C is involved in the catalytic process.

The above conclusion is also supported by the
findings that isotope incorporation at C-2 was ob-
served when the enzymatic reaction was carried out
in D,O or T,0.%%52% The incorporation of solvent-
derived hydrogen at the C-2 position of both UDP—
GlcNAc and UDP—ManNAc also argues against a
hydride-transfer mechanism similar to that of UDP—
galactose 4-epimerase catalysis.?®>2% |n addition,
enzymatic incubation with 2H-labeled substrate sug-
gested that the cleavage of the C,’—H bond that
occurs during epimerization is at least partially rate-
limiting, as indicated by the primary kinetic isotope
effect of 1.8 4+ 0.1.%%

2. Elimination—Addition Mechanism for
UDP-N-Acetylglucosamine 2-Epimerase

One of the most informative studies to elucidate
the mechanism of this enzyme was the positional-
isotope exchange (P1X) experiment in which UDP—
GlcNAc enriched with 80 at the anomeric (bridging)
position was incubated with E. coli UDP—N-acetyl-
glucosamine 2-epimerase (Scheme 27). After incuba-
tion, isotope scrambling, leading to the incorporation
of the 80 label at the bridging as well as nonbridging
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positions of the phosphate group, was observed in the
product and the recovered substrate. This observa-
tion indicated a mechanism involving cleavage of the
anomeric C—0 bond during catalysis.?®® The fact that
UDP and 2-acetamidoglucal 86 gradually accumulate
in the enzyme active site during the reaction lent
further credence to Mechanism B. Although the
products of the reaction catalyzed by the mammalian
UDP—N-acetylglucosamine 2-epimerase are UDP
and free ManNAc, 2-acetamidoglucal has also been
speculated as an intermediate in this transformation.
In this case, it is proposed that the ManNAc product
is formed from an addition of a water molecule across
the double bond of 2-acetamidoglucal.?*

Taken together, the evidence supports Mechanism
B as being most likely in the reaction catalyzed by
UDP—N-acetylglucosamine 2-epimerase. The pro-
posed S-elimination of UDP could proceed through
either an Elcb, E2, or E1 mechanism.?*® The pos-
sibility of an E1lcb mechanism is doubtful given the
weak acidity of the proton at C-2. An E2 mechanism
is also unlikely since the prerequisite anti-elimina-
tion is not possible in the case of ManNAc. It should
be noted that neighboring-group participation by the
acetamido functionality may facilitate the elimination
reaction (Scheme 28), since nonenzymatic formation
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of oxazoline is well-precedented in molecules derived
from GIcNAc and ManNAc.?® In addition, an oxazo-
line intermediate has also been proposed to exist in
the catalytic mechanism of N-acetyl-5-hexosamini-
dase.?8* Therefore, inhibition studies of this enzyme
by structural analogues of the possible oxazoline
intermediates 88 merit further investigation. Inter-
estingly, the analogue UDP—3-deoxy-GIcNAc is not
a substrate but a modest inhibitor for the E. coli
enzyme.?>® This result raised a possibility that ac-
cumulation of 2-acetamidoglucal 86 may arise from
the premature reduction of the enone intermediate
87 during normal turnover as proposed in Mecha-
nism C. However, since the involvement of NAD™ in
the catalysis is unlikely, the observed inhibition by
UDP—3-deoxy-GIcNAc may simply result from de-
stabilization of a positively charged intermediate (or
transition state) formed during the reaction.

D. CDP-Tyvelose 2-Epimerase

Tyvelose (5) is a 3,6-dideoxyhexose present at the
nonreducing end of the O-antigen of some Gram-
negative bacteria, such as Salmonella typhi?®? and
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Yersinia pseudotuberculosis 1VA.?%2 The sugar nucleo-
tide CDP—tyvelose (89) is the only 3,6-dideoxyhexose
that is derived directly from another 3,6-dideoxy-
hexose. The precursor for 89 is CDP—paratose (90),
which is converted to 89 by the enzyme CDP-—
tyvelose 2-epimerase.® This reaction is another in-
triguing example of an epimerization at an unacti-
vated stereocenter.

Me T Me OH
HO 0 YW HO 0
HO 6cpp OCDP
90 89

The gene encoding CDP—tyvelose 2-epimerase (tyv)
has recently been identified and sequenced from
Yersinia pseudotuberculosis IVA.?5* A BLAST search
revealed strong sequence homology of this enzyme
to the NAD*-dependent enzymes, TDP—glucose 4,6-
dehydratase from Salmonella typhimurium (29%
identity and 47% similarity) and the previously
discussed UDP—galactose 4-epimerase (see section
IV.A) from E. coli (26% identity and 41% similarity).
The N-terminus of its translated sequence contains
a Rossmann fold (‘{GGCGFLG) that is typical for
nucleotide diphosphate-binding proteins.>* Another
conserved motif present in most short-chain dehy-
drogenases, YXXXK, is also seen in this protein
(*54YGCS'%8K). These pieces of evidence strongly
suggested that CDP—tyvelose 2-epimerase is a mem-
ber of the short-chain dehydrogenase family®” and its
activity depends on the presence of the nicotinamide
cofactor.

1. Biochemical Properties of CDP-Tyvelose 2-Epimerase

The recombinant Y. pseudotuberculosis epimerase
has been overproduced in E. coli BL21 (DE3) and
purified for mechanistic studies.?® Detailed quanti-
tation established a stoichiometry of one NADT/
NADH per monomer in the 152 kDa holoenzyme
tetramer. The presence of bound NAD" and NADH
in the purified enzyme is also evident in the UV—vis
spectrum of this enzyme. The protein shows maximal
absorption at approximately 275 nm with a broad
band extending to 450 nm, a characteristic feature
known as “Racker Bands?¢ resulting from a charge-
transfer transition between the bound NAD* and a
residue in the protein core.?5®

CDP—tyvelose 2-epimerase displays maximal ac-
tivity at pH 7.5. The epimerization at C-2 is revers-
ible, with the equilibrium slightly favoring the for-
mation of CDP—tyvelose (Keq = 1.22 at pH 7.5). The
Km of CDP—paratose (90) was determined to be 6.8
+ 0.4 uM, and that of CDP—tyvelose (89) was
determined as 170 + 20 uM. Interestingly, the
reverse reaction that results in the formation of
CDP—paratose from CDP-—tyvelose is almost 10
times faster with a ke of 240 4+ 10 min—! as compared
to a ket value of 22 +£ 1 min~! for the forward
reaction. No divalent metal ion was found to be
necessary for the activity of the epimerase, consistent
with the observations made for the short-chain de-
hydrogenases.®”
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2. Possible Mechanisms for C-2 Epimerization

The presence of NADT/NADH in purified CDP—
tyvelose 2-epimerase indicates that this enzyme may
follow a redox mechanism analogous to that used by
UDP—galactose 4-epimerase (Mechanism A) (see
section IV.A). As depicted in Scheme 29, this mech-
anism is highlighted by the formation of a 2-keto-
hexose intermediate 91. However, three other mech-
anisms are also worth considering (Mechanisms
B—D). Mechanism B involves an initial oxidation at
C-2 which may sufficiently increase the acidity of the
C-3 hydrogen to allow deprotonation by an active-
site base. Subsequent reduction of the enol/enolate
intermediate 92 at C-3 via an intramolecular hydride
transfer would result in the racemization of the C-2
stereocenter (Scheme 29). Mechanisms C and D
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(Scheme 30) proceed through the formation of a
4-ketohexose intermediate 93 arising from C-4 oxida-
tion. The key step in Mechanism C is a reversible
dehydration executed by a general base on the
enzyme. The nonstereoselective addition of water to
the enolate intermediate 94 at C-2 could produce a
mixture of epimers. Mechanism D involves the for-
mation of a 4-ketohexose intermediate 93 that could
first undergo a retro-aldol ring opening. The resulting
acyclic species 95 may rotate about its C-1/C-2 bond
prior to an aldol-type ring closure to give both
epimers. A final reduction at C-4 by a hydride derived
from the reduced nicotinamide cofactor completes the
catalytic cycle in Mechanisms C and D.?%6

3. Distinguishing between Mechanisms Involving C-2 or
C-4 Oxidation

Various experiments were designed to differentiate
among these possibilities in the catalytic mechanism
of CDP—tyvelose 2-epimerase. When CDP—b-para-
tose 90 was incubated with the enzyme in buffers
prepared with either 2H,0 or H,*0 and the reaction
products were analyzed by 'H NMR and FAB-MS,
no exchange of hydrogen or oxygen atoms with the
solvent was observed.?®® This evidence argues against
Mechanism B and Mechanism C, although it might
be reasoned that the enzyme active site could be well-
sequestered from the bulk solvent. However, when
CDP—[2-°H]paratose was used in the enzyme incuba-
tion, no hydrogen migration from C-2 to C-3 could
be detected by *H NMR,?%® which rules out Mecha-
nism B.

Initial attempts to distinguish between Mecha-
nisms A and D were based on the measurement of a
kinetic isotope effect (KIE) for the transfer of a
deuterium from the C-2 or the C-4 position to NAD™,
respectively. The KIEs on V and V/K for the C-2
deuterium-labeled substrate were found to be 1.3 +
0.1 and 1.4 £+ 0.2, respectively, and those for the C-4
deuterium-labeled substrate were found to be 0.9 +
0.02 and 1.2 + 0.1, respectively. These values are
relatively small for a primary KIE and are far from
being conclusive to distinguish between Mechanisms
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A and D. More informative evidence was obtained
from the incubation of the putative Mechanism D
reaction intermediate, 4-keto-3,6-dideoxy-bp-glucose
(93), with CDP—bD-tyvelose 2-epimerase containing
NADH, which resulted in the formation of a mixture
of CDP—b-paratose and CDP—bD-tyvelose. While these
data initially appeared to support Mechanism D,?56
additional experiments cast doubts on the viability
of this conclusion. For instance, the analogue CDP—
4-deoxy-4-fluoroparatose was found to be a reason-
ably good substrate for the epimerase.?%* Since this
compound cannot form a 4-keto intermediate, it
should not be a substrate for the enzyme if Mecha-
nism D were to be operational.

Additional experiments with the epimerase re-
vealed that prolonged incubation of the epimerase
with the substrates resulted in a slow accumulation
of NADH, presumably via the formation of a dead-
end complex due to the exchange of a reaction
intermediate for the substrate in a ternary complex.
This phenomenon was exploited to determine whether
the C-2 or C-4 hydrogen was being transferred to
NAD™. The outcome was expected to unravel the
regiochemistry of the initial oxidation and shed light
on the reaction mechanism.

After prolonged incubation of the enzyme with
either CDP—[2-?H]paratose or CDP—[4-°H]paratose,
the nicotinamide cofactor was released from the
enzyme. Due to the difficulties in separating NADH
from the excess substrate, the accumulated NADH
was converted to NAD™ prior to FPLC isolation. Since
the epimerase is a member of the short-chain dehy-
drogenase family, as discussed earlier, the hydride
being transferred to NAD™ during catalysis is pre-
dicted to reside at the pro-S position of C-4 on the
nicotinamide ring.8” Therefore, a pro-R-specific de-
hydrogenase, L-lactate dehydrogenase, was chosen to
convert the released NADH to NAD™ with the ex-
pectation that the pro-S hydrogen of NADH derived
from the substrate would be retained in the resulting
NAD™. Analysis of the isolated NAD*' by mass
spectroscopy found that while incubation of the
enzyme with CDP—[4-?H]paratose resulted in no
incorporation of deuterium into the cofactor, signifi-
cant deuterium label was incorporated when CDP—
[2-?H]paratose was used as the substrate.?5® There-
fore, this experiment has provided convincing evidence
that the first step in the catalytic mechanism of
CDP—tyvelose 2-epimerase is C-2 oxidation and
strongly supports Mechanism A.

This mechanism is reminiscent of that of UDP—
galactose 4-epimerase in which the 4-ketohexulose
reaction intermediate rotates about the Pg and gly-
cosyl oxygen bond to present alternate faces to the
reducing agent. However, the nonstereospecific oxi-
dation—reduction at C-2 catalyzed by CDP—D-tyvelose
epimerase must invoke a different motion of the
2-ketohexose intermediate and perhaps involves ad-
ditional conformational changes of the active-site
scaffold. A better understanding of this intriguing
catalyst must await further mechanistic investiga-
tions and structural information from X-ray crystal-
lographic studies.
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V. Reactions Involving Carbonyl (1,2)
Rearrangements

The following section describes the reaction mech-
anisms of bp-xylose isomerase, p-glucarate dehy-
dratase, and b-galactonate dehydratase. p-Xylose
isomerase catalyzes the conversion of an aldopentose
to a 2-pentulose. p-Glucarate dehydratase and bp-
galactarate dehydratase, which will be discussed
together, catalyze dehydration reactions using al-
donic sugars as substrates. The key transformation
in these reactions involves functional group manipu-
lation at vicinal centers. While the reaction catalyzed
by p-xylose isomerase involves the migration of a
carbonyl group from C-1 to C-2, the reactions cata-
lyzed by p-glucarate dehydratase and p-galactonate
dehydratase involve the formation of an enolate
followed by the elimination of water. In each case,
the net result is a de facto internal redox reaction
involving vicinal carbons.

A. D-Xylose Isomerase

D-Xylose isomerase is a bacterial enzyme that
catalyzes the interconversion of p-xylose (96) and
D-xylulose (97). It is inducible under conditions where
xylose serves as the sole carbon source for growth and
metabolism.?6” However, this enzyme displays a
broad specificity, accepting the a-anomers of many
other pentoses, hexoses, sugar alcohols, sugar phos-
phates, and deoxysugars as substrates.?%826% Of par-
ticular importance is the fact that p-xylose isomerase
is able to catalyze the conversion of b-glucose (98) to
p-fructose (99).2° Therefore, this enzyme is also

CHO xylose CH,0H
H——OH isomerase =0
HO—H ~——>= HO H
H——OH H——OH
CH,OH CH,OH
96 97
CHO CH,0H
xylose |
H=—O0H  isomerase =0
HO—— HO—+—H
H—OH H——OH
H——OH H——OH
CH,0H CH,0H
98 99

known as p-glucose isomerase and is one of the most
widely used industrial enzymes. In fact, it is used as
the catalyst for an annual production of more than a
billion pounds of high-fructose corn syrup, a common
food and drink sweetener.?’0

The chemical transformation catalyzed by p-xylose
isomerase is intriguing, and the elucidation of this
enzymatic reaction has attracted a lot of attention
due to the important industrial applications of this
enzyme. p-Xylose isomerase has been isolated from
a variety of Actinomycetaceae and many other Gram-
negative and Gram-positive bacterial species. The K,
values for p-xylose, p-glucose, and pb-ribose depend
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on the source of the enzyme but are usually in the
millimolar range. Most isoforms of this enzyme show
optimal activity between 80 and 90 °C and pH 7.0
and 9.0.?"° The active enzymes, with a subunit
molecular mass varying from 52 to 191 kDa, exists
as a dimer or a tetramer.?’%2"2 The presence of
divalent metal cations is essential for the activity and
stability of p-xylose isomerase.?’3 Under physiological
conditions, it is believed that Mg?* is the preferred
metal cofactor for this enzyme.?”* The family of xylose
isomerases can be classified into two groups based
on their metal-dependency. Group | isomerases are
usually isolated from the Actinomycetaceae species
and contain two metal ions per monomer (designated
Mg-1 and Mg-2) in their active forms. Group Il
enzymes have a stoichiometry of 1 mol of metal per
mol of monomer and are usually obtained from other
bacterial sources.?”*

Most isolated p-xylose isomerases have shown a
high degree of sequence homology to each other. With
the availability of overproduced recombinant pro-
teins, the X-ray crystal structures of the enzymes
from several Streptomyces species and from Arthro-
bacter have been solved. Not surprisingly, given the
high degree of sequence homology among them, the
three-dimensional structures of these proteins have
been found to be very similar.?’5-28 Each subunit of
the isomerase folds into an eight-stranded o/f barrel
that is better known as the “triose—phosphate
isomerase (TIM) barrel” motif. This motif is charac-
teristic for almost all other aldose—ketose intercon-
verting enzymes. The active site is located near the
center of the TIM barrel. Each subunit also has a
C-terminal helical domain that interacts with the
neighboring subunit.?81.287-289 Although the three-
dimensional structure of p-xylose isomerase is very
similar to that of triose phosphate isomerase, it
employs a different strategy to accomplish the isomer-
ization of simple sugars.

Through biological assays and X-ray crystallo-
graphic studies, it has been established that
the p-xylose isomerases catalyze the interconversion
of only the a-anomers of aldoses and ke-
toses.268,269,284,285,290-295 |nterestingly, the open-chain
forms of these sugars have been found at the enzyme
active site, indicating that they may be the reaction
intermediates.?84.2852%.297 Therefore, the mechanism
for the p-xylose isomerase-catalyzed reaction appears
to consist of at least three chemical transforma-
tions: (1) ring opening, (2) hydrogen transfer between
C-1 and C-2, and (3) ring closure (Scheme 31). The
first and last steps in this proposed sequence are

Scheme 31
HO xylose — HO-— H -
HO 0 isomerase HO -OH 0
HO OH H H
98 ﬂ
HO
HO olp —oH HO OH y
w == | THo <,
(0]
HO OH L OH -
99

Chemical Reviews, 2000, Vol. 100, No. 12 4647

supported by a substantial body of experimental
evidence. However, the detailed mechanism regard-
ing the hydrogen shift between C-1 and C-2 has
remained controversial. The results of many site-
directed mutagenesis, chemical modeling, Kinetic
measurements, X-ray crystallography, and other
spectroscopic studies aimed at determining the de-
tails of these transformations facilitated by Group |
isomerases are highlighted here.

1. Enzyme-Catalyzed Ring Opening of o-Aldose/Ketose
Substrates

The existence of an extended-chain sugar substrate
in the enzyme active site as revealed by X-ray
crystallography has prompted the hypothesis that an
enzyme-facilitated ring opening might be the first
step of the b-xylose isomerase-catalyzed reac-
tion.275.280.284,296.298 This mechanistic postulation is
supported by the fact that while p-xylose isomerases
have a low affinity for p-xylose and p-glucose with
Km values of 3.3 and 225 mM, respectively, the open-
chain sugar analogues, such as p-sorbitol (100) and
p-xylitol (101), are potent competitive inhibitors of
this enzyme with K, values of 0.3 and 6.5 mM,
respectively. These K, values are in the sub-K, range

CH,OH

CH,OH
H——OH u—lon
HO——H HO——H
H—|—OH H—oH
H——OH
CHOH CH,O0H
100 101

and thus indicate that these acyclic polyols are good
mimics of the reaction intermediate(s).?842°® The
formation of ring-opened intermediates as part of the
catalytic mechanism is also supported by the study
of the E180K mutant of the Streptomyces rubiginosus
enzyme. It was found that this mutant, which con-
tains only one metal ion at the active site, is unable
to catalyze the overall isomerization but retains the
ability to catalyze the ring opening of the substrate.3®
Among the residues that have been implicated to play
arole in this process are His-53280.284,285296,301-304 gn(
Lys-182.284298:305.306 | js also believed that a hydroxide
bound to Mg-2 may facilitate this transformation.3®

2. Enzyme-Catalyzed Aldose—Ketose Isomerization

The aldose—ketose isomerization of the substrate
in its open-chain form is the rate-limiting step of the
overall catalysis.?84301.307.308 |t was determined that
an enediol intermediate 102 is involved in all aldose—
ketose isomerizations, including those of phospho-
sugars and simple sugars (Scheme 32).399:310 |nitial
evidence for the existence of a cis-enediol intermedi-
ate in the catalytic mechanism of b-xylose isomerase
came from the determination of the stereochemical
course of the reaction.®! It was found that the proton
exchange between substrate and solvent was limited,
and the C-2 hydrogen of p-xylose was transferred to
the 1-pro-R position of p-xylulose in a suprafacial
fashion. This result is consistent with a re face
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deprotonation and reprotonation mechanism of a
planar cis-enediol mediated by a monoprotic active-
site base.

The X-ray crystal structures of b-xylose isomerase
from Streptomyces olivochromogenes have been de-
termined in its free state as well as in states
complexed with glucose or the substrate analogue
3-O-methyl-p-glucose at resolutions of 1.81, 1.96, and
2.19 A, respectively.3% This has helped in determin-
ing the precise orientation of the substrate at the
active site and the interactions of the substrates with
the divalent metals and active-site residues. The
presence of the two divalent metal ions, Mg-1 and
Mg-2, appears to be important for protein’s structural/
thermal stability and catalytic activity.?75:284,300,312,314
It has been shown that selective removal of Mg-1 in
the E180K mutant produced a totally inactive en-
zyme.298.3%0 In the free enzyme, Mg-1 is found in a
tetracoordinated state complexed with Glul80,
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Asp244, Asp286, and Glu216 (103, Scheme 33).305
The binding of substrate changes the coordination
state to octahedral with the participation of the O-2
and O-4 oxygen atoms from the substrate (104).3%
On the other hand, in the absence of the substrate,
Mg-2 is octahedrally coordinated with the active-site
residues Glu216, His219, Asp254, Asp256, and a
hydroxide anion (103).2%8:3%5 The hydroxide bound to
Mg-2 is believed to act as a base for the proton
abstraction at 2-OH of the substrate, a process that
also leads to further movement of this metal.31%3%5 |t
is proposed that the protein ligands Asp254 and
Asp256 dissociate from Mg-2 at this stage and are
replaced by a water molecule, O-1, and O-2 of the
substrate (105).2843% Thus, the developing negative
charge at O-2 is stabilized by both Mg-1 and Mg-2,
which in turn pulls the metal centers closer to
establish a proper geometry to facilitate the isomer-
ization step (105).305:308

As depicted in Scheme 33, after tautomerization
the partial negative charge generated at O-1 may be
stabilized by Lys182 (106).29%8301.305316 Thjs lysine
residue together with the metal ions confines the
extended reaction intermediate in a syn-conformation
and thus determines the stereochemical course of the
hydride shift process.?®4285 The Mg-2-bound water
molecule has been proposed to be the proton donor
to O-1 (106).277:285310.317 | y5182 may be an alternative
candidate for the active-site acid according to a
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theoretical study.3'® Each of these transformations
is reversible, and the isomerization can also be
initiated by a deprotonation of 1-OH of p-xylulose
(107). Therefore, p-xylose isomerase is able to inter-
convert aldoses and ketoses. The final step of the
enzymatic catalysis is the cyclization of the linear
sugar, which is the reversal of the ring-opening
reaction, presumably involving the same set of active-
site residues. The o-cyclic product is then released
into solvent, and the enzyme reverts back to its
resting state.3%

Overall, the reaction catalyzed by Group | p-xylose
isomerase relies on the electrophilic catalysis per-
formed by these two metal ions to lower the pK, of
the 2-OH of the substrate and to polarize the hy-
dride—receptor carbonyl of the aldose/ketose sub-
strate.?®23%5 The hydrophobic environment at the
active site of p-xylose isomerase is also important to
enhance the coordination between the metal ions and
the sugar hydroxyl groups. In addition, the hydro-
phobic surface consisting of Trp-136, Phe-93, and
Phe-25' from the neighboring subunit may shield the
enzyme active site from solvent.?®*

Clearly the knowledge of the peptide sequences and
the three-dimensional structures has made the cata-
lytic mechanism of p-xylose isomerases better un-
derstood. Information from structural as well as
mechanistic studies has been proved invaluable for
the efforts to engineer mutant enzymes with better
binding affinity and higher reactivity toward b-
glucose.320-324

B. p-Galactonate Dehydratase and p-Glucarate
Dehydratase

D-Galactonate dehydratase and p-glucarate dehy-
dratase catalyze the dehydration of aldonic sugars.
D-Galactonate dehydratase (GalD), which converts
D-galactonate (108) to 2-keto-3-deoxygalactonate (109),
is an important enzyme in the metabolic pathways
of galactose in both bacteria and mammals.?? p-

HO  oH HO o
? . GalD /\/\)J\ -
HO™ ™ Co, HO™ ™ CO,
HO OH HO
108 109
HO H H
0.C. 5 9 GlucD -0.C 0 _
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Glucarate dehydratase (GlucD) catalyzes the elimi-
nation of a water molecule from p-glucaric acid (110)
to give 3-deoxy-L-threo-2-hexulosarate (111). The
biological activities of these two proteins were de-
tected several decades ago; however, their mecha-
nistic details had not been studied in detail until
recently, when sequence alignment revealed that
both GalD and GlucD belong to the mandelate
racemase (MR) subgroup of the “enolase super-
family”.326:327 Enzymes that belong to this super-
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family catalyze a broad range of reactions on struc-
turally diverse substrates. Interestingly, in each case,
catalysis is always initiated by the abstraction of the
o-proton of a carboxylic acid. In this section, a brief
account will be provided regarding the identification
of the encoding sequences for GalD and GlucD from
previously unassigned open reading frames of the E.
coli and Pseudomonas putida genomes, the specula-
tions on the mechanism of the enzymatic catalysis
judged by the conserved amino acid residues in these
polypeptides, and the supporting evidence from bio-
chemical studies of the purified enzymes.

1. Identification of the Gene galD and Mechanistic Study
of the galD-Catalyzed Reaction

In a BLAST search of MR homologues from various
DNA and protein data banks, five open reading
frames of unknown functions were assigned as MR
homologues.3?® One sequence, ORF 587, was located
in the vicinity of the dgo operon involved in the
metabolism of p-galactonate in E. coli. This operon
contains four genes including dgoD, which is a
candidate to encode the galactonate dehydratase.3?®
Detailed sequence analysis showed that the C-ter-
minal two-thirds of the f587 translated polypeptide
sequence is homologous to MR and other members
of the enolase superfamily. When f587 DNA was
cloned into the vector pUC18, the host E. coli DH5a
cells indeed exhibited the desired galactonate dehy-
dratase activity.3?®

At this point, it would be pertinent to discuss some
properties of MR and the muconate-lactonizing en-
zyme (MLE). Mandelate racemase is a divalent metal
Mg?*-dependent enzyme that catalyzes the intercon-
version of the mandelate enantiomers using a general
base—general acid mechanism (Scheme 34). The
racemization proceeds by stereospecific a-proton
abstraction of one mandelic acid enantiomer followed
by reprotonation of the enolic intermediate from the
opposite face.®?® The X-ray crystallographic studies
of MR have revealed that His297 is responsible for
the proton abstraction from (R)-mandelate, while
Lys166 is the (S)-mandelate-specific base.?30:329.330
Another important active-site residue is Lys164 that
presumably serves as an electrophilic catalyst. These
two lysine residues constitute a diagnostic “KXK”
catalytic motif.3?6 Residue Glu317 is believed to be
the general acid catalyst that delivers a proton to the
substrate carboxyl group and helps lower the energy
barrier of the a-proton abstraction dramatically.326.331
The carboxylic side chains of Asp195, Glu221, and
Glu247 as well as the carboxyl group of mandelate
serve as ligands to the Mg?* ion.326

Muconate-lactonizing enzyme (MLE) catalyzes the
conversion of cis,cis-muconate to muconolactone
(Scheme 34). Although Mn?" ions instead of Mg?*
have been found to be associated with MLE, the
primary sequence and three-dimensional structure
of this enzyme are strikingly similar to those of
MR.332-334 A major difference between these proteins
is the absence of a residue corresponding to His297
in MLE. The direct consequence of this alteration is
the stringent stereospecificity displayed by MLE. The
reverse reaction is initiated by abstraction of the
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a-pro-R proton by Lys169, a homologue of Lys166 in
MR, to carry out a syn-s-elimination. The primary
sequence of MLE contains amino acids corresponding
to the metal-coordinating residues, Lys164 and
Glu317, that are found in MR, suggesting a common
active-site structural framework. In light of their
structural and mechanistic similarities, it has been
proposed that MR and MLE may share a common
ancestry.3?®

The translated sequence of GalD contains 382
amino acids, a size similar to that of MR and
muconate-lactonizing enzyme (MLE) (358 and 372
amino acids, respectively). This protein has a histi-
dine residue (His285) corresponding to His297 of MR.
The putative metal ion ligands, D183, E209, and
E235, have also been identified in the GalD sequence.
Although the three-dimensional structure of GalD is
not yet available, it has been postulated that this
enzyme catalyzes the elimination of a water molecule
through the initial abstraction of a proton by His?®
from C-2 that bears an R-configuration, a chemical
step that is shared with the MR-catalyzed transfor-
mation (Scheme 35).328 It is worth mentioning that
the consensus sequence K164—X—K166 of MR is
replaced by a K144—X—N146 motif in GalD. The
substitution of lysinel66 in MR with an asparagine
in GalD may have facilitated the vinylogous g-elim-
ination of the enolic intermediate to give 112 instead

of racemization following the a-proton abstraction
observed in the MR-catalyzed reaction.

When the enzyme incubation was performed in
D0, the 3-pro-S hydrogen of the product was found
to be deuterated by *H NMR.3% Hence, the enzymatic
transformation results in a retention of configuration
at C-3. A direct assessment of the stereochemical
course of the g-elimination is not feasible due to the
facile tautomerization of the proposed enolic inter-
mediate 112. However, based on the assumption that
the substrate is bound in an extended conformation
in the active site of GalD, it has been proposed that
this reaction is an anti elimination that occurs via a
two-base mechanism.33! Despite the identification of
several critical amino acid residues in GalD, residues
that act as the second general base and the homo-
logue of Glu317 in MR are yet to be determined. A
complete elucidation of the stereochemical course of
this enzyme must await more information from
structural and mutagenesis studies.

2. ldentification of the Gene glucD and Mechanistic Study
of glucD-Catalyzed Reaction

Sequence comparisons using BLAST also led to the
functional identification of a glucarate dehydratase
from P. putida. The desired enzyme activity was
observed when the tentative gene was cloned and
recombinant protein was purified to homogeneity.3?6
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Two metal ligands are conserved in the primary
sequence of the putative GlucD active site, and the
presence of the KXK motif is also noted. Moreover,
the active site of GlucD contains Lys213 and His345,
which are the counterparts of K166 and H297 in MR.
To probe the stereospecificity of GlucD, the epimer
of p-glucarate, L-idarate (113), was incubated with
D-glucarate dehydratase. The product from this in-
cubation, 111, was identical to that seen with the
incubation of the native substrate. The dehydration
reactions of both epimers have comparable K., and
Keat Values (keat = 3 st and Ky, = 65 uM for b-
glucarate and ket = 4 s7t and Ky, = 180 uM for
L-idarate), indicating that the binding affinities and
reactivities of these compounds are similar.23® Thus,
this enzyme-catalyzed transformation is stereo-
random.

Scheme 36

Ifysz 13
NH,
GlucD

It has been shown that except for a few cases such
as the 3-carboxymuconate cycloisomerase-catalyzed
reaction,’¥” almost all enzyme-catalyzed f-elimina-
tions from a carboxylate a-anion proceed through an
anti stereochemical pathway involving a two-base
mechanism. The necessity to recruit a second base
has been rationalized by the fact that the conjugated
acid of the first base, which is responsible for
abstraction of the a-proton with high pK,, is too weak
to facilitate the departure of the leaving group
through protonation.33* However, the stereorandom
feature of GlucD presents an interesting challenge
to the above argument. The utilization of both b-
glucarate and L-idarate by GlucD indicates that this
enzyme binds both substrates in an identical geom-
etry. Incubations with either p-galactonate (110) or
L-idarate (113) in D0 yielded the same product (3-
deoxy-L-threo-2-hexulosarate, 111) with a deuterium
label at the 4-pro-S hydrogen.326:335336 The retention
of configuration with respect to the departing 4-OH
in both cases suggests that the enzyme-catalyzed
a-proton abstraction from either p-glucarate or L-
idarate leads to an identical enolic intermediate
(115).3% It appears that both Lys213 and His345 are
equally competent in initiating proton abstraction,
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leading to this common enolic intermediate. The
above data establish that GlucD can catalyze both
syn and anti dehydration reactions with distinct
active-site bases and have also prompted the sug-
gestion that b-glucarate dehydratase may have
evolved from a racemase ancestor.

The structural and functional similarities of GalD
and GlucD to the rest of the enolase superfamily,
especially MR and MLE, support the hypothesis that
the optimization and evolution of enzymes with
alternative substrate specificities or new activities
takes advantage of the active-site architectures of
existing proteins.®?®¢ Enzymes with diverse substrate
specificities and catalytic functions may evolve from
proteins catalyzing the same class of chemical reac-
tion by strategic replacements of the active-site
residues. Thus, it is likely that the chemistry em-
ployed in the transformation overcomes the substrate
specificity as one of the determining factors in the
course of enzyme evolution.

VI. Reactions Involved in the Formation/
Rearrangement of Hexose Skeletons

So far, the enzymes that have been discussed in
this review generate structural variations in sugars
by catalyzing functional group transformations, al-
though none of these reactions involves a dramatic
change in the hexose skeletal framework itself.
However, the final section of this review features two
enzymes which catalyze the formation/rearrange-
ment of the sugar backbone. The first enzyme,
dehydroquinate synthase, facilitates the rearrange-
ment of a pyranose skeleton to a cyclohexane-based
framework. The second enzyme, 3-deoxy-bD-manno-
2-octulosonate-8-phosphate (KDO8P) synthase, cata-
lyzes the de novo synthesis of an eight-carbon sugar
by the condensation of a Cs open-chain sugar unit
(arabinose 5-phosphate) with PEP.

A. Dehydroquinate Synthase

3-Dehydroquinate (DHQ) synthase catalyzes the
conversion of 3-deoxy-bp-arabinoheptulosonic acid
7-phosphate (DAHP, 116) to dehydroquinate (DHQ,
117),338:339 which can be further transformed into an
aryl group by downstream processing enzymes. This
enzymatic reaction is the second step in the shiki-
mate pathway for the biosynthesis of the three
common aromatic amino acids, phenylalanine, ty-
rosine, and tryptophan, and many other primary and
secondary metabolites in plants and microorgan-
isms.340:341 Since the corresponding pathway does not
exist in mammals, inhibitors directed against the
enzymes of the shikimate pathway have the potential
to be used as antibacterial agents and herbicides.
Therefore, DHQ synthase has received much atten-
tion over the years as an attractive candidate for the
design of potentially useful inhibitors.

1. Catalytic Properties and Proposed Mechanism

DHQ synthase has been purified from various
bacterial, fungal, and plant sources. The genes en-
coding this enzyme have been subsequently cloned
and sequenced.®*>734° An E. coli strain has been
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constructed to overproduce recombinant DHQ syn-
thase at a level of 1000-fold greater than that of the
wild-type strain.342344345 The purified enzyme is a
monomeric protein composed of 362 amino acids, with
a calculated molecular mass of 38 880 Da.’3* It
contains 1 equiv of tightly bound NAD™ at the active
site,3* which is crucial to the structural stability and
catalytic activity of the enzyme. Like many well-
known NAD™"-dependent oxidoreductases, 3-dehy-
droguinate synthase is a metalloprotein.3%0-3% |t was
originally discovered that the presence of Co(ll) is
necessary for restoring the activity of the partially
purified DHQ synthase from E. coli.33835 Removal
of Co(ll) from the recombinant enzyme by dialysis
against EDTA resulted in an inactive apoenzyme.
The activity of this apoenzyme could be reconstituted
by the addition of Co(l1) and other divalent metal ions
such as Zn(11).3% Under physiological conditions, it
is believed that Zn(ll) acts as the metal cofactor for
DHQ synthase.

The mechanism of the reaction catalyzed by DHQ
synthase may be dissected into at least five consecu-
tive transformations: (1) the oxidation of the second-
ary hydroxyl group at C-5 of 116 with concomitant
reduction of the cofactor NADT, (2) the elimination
of inorganic phosphate across C-6 and C-7 in 118,
(3) the reduction of the keto group at C-5 of 119, (4)
the ring opening of the enol pyranose 120, and (5)
the intramolecular aldol reaction (see 121) to produce
the saturated six-membered ring of DHQ (117,
Scheme 37).2%8 The manner in which this monomeric
enzyme of a relatively small size can fulfill the
demands for the catalysis of such diverse transfor-
mations has puzzled investigators for many years.
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2. Role of NAD™ in the Catalysis of DHQ Synthase

As illustrated in Scheme 37, NAD" is essentially
a prosthetic group of DHQ synthase and is respon-
sible for the initial oxidation and subsequent reduc-
tion at C-5.% This oxidation is pH-dependent, indi-
cating that the hydride transfer from substrate to
NAD™ may be initiated by the deprotonation of 5-OH
mediated by an active-site base.®®® Interestingly,
although DHQ synthase has a high affinity for NAD™*
with a Ks of 80 nM,3¢ the cofactor could dissociate
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from the enzyme active site during the course of the
reactions, leading to a gradual loss of enzyme activity.
However, the rate of cofactor dissociation is much
slower than that of substrate turnover (Keat/Kost ~
300).%°¢ The regulatory functions and physiological
consequences of this cofactor dissociation during
enzyme catalysis are not yet completely under-
stood.3%8

3. -Elimination of Inorganic Phosphate

After the C-5 oxidation of substrate, the next step
in the mechanism of DHQ synthase is the elimination
of the phosphate group at C-7. Studies on the
stereochemistry of this process have shown that this
transformation is a syn-elimination.?*”-361 On the
basis of precedents derived from enzymes catalyzing
p-elimination reactions of ketones, it appears that the
elimination of phosphate proceeds through an Elcb
pathway. Probing this enzyme’s catalytic mechanism
with compounds 122 and 123 led to the conclusion
that the release of phosphate anion occurs prior to
the interconversion between the cyclic hemiketal and
the acyclic keto forms of DAHP.35°
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The elimination of phosphate to form 119 has been
proposed to be assisted in an intramolecular fashion
by the leaving phosphate group itself. The syn
stereochemistry of elimination observed in the enzyme-
catalyzed reaction is consistent with this hypothesis.
In fact, the direct abstraction of the C-6 proton by
the phosphate group at C-7 offers many catalytic
advantages. For instance, the C-6 proton of DAHP
may be well-shielded by the neighboring negatively
charged phosphate group and the axial hydroxyl
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group at C-2, making its removal by an enzyme
general-base difficult. In this context, the dianionic
phosphate ester, which is a strong base at physiologi-
cal pH, is properly situated and is readily available.
Furthermore, protonation of the phosphate would
make it a better leaving group, eliminating the need
for the assistance of a general base.

The conformational issues surrounding the s-elim-
ination reaction were studied using carba-cis-vinyl-
homophosphate (124), which binds to DHQ synthase
25-fold more tightly than DAHP. The lowest energy
conformation of 124 has its C-6 proton located in the
plane of the side-chain double bond. The tight binding
of 124 to the enzyme suggests that it mimics the
conformation of the reaction intermediate prior to
elimination, in which the methylene phosphate group
must be forced into a gauche orientation at the active
site in preparation for the subsequent elimination of
inorganic phosphate.3%® In support of this hypothesis,
the acyclic analogue 125 was found to be neither a
substrate nor an inhibitor for the enzyme, indicating
that the orientation of the substrate is crucial for its
interaction with the enzyme active site.357:359.360 A
though the involvement of enzyme residues in the
elimination of inorganic phosphate seems to be
unnecessary, studies on 126, 127, and other olefinic
analogues have indicated that DHQ synthase may
accelerate the Elcb elimination of inorganic phos-
phate by restricting the conformational flexibility of
the phosphorylmethyl ester in intermediate 118 and
by stabilizing the transition state(s)/intermediate(s)
bearing an sp?-character during the Elcb elimina-
tion.362

4. Aldol Condensation in the DHQ Synthase Mechanism

The most intriguing transformation in the DHQ
synthase mechanism is the ring-opening and recy-
clization step that occurs after the elimination of
phosphate. As shown in Scheme 37, the ring-opening
reaction leads to the formation of an enolate anion
121. Rotation about the C5/C6 bond presents the
C-end of the enolate toward the C-2 keto group on
intermediate 121. Nucleophilic attack by the enolate
results in the formation of a cyclohexane ring, in
which a new C—C bond is formed instead of the
original C—0O bond. Studies on the nonenzymatic
generation of 117 by photochemical cleavage of
O-nitrobenzyl ketal 128 suggested that ring opening
and aldol condensation may not be an enzyme-
catalyzed event.3%3 The tendency for 120 to dissociate
from the enzyme active site prior to subsequent
rearrangement was probed by using the fluorine-
substituted DAHP analogue 129.%%4 Two products
that differed in their configurations at C-1 were
observed after 129 was incubated with DHQ syn-
thase, which most likely arose from reaction inter-
mediates with distinctive conformations. It is un-
likely that this enzyme uses different strategies to
facilitate the formation of these diastereomers. Rather,
the introduction of an axial fluorine next to the
hemiketal center may stabilize the enol pyranose
intermediate, which dissociates from the enzyme
active site and undergoes a rearrangement of its
carbon skeleton.
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However, a more detailed investigation of this
rearrangement revealed that the DHQ synthase
active site may play a role in controlling the config-
uration of the final product through interactions with
various functional groups present in the reaction
intermediates, such as the carboxylate moiety. The
ring opening of 120 may be promoted by a proton
abstraction based on the evidence that carbaphos-
phate 130 (K; = 7.3 nM) is an equally good inhibitor
as its epimer 122 (K; = 5.4 nM).3% The interaction
between the carboxylate group in the analogue and
a protonated enzymatic residue may be responsible
for the tight binding of 130 to the enzyme.

5. Design of DHQ Synthase Inhibitors as Herbicidal or
Antimicrobial Agents

The extensive mechanistic investigations of DHQ
synthase have resulted in the development of a large
number of inhibitors of this enzyme. Interestingly,
nonisosteric phosphonate analogues of DAHP have
been found to be better inhibitors than the isosteric
homophosphates.3%8361.366 |n addition, nanomolar-
level inhibition has been observed for cyclohexyl
analogues in which the substitution of oxygen by a
methylene group dramatically increases the stability
of the compounds.356:358:359.361 Mimics of reaction
intermediates, such as a ketocarbaphosphonate ana-
logue of 116, have been reported to be an irreversible
inhibitor of DHQ synthase.3®” The C-2 or C-6 epimers
as well as the 2,6-anhydro3%8 and cyclohexy|365369.370
analogues have also been shown to be DHQ synthase
inhibitors. However, removal of hydroxyl groups at
C-3 or C-4 or changes in the ionization states of the
phosphoester/phosphonate moiety at near neutral pH
could lead to a dramatic reduction or even a total loss
of the inhibition potency.371-374

The cyclohexenyl and cyclohexylidene analogues
are by far the best inhibitors for DHQ synthase. They
can effectively abolish the enzyme activity at sub-
nanomolar concentrations in a slowly reversible
manner.3%? Despite the 33—55% sequence homology
between the microbial and plant enzymes, large
discrepancies have been observed in their responses
to various inhibitors.348349.360 However, the majority
of the currently known in vitro DHQ synthase
inhibitors cannot penetrate the plant/bacterial mem-
brane due to their incompatible ionization state at
physiological pH. A prodrug strategy holds promise
as a solution to this problem.

B. 3-Deoxy-b-manno-2-octulosonate-8-phosphate
(KDO8P) Synthase

The enzyme KDOS8P synthase catalyzes the stoi-
chiometric condensation of phosphoenol-pyruvate
(PEP, 52) and p-arabinose-5-phosphate (Ara5P, 131)
to form KDO (3-deoxy-b-manno-2-octulosonate-8-
phosphate, 132), an unusual sugar found in the
lipopolysaccharide (LPS) of Gram-negative bac-
teria.3">%77 This eight-carbon sugar serves as a bridge
in LPS to link the complex lipid A structure and the
inner core oligosaccharide to which the antigenic
O-polysaccharide is attached.®”837° Since LPSs are
essential for the growth and virulence of Gram-
negative bacteria and are absent in mammalian
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cells, 3897382 enzymes involved in the biosynthesis of
KDO have been considered as attractive targets for
the design of antibacterial agents.38!

KDOB8P synthase was first purified from Pseudo-
monas aeruginosa®’® and subsequently from E. coli.3"®
The E. coli enzyme has a molecular mass of about
90 kDa, which consists of three identical subunits of
32 kDa each. The catalytic mechanism of this enzyme
does not require the assistance of any metal ions or
cofactors.®”® In fact, the enzyme activity is inhibited
by 1 mM Cd?", Cu?", Zn?", or Hg?". The gene
encoding this enzyme, kdsA, has been cloned and
overexpressed in E. coli.’® Although KDOS8P syn-
thase falls into the family of PEP-utilizing enzymes,
this protein distinguishes itself from most other
members by cleaving a C—0 bond of PEP instead of
the P—O bond.

1. Substrate Specificity and Stereospecificity of KDO8P
Synthase

KDOB8P synthase exhibits an absolute specificity
for PEP (Km = 6 uM).%" Structural analogues of PEP
such as aldose phosphate, alditol phosphate, or
aldonic acid phosphate are neither substrates nor
potent inhibitors of this enzyme (ICso = 5 mM),384
indicating a strict recognition of the carboxylate and
phosphate functional groups of PEP by the enzyme.
Such strict substrate specificity is very different from
that of the dimeric divalent-metal-ion-dependent
DAHP synthase (see section VI1.A).28 A relatively less
strict substrate stringency was found for Ara5P,
which is the pentose phosphate utilized by KDO8P
synthase (K, = 20 uM).%7® Interestingly, this enzyme
also accepts the open chain analogues of Ara5P, such
as 4-deoxy-p-arabinose-5-phosphate (K, = 330 £ 30
uM) and 2-deoxy-2-fluoro-p-arabinose-5-phosphate
(Ki < 1 mM),%88 and discriminates against compounds
with a locked furanose ring.%8* Thus, the substrate
of KDO8P synthase must be the acyclic form of
Arab5P.386.387 Steady-state inhibition kinetics further
revealed that the catalysis proceeds via an ordered
Bi—Bi sequential mechanism in which the enzyme
binds phosphoenolpyruvate prior to the binding of
Ara5P and releases KDOS8P only after the dissocia-
tion of inorganic phosphate.3® However, pre-steady-
state kinetics under single-turnover conditions showed
that Ara5P and PEP are bound by KDO8P synthase
in a random order.388

The stereochemical course of the enzymatic reac-
tion with respect to AraSP (131) can be easily
established as re face specific according to the con-
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figuration of the C-4 hydroxyl of product KDO8P
(132), which is derived from the C-1 carbonyl of
Ara5P. As shown in Scheme 38, the C-4-manno
configuration of KDO8P (132) is a result of the attack
by the C-3 of PEP on the re face of Ara5P at C-1. To
determine the stereospecificity with respect to PEP,
the labeled (2)- and (E)-[3-?H]PEP as well as (Z)- and
(E)-[3-F]PEP were incubated with KDO8P synthase.
Judged by the R configuration at C-3 of the labeled
products, it was concluded that the condensation of
PEP and Ara5P takes place on the si face of PEP
(52),%8 which is similar to the stereospecificity ob-
served in related PEP-utilizing enzymes,®°3% includ-
ing DAHP synthase.3%?

2. Possible Catalytic Mechanisms for KDO8P Synthase

Two distinct, chemically feasible mechanisms have
been proposed for the KDO8P synthase catalysis. An
earlier hypothesis (Mechanism A) involved the for-
mation of an acyclic tetrahedral intermediate 133,3%
which results from the attack of a water molecule on
PEP, followed by its coupling with Ara5P. A subse-
guent displacement of the C-2 phosphate by the C-6
hydroxyl gives the final product 132 (Scheme 39).
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However, since compound 134, which mimics the
putative acyclic intermediate 133, is not an inhibitor
of the enzyme, a second mechanism has also been
postulated. This mechanism (Mechanism B) includes
the formation of a cyclic intermediate 135. The
breakdown of this species may lead to the formation
of KDO8P (132) and inorganic phosphate via an
oxocarbenium ion 136 (Scheme 40).3943%
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3. Mechanistic Studies Using Mimics of Putative Reaction
Intermediates

Support for Mechanism B was derived from the
enzyme inhibition studies using probes that resemble
the proposed cyclic intermediate 135. For example,
compounds 137 and 138 are two 2-deoxy analogues
of KDOS8P having their structures locked into the
pyranose form without the possibility of ring opening.
These compounds showed moderate inhibitory activ-
ity against the enzyme with K; values of 470 and 303
uM, respectively.®®® Studies on the isosteric phos-
phonate 139, which is a good topological and elec-
trostatic mimic of the proposed intermediate 135,
provided more compelling evidence for this mecha-
nism. This analogue is able to inhibit KDO8P syn-
thase competitively against both PEP and Ara5P,
with inhibition constants (Ki =4.9 £ 0.1 and 27.7 £
0.8 uM) that are more than 2 orders of magnitude
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better than that of KDO8P itself (K; for a mixture of
2-epimers of KDO8P is 590 uM).3% These studies
suggested that 139 is a better mimic of a transient
species, such as 135, that appears during the course
of the catalysis. A chemical model was also designed
to explore the feasibility of similar chemistry occur-
ring in solution. It was found that compounds 140
and 141, in equilibrium with their acyclic anomers,
were converted into KDOS8P diastereospecifically in
the presence of Lewis acids such as SnCl, and
ZnCl,.3% Such a nonenzymatic synthesis of KDO8P
lent further credence to the mechanistic proposal
involving a cyclic intermediate.

To elucidate the details of the hydrolysis of the
anomeric phosphate group in 135, two simplified
analogues of 135 (142 and 143) were synthesized.
These compounds were found to be competitive
inhibitors with respect to PEP with K; values of 160
and 1300 uM, respectively.3973% Studies of the hy-
drolysis of 142 and 143 under acidic conditions
showed that the carboxylate functional group did not
directly participate in the hydrolysis of the anomeric
phosphate. However, esterification of the carboxylate
groups slowed the rate of hydrolysis. Thus, it was
suggested that the carboxylate may stabilize the
positive charge on the putative oxocarbenium ion
intermediate 136 by an inductive effect.3%

One may argue that the above analogues are not
the true mimics of intermediate 135. The successful
chemical synthesis of 135 by D'Souza et al.3%° made
it possible to evaluate whether it is a real intermedi-
ate in the biosynthesis of KDO8P. The competence
of KDOB8P synthase to convert 135 into KDO8P and
inorganic phosphate was investigated at pD 7.0.
Surprisingly, no rate enhancement by the action of
this enzyme could be observed when the release of
inorganic phosphate was monitored by 3P NMR.3%
Obviously, compound 135 cannot be processed by
KDOS8P synthase. It is not even an effective enzyme
inhibitor with a modest K; of 35 uM. Moreover, when
rapid chemical-quench flow experiments were per-
formed on KDOS8P synthase, no new species with the
proposed structure of 135 could be identified.388400
These data have cast doubts on the existence of such
a cyclic intermediate during the course of the enzy-
matic reaction.38

The unexpected experimental results described
above prompted a revisitation of Mechanism A
(Scheme 39).3% In fact, a modified pathway (Mech-
anism C) in which the formation of 133 via a stepwise
process with an intermediate carrying positive charge
at C-2 (144) has been proposed (Scheme 41). An
amino phosphonate analogue 145, which is a mimic
of the proposed intermediate 144, was synthesized
to test this mechanism. The K; value for this com-
pound was determined to be 3.3 £ 0.3 uM, making it
the most potent inhibitor of this enzyme thus far.388
This result provided the preliminary evidence sup-
porting Mechanism C. However, the inherent chemi-
cal lability of 144 makes it difficult to be chemically
synthesized and subjected to the same type of mecha-
nistic scrutiny as 135. Recent REDOR studies re-
vealed that the interactions between compound 145
and KDP8P synthase do not mimic those existing in
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the normal enzyme—PEP—Ara5P ternary complex,
which does not sustain the argument that 144 is an
intermediate in the enzyme catalysis.*®® A true
understanding of the catalytic mechanism of KDO8P
synthase must therefore await further in-depth stud-
ies. Nevertheless, the postulation of Mechanism C
and the discovery of potent inhibitor 145 have
provided new leads for the design of antibiotics
targeting on the biosynthesis of LPS in Gram-
negative bacteria.

VII. Summary

Nature has devised many elegant methods to
amplify carbohydrate structural diversity, which is
the underlying basis for the many biological roles
played by these sugars. Glucose, the primary product
from plant photosynthesis and the most popular
energy vehicle in living organisms, can be trans-
formed into unusual sugars with unique structural
features and activities. The replacements of its hy-
droxyl groups are realized through C—0O bond-cleav-
age reactions, C—N bond-formation reactions, C—0O
bond-formation reactions, and C—C bond-formation
reactions. More complicated monosaccharides, such
as KDO8P, are synthesized from simple building
blocks such as PEP and Ara5P. Sugar molecules can
also undergo rearrangement of their skeletons and
enter other important biosynthetic pathways. Com-
mon hexoses can be interconverted through struc-
tural isomerizations and epimerizations at specific
stereogenic centers. Thus, cells are able to obtain the
sugars they need for specific objectives at each stage
of their lifecycles. This review is not intended to be
an exhaustive description of all enzyme catalyses
involved in the metabolism of carbohydrates. Instead,
we have attempted to select a few representative
examples with the aim to illustrate the many facets
of carbohydrate enzymology and its practical applica-
tions.

The paradigms for C—0O bond-cleavage reactions
at C-6, C-3, and C-2 positions of a hexose have been
well-established through detailed characterizations
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of the participating enzymes. So far, most of the
better understood enzymatic reactions are involved
in the biosynthesis of dideoxysugars. Among them,
the C-3 deoxygenation catalyzed by E; and E; rep-
resents a novel example of a coenzyme Bg radical in
biological catalysis. The corresponding pathways for
the formation of tri- and tetradeoxysugars have not
been studied to the same extent. Apart from the
subtle variations in the properties of individual
enzymes, the order in which multiple C—O bond-
cleavage reactions occur is an aspect worth investiga-
tion. The regulation of the biosynthesis of these
unusual sugars is also a relatively unexplored area.
A thorough understanding of the regulatory mecha-
nisms is essential if these pathways are to be used
to mass-produce glycoconjugates for future clinical
and/or commercial applications.

The studies on the C—N bond-formation reactions
catalyzed by TylB/DesV have offered many interest-
ing perspectives. Since the substrate of TyIB is
unstable and difficult to access by synthetic methods,
the function of this enzyme was actually confirmed
by assaying it in the reverse direction. The function
of DesV was first established genetically by knocking
out the gene encoding this protein and examining the
resulting product generated in vivo by a heterologous
strain. This study highlights a more recent trend in
the biosynthetic research of polyketide antibiotics
and has far-reaching implications for the tailored
design of a new generation of antimicrobial agents.
However, information on the C—N bond-formation
reactions in the biosynthesis of sugars containing an
amino substituent at a quarternary carbon (such as
vacosamine) and sugars containing a nitro functional
group (such as kijanose) is still limited. It would be
interesting to find out if the installation of these
nitrogen-containing groups follows any of the three
mechanisms known for C—N bond formation in the
biosynthesis of aminosugars, namely, nucleophilic
displacement, transamidation, or transamination.

While the epimerization catalyzed by UDP—galac-
tose 4-epimerase has been well-studied, the recent
discovery that CDP—tyvelose 2-epimerase might
employ a similar mechanism is intriguing. The
epimerization at C-4 caused by the 180° rotation of
the hexulose ring in the case of UDP—galactose
4-epimerase is intuitively appealing. However, it is
rather difficult to envision a similar movement at
molecular level when the epimerization occurs at the
C-2 position. Clearly, further structural studies of
this enzyme are absolutely necessary for unveiling
the mechanistic details of its catalysis. The isomer-
ization catalyzed by bp-xylose isomerase is another
well-characterized enzymatic reaction. Knowledge of
the peptide sequence, three-dimensional structure,
and catalytic mechanism of this enzyme has prompted
efforts to engineer mutant enzymes with better
catalytic properties.

Extensive studies of DHQ synthase have unraveled
a fascinating multistep transformation from DAHP
to DHQ. A similar mechanistic scheme may be
followed by a few other enzymes. For example, the
proposed mechanism for 2-deoxy-scyllo-inosose syn-
thase also involves the series of ring-cleavage, rota-
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tion, and recyclization events to form a six-membered
ring, accompanied by the redox recycling of an NAD*
cofactor.#%24%3 The final product of this enzymatic
reaction serves as the precursor for the formation of
2-deoxystreptamine, an important component of ami-
noglycoside antibiotics. Likewise, a multistep mech-
anism is believed to be operative in the catalysis of
myo-inositol-1-phosphate synthase.3 However, the
details of these enzyme catalyses remain relatively
scarce.

In-depth knowledge of enzymes participating in the
biosyntheses of carbohydrates is a prerequisite to the
rational design of methods to control and/or mimic
their physiological roles. The successful design of an
active-site-directed inhibitor of Eoy, CDP—6-deoxy-
6,6-difluoro-a-p-glucose, can be attributed to the
comprehensive mechanistic studies on this enzyme.
Similarly, investigations of the DHQ synthase have
led to the discovery of potent enzyme inhibitors which
may be further developed into herbicides. Studies on
the bacterial enzyme KDOS8P synthase have also
boosted efforts to synthesize more effective inhibitors
with a pharmaceutical potential. The identifications
of the myriad biosynthetic pathways for unusual
sugar formation have allowed the genetic manipula-
tion of the producer microorganisms for the construc-
tion of tailored carbohydrate moieties, both natural
and unnatural. The diversity of saccharide structures
produced by the engineered mutants may be further
expanded via recruitment of genes from a variety of
biosynthetic pathways to form composite clusters. It
is worth mentioning that the glycosyltransferases
responsible for the final glycosylation of certain
secondary metabolites appear to have a high degree
of promiscuity toward their sugar substrates. These
encouraging discoveries have opened the door to the
possibility of generating structurally diverse second-
ary metabolite scaffolds with natural or unnatural
glycosylation patterns. Since many of these glyco-
conjugates have been shown to have attractive an-
timicrobial/antitumor activities, such a combinatorial
approach bears the promise of producing new chemi-
cal entities that will be useful in clinical situations
where the current arsenal of antibiotics is ineffective.
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