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Abstract
PLP is well-regarded for its role as a coenzyme in a number of diverse enzymatic reactions.
Transamination, deoxygenation, and aldol reactions mediated by PLP-dependent enzymes enliven
and enrich deoxy sugar biosynthesis, endowing these compounds with unique structures and
contributing to their roles as determinants of biological activity in many natural products. The
importance of deoxy amino sugars in natural product biosynthesis has spurred several recent
structural investigations of sugar aminotransferases. The structure of a PMP-dependent enzyme
catalyzing the C-3 deoxygenation reaction in the biosynthesis of ascarylose was also determined.
These studies, and the crystal structures they have provided, offer a wealth of new insights
regarding the enzymology of PLP/PMP-dependent enzymes in deoxy sugar biosynthesis. In this
review, we consider these recent achievements in the structural biology of deoxy sugar
biosynthetic enzymes and the important implications they hold for understanding enzyme catalysis
and natural product biosynthesis in general.
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1. Introduction
The roles played by deoxy sugars as bacterial surface antigenic determinants, ligands for
cell-cell interactions, as targets for toxins, antibodies, and microorganisms, and even in
controlling the half-life of proteins in serum, have long been recognized [1–5]. Their
contributions to the activities of numerous secondary metabolites have also been appreciated
through herbal healing practices since prehistoric times. Studies of their formation,
fundamental properties, and biological activities are major research foci in the fields of
glycobiology, glycobiochemistry, natural product chemistry, and drug discovery [6–11]. A
recent emphasis in natural product research is on glycodiversification [10–16], a
combinatorial biosynthetic effort towards the development of novel glycoconjugates
carrying unusual deoxy sugars, with the ultimate aim of enhancing the bioactivity of natural
products or endowing these compounds with altered target specificity. This approach takes
advantage of the structural diversity of bacterial carbohydrates: whereas eukaryote
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glycoforms are synthesized using only nine different monosaccharides, biosynthesis of
prokaryotic glycoforms utilizes over 100 different sugars as building blocks [11].

Since most of the prokaryotic deoxy sugar biosynthetic pathways share some common
intermediates, enzymes from different sugar biosynthetic pathways can be combined to
create novel deoxy sugar pathways [10–16]. However, to maximize the feasibility of this
technique, the types of reactions involved in generating these novel sugars and the substrate
and product preferences of the enzymes catalyzing these reactions must be well understood.
Besides diversifying our antimicrobial arsenal, an understanding of deoxy sugar biosynthetic
pathways may elucidate novel drug targets since many pathogenic bacteria rely on sugars
unique to prokaryotes for virulence and pathogenesis.

PLP-dependent enzymes are widely regarded for their ability to catalyze a wide repertoire of
reactions on a variety of substrates [17–21]. The broad utility of these enzymes also extends
to deoxy sugar biosynthesis, where they can catalyze aminotransfer reactions,
deoxygenation reactions, and aldolase reactions [22–33]. Thus, PLP-dependent enzymes
involved in deoxy sugar biosynthesis offer tremendous potential for the development of
novel deoxy sugars and will be useful in furthering combinatorial biosynthetic efforts
towards the development of glycoconjugates with new and/or improved biological activities.

Clearly, the development of new pharmaceutical agents is an ongoing effort on account of
our ever expanding knowledge of the molecular basis of cancer and other chronic diseases
as well as the continual evolution of highly antibiotic-resistant bacterial pathogens [33].
Therefore, a fundamental understanding of PLP-dependent enzymes in deoxy sugar
biosynthesis has considerable biomedical potential due to the wide breath of reactions
catalyzed by these enzymes coupled with the versatility the resulting compounds
demonstrate in modulating the pharmacological activity of a number of natural products. In
this review, a survey of the PLP-dependent enzymes in prokaryotic deoxy sugar biosynthesis
is undertaken with an emphasis on recent structural studies of sugar aminotransferases and
dehydratases.

2. Transamination
2.1. Natural Occurrence and Biological Significance of Deoxy Aminosugars

Aminotransferases introduce an amino group into a ketosugar substrate and are probably the
most obvious manifestation of PLP-dependent enzymes in deoxy sugar biosynthesis. The
resultant deoxy aminosugars are found ubiquitously in nature as components of bacterial cell
membranes, flagellar glycolipids, bacterial toxins, and as components of diverse secondary
metabolites, including many clinically useful bioactive pharmaceutics [10,11,22]. Shown in
Fig. 1 are some examples of naturally occurring deoxy aminosugars (1–33). In addition, the
amino group serves as the precursor for the biosynthesis of more exotic functional groups
through modifications like acetylation, alkylation, oxidation, and others to generate N-acyl,
N-alkyl, hydroxyamino, nitroso, nitro, and carbamate moieties. Shown in Fig. 2 are some
examples of nitro-, nitroso-, hydroxyamino-, and carbamate-containing sugars (34–41), and
the isolated hydroxylamino and nitroso intermediates (42, 44) from two nitro sugar
biosynthetic pathways [34–37]. Thus, many of the existing nitrogen-containing unusual
sugars are likely evolved from the corresponding deoxy aminosugars. This logic can be
exploited in the development of diverse novel deoxy sugars through combinatorial
biosyntheses employing deoxy aminosugars as design templates for further modification
[11,38,39].

The ubiquity of aminosugars in a wide variety of natural products underscores their
importance, as these sugars are often found to mediate interactions between the natural
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products they decorate and the targets of these molecules. Examples that highlight the
significance of the amino substituent to the bioactivity of natural products include
macrolides (e.g., desosamine (16) in clarithromycin), anthracyclines (e.g., daunosamine (23)
in daunomycin), glycopeptides (e.g., vancosamine (20) in vancomycin), polyene antifungals
(e.g., mycosamine (13) in amphotericin B), the aminoglycosides (e.g., purpurosamines (27–
29) in gentamycins), and many others. In particular, the importance of aminosugars to the
activity of the macrolides has been extensively studied. Macrolides are composed of a
polyketide-derived macrolactone that is often glycosylated, including at least one deoxy
aminosugar. The mechanism of many macrolides as antimicrobial agents is mainly due to
interference with protein synthesis by blocking the peptide exit tunnel of the bacterial 50S
ribosomal subunit [40,41]. High-resolution structures of bacterial ribosomes co-crystallized
with several macrolides have demonstrated that these compounds make many contacts with
the bacterial rRNA [42]. While the macrolactone appears to contribute the majority of the
binding interactions with the ribosome, macrolides devoid of their deoxysugar moieties lack
antibacterial activity. Further, the aminosugars appear indispensable for the proper function
of the macrolides, as compounds bearing only their aminosugars remain biologically active.
Besides antibacterial compounds, the macrolide scaffold is also found in diverse compounds
featuring antihelmithic or insecticidal activity. One such group of compounds is the
spinosyns, which are polyketide insecticides containing forosamine (17) and a
permethylated rhamnose [43]. Interestingly, the biological targets of spinosyns are insect
nicotinic acetylcholine receptors and γ-aminobutyric acid receptors; and, like antibacterial
macrolides, while both sugar components are required for binding to these receptors, the full
activity is tolerable of modifications to the rhamnose moiety but not to the forosamine
residue.

2.2. General Mechanism of Transamination Catalyzed by Aminotransferases
As in all transamination reactions, sugar aminotransferases (SATs) transfer an amino group
from an amino acid donor (46) to a ketone-bearing acceptor, in this case an NDP-activated
ketosugar (47). For most SAT, the amino donor is either L-glutamate or L-glutamine, but L-
aspartate may also be used in some cases [17–21]. The substitution position of the
aminotransfer is dictated by the aminotransferase involved and the location of the substrate’s
keto group, which is typically generated in a preceding dehydrogenation or isomerization
reaction in the biosynthetic pathway. Since the biosyntheses of most deoxy sugars share
similar precursors, many of which are 3- or 4-ketosugars (e.g., 47 is a NDP-4-keto-6-
deoxyglucose), the commonly encountered deoxy aminosugars are, thus, aminated at the
C-3 and C-4 positions (Fig. 3) [10,11].

The reaction mechanism of SATs follows the well-established paradigm for other
aminotransferases [17–21]. The PLP cofactor serves as an electron sink throughout the
reaction, and in the aspartate aminotransferases, an invariant aspartate residue in their active
sites helps to maintain this role by stabilizing the positively charged pyridinium ring of the
cofactor. Transamination is mechanistically composed of two stages, often referred to as the
first-half and the second-half reactions (Fig. 4) [19]. Prior to reaction, the PLP cofactor is
covalently bound to the enzyme via a conserved lysine residue; this adduct is known as the
internal aldimine (45). In the first-half reaction, the lysine is exchanged for the amino acid
(46) serving as an amino donor, resulting in the formation of the external aldimine (48). At
this point, the PLP is no longer covalently bound to the enzyme, but, rather, is anchored in
place through an extensive hydrogen-bonding network centered on the phosphate of the
cofactor. In the second-half reaction, a conserved base abstracts a proton from Cα of the
PLP-amino acid complex to form a Cα anion or a quininoid species (49). The abstracted
proton is then categorically added back on the si-face of the quininoid complex at C4′ of the
cofactor [17,18]. Finally, the PLP-amino acid complex is hydrolyzed resulting in the
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expulsion of the α-keto acid (50) and the formation of PMP (51). The remainder of the
reaction, commencing with PMP and the keto sugar substrate (47) is mechanistically the
reverse of the initial sequence and results in the formation of the aminosugar product (52)
and regeneration of the internal aldimine (45).

In many cases, the in vitro conversion of the keto sugar to the corresponding amino sugar
requires the addition of excess amino donor to help drive the reaction to completion.
Alternatively, the amino acid donor can be regenerated in the presence of ammonia and the
appropriate enzyme, such as glutamate dehydrogenase (GluDH) when L-glutamate is the
amino donor. For example, in the DesI catalyzed C4 transamination of TDP-4-keto-6-deoxy-
D-glucose (53) [44], a nearly quantitative conversion to 54 can be achieved by coupling the
transamination reaction with the GluDH reaction and the oxidation of formate by formate
dehydrogenase (ForDH), as shown in Fig. 5 [45]. This coupled reaction drives the
transamination equilibrium to completion and, thus, improves the conversion yield from
approximately 20% to nearly quantitative. Since the enzyme-catalyzed transamination is a
reversible process, the activity of the SATs can also be assayed in the reverse direction.
Considering the fact that the amino sugar product is generally more stable than the keto
sugar substrate and its chemical synthesis is comparatively much less demanding, assaying
the transamination activity in the reverse direction is more convenient in determining the
activities of aminotransferases involved in amino sugar biosynthesis. Some applications can
be found in the study of TylB (Fig. 4, 56 → 55) and SpnR in the biosynthesis of
mycaminose (14) in tylosin [26,46–48] and forosamine (17) in spinosyn A [29,49],
respectively.

2.3. Known Structures of Sugar Aminotransferases (SATs)
PLP-utilizing enzymes are classified into five fold types based on a combination of
structural considerations and reaction mechanism details [17,24]. The vast majority of PLP-
utilizing enzymes (including SATs) are of Fold Type I, the so-called aspartate
aminotransferases [17,24]. Furthermore, aminotransferases can also be classified into
subgroups based on multiple sequence alignments following the “pfam” classification.
Based on this classification, SATs belong to Subgroup VI, known as
“DegT_DnrJ_EryCII_StrC.” While only encompassing more commonly observed substrate
preferences, it has also been suggested that Subgroup VI can be further divided into
Subgroups V1a, VIb, and VIg, where SATs in Subgroup VIa utilize NDP-3-keto-sugar
substrates, SATs in Subgroup VIb utilize NDP-4-keto-sugar substrates, and SATs in
subgroup VIg utilize scyllo-inosose as substrates [24].

During the last eight years, crystal structures of seven bacterial SATs have been solved: Per
from the perosamine (12) pathway [50], QdtB from the mycaminose (14) pathway [51],
DesI and DesV from the desosamine (16) pathway [52,53], ArnB from the 4-amino-L-
arabinose (24) pathway [27], PglE from the bacillosamine (10) pathway [54], and PseC from
the pseudaminic acid (31) pathway [31]. The substrates and products of these enzymes are
shown in Fig. 6. In general, the enzymes share many structural characteristics [55]. Each of
the enzymes was found to be dimeric with extensive dimer interfaces, featuring a large,
mixed β-sheet surrounded by α-helices (see Fig. 7). The active sites lie at the interface of the
dimer, and while each monomer contributes critical residues to each active site, the active
sites are generally independent. Based on these structural details and on the presence of a
conserved active site aspartate, these SATs clearly belong to Fold Type I. The invariant
aspartate residue in the active site facilitates formation of the protonated state of the PLP
pyridinium ring, rendering the coenzyme electrophilic, which is important for the
transamination reaction catalyzed by SATs.
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These Fold Type I SATs are further characterized by an architecture composed of a “large
domain” and a “small domain.” The large domain features a seven- or eight-stranded β-
sheet, and the small domain is formed by the C-terminal portion of a monomer, which folds
into a four-stranded β-sheet surrounded by helices. The N-terminal portion often contributes
to the small domain as well. In some enzymes these domains have been observed, or, in
some cases, predicted, to move considerably upon substrate binding to create a “closed”
conformation, which may help to confer substrate and reaction specificity [17,50–55].

2.4. Structural and Mechanistic Correlations of SATs
While the mechanistic details of the aminotransfer reaction are well-established, and a good
number of crystal structures of SAT have been characterized [55], comparatively little is
known about the structural factors determining the regiospecificity or stereospecificity of the
reaction. The SATs are paradoxical in that their structures, including active sites, share a
high degree of similarity to each other, yet these enzymes are often capable of differentiating
between similar substrates to produce a variety of products with distinct stereochemistry and
regiochemistry. While the substrate and product specificity is more likely the result of many
subtle contributing factors, the structures did provide some tantalizing examples of clear
substrate specification.

The first structure of a SAT co-crystallized with its native substrate was PseC [31]. It was
noted that the binary complex lacks specific contacts between the protein and the pyranose
portion of the sugar substrate (65). Instead, the structure features a hydrogen-bonding
network centered on the nucleotide diphosphate portion of the substrate. In fact, this appears
to be a recurring theme seen in the structures of many SAT enzymes co-crystallized with
their substrates [31,51,52]. Thus, it has been suggested that minute changes in the
orientation of select residues distal to the active site might be responsible for discriminating
between different NDP-activated substrates [51].

In support of the idea that recognition of the NDP group is important in binding of the
substrate, the flexibility of the aminotransferases WecE and Per towards sugar substrates
substituted with different NDP groups was explored [50,56,57]. WecE is a 4-
aminotransferase which uses TDP-4-keto-6-deoxy-D-glucose (53) as its substrate. While
this enzyme could turn over TDP-4-keto-6-deoxy-D-mannose, the 2-epimer of its substrate,
GDP-4-keto-6-deoxy-D-mannose (57) could not be utilized [56]. Similarly, Per, whose
substrate is GDP-4-keto-6-deoxy-D-mannose (57), could not accept the TDP-form of the
native substrate [50]. These results indicated that the identity of the NDP group is an
important factor in discriminating between substrates.

In a separate example, comparison of the structures of PseC and DesI, both of which were
co-crystallized with their substrates, provided some basis for controlling the stereochemistry
of their products (Fig. 8) [50,52]. These two SATs catalyze aminotransfer reactions using a
4-ketohexose substrate to generate a 4-aminohexose, but, in the former case, the amino
group is installed with axial stereochemistry (see 66), whereas in the latter case the amino
group is installed with equatorial stereochemistry (54). The crystal structures of PseC and
DesI revealed that the binding modes of the pyranose portions of their respective sugar
substrates differ by a 180° rotation in these two enzymes (Fig. 8) [52]. These opposite
binding modes are likely responsible for the observed stereochemical outcomes of these
enzymes, but while it is tempting to attribute the stereoselectivity of the reaction solely to
the observed differences in the binding mode of their substrates, other structural factors may
also be at play. For instance, the PseC substrate features an acetamido group at the C2
position and the C5 methyl group has an axial orientation (see 65). In contrast, the DesI
substrate features a hydroxyl group at C2 and its C5 methyl group is oriented in an
equatorial configuration (see 53). Unfortunately, this is the only pair of SATs that catalyze

Romo and Liu Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



aminotransfer reactions at the same position with opposite stereochemistry and whose
structures are known. Whether this is a common theme conserved among all such pairs of
enzymes remains to be seen.

Interestingly, the apparent lack of specific protein contacts to the pyranose portion of the
substrate could enable some SATs to exhibit relaxed substrate specificity. For example, the
structure of QdtB was shown to lack contacts with the C4 position of the pyranose substrate
(55). This feature was exploited in QdtB activity assays which showed that the enzyme
could also turn over the C4 epimer of its natural substrate, 3-amino-3,6-dideoxy-D-galactose
[51]. Further, it was shown that DesV, a 3-aminotransferase whose natural substrate is
deoxygenated at the C4 position (see 59) [58], could accept a substrate analog with an
equatorially positioned hydroxyl group at C4 (see 55) [53].

3. Deoxygenation
3.1. Natural Occurrence of Deoxy Sugars and Their Formation

The simple deoxy sugars are derived from common sugars (e.g., glucose and mannose) by
the replacement of at least one hydroxyl group with a hydrogen atom. Most naturally
occurring deoxyhexoses are deoxygenated at the C6 position; however, further deoxygention
at C2, C3 and C4 is also observed [3,6,59]. Although the 2,6-dideoxyhexoses are by far the
most abundant deoxy sugars found in natural products, deoxy sugars featuring different
patterns of deoxygenation, e.g., 3,6-dideoxy hexoses, are commonly found as components of
Gram negative lipopolysaccharide (LPS) O-antigens, where their structural variety
contributes to their complex roles in cellular recognition and virulence [60,61]. Other
alternatively deoxygenated sugars such as 4,6-dideoxy, 2,3,6-trideoxy, 2,4,6-trideoxy, 3,4,6-
trideoxy, and 2,3,4,6-tetradeoxy hexoses are much less abundant and are found mainly as
components of bioactive natural products, where they are often found to be essential to the
biological efficacy or target specificity of the natural products they decorate [1–5,10,11].

Since common monosaccharides possess a carbon skeleton that is fully substituted with
hydroxyl groups, a variety of mechanisms have evolved for the deoxygenation of these
precursors to generate modified sugar structures. Mechanisms for deoxygenation at the C2
or C6 position of a hexose substrate have been well studied and understood to proceed
through an α-anion-induced β-dehydration mechanism [8–11,59,62]. In contrast, the
removal of the 4-hydroxyl group to form 4-deoxyhexoses is catalyzed by a radical SAM-
dependent enzyme [45,63–65]. While some aspects of C4-deoxygenation have been
established, the detailed mechanism remains to be elucidated.

Interestingly, C3-deoxygenation in the biosynthesis of 3-deoxyhexoses commences with a 4-
ketohexose substrate, requires the participation of coenzyme B6, and involves the formation
of radical intermediates [8,9,59,66,67]. The enzymes carrying out this reaction are all
aspartate aminotransferases based on sequence alignments and the available structural
information, however, unlike other B6-dependent enzymes, they employ PMP instead of
PLP in catalysis. Moreover, three related but distinct C3-deoxygenation mechanisms have
been identified and are exemplified in the biosyntheses of CDP-D-ascarylose (67) and GDP-
D-colitose (73), which are 3,6-dideoxy sugars, and TDP-D-forosamine (see 17), a 2,3,4,6-
tetradeoxy sugar. Since the 3,6-dideoxyhexoses are major antigenic determinants of many
pathogenic bacteria, including Eschericia coli, Vibrio cholerae, and species of Shigella and
Yersinia, the enzymes carrying out the C-3 deoxygenation reaction in each pathway are
potential antibiotic targets [61,68].
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3.2. C-3 Deoxygenation in the Biosynthesis of Ascarylose
3.2.1. Biochemical Properties of E1 and E3 Involved in C-3 Deoxygenation—
CDP-D-ascarylose (67) is found widely in Gram-negative bacterial cell walls. Studies of its
biosynthesis led to the discovery of CDP-6-deoxy-L-threo-D-glycero-4-hexulose 3-
dehydratase, E1, which catalyzes C-O bond cleavage at C3 of the CDP-4-keto-6-deoxysugar
substrate (68) [25,69]. Interestingly, this enzyme was found to have little activity after
purification by ion-exchange chromatography [69,70]. PMP was subsequently discovered in
the early column fractions, and it was found that its addition could restore enzyme function
[70]. This finding was significant because it provided the first hint about the PMP-
dependence of E1 whose catalysis is not associated with transamination. Later, it was found
that the “as-purified” E1 is a mixture of holo- and apoenzyme, which requires reconstitution
with not only PMP, but also iron and sulfur [71,72]. The fully reconstituted E1 is a dark red-
brown protein that exists as a homodimer in its native state containing 1 equivalent of PMP
and one [2Fe-2S] cluster per subunit with a subunit molecular mass of approximate 49 kDa.
Despite being classified as a member of the aspartate aminotransferase family, E1 has
several unique features distinguishing it from typical aminotransferases, namely: 1) the
enzyme lacks the highly conserved Schiff-base-forming lysine found in PLP-dependent
enzymes, featuring instead a histidine residue in its place [73]; and 2) E1 bears a [2Fe-2S]
cluster bound by a unique motif, C-X57-C-X1-C-X7-C, predicted based on sequence
alignment [74]. These characteristics of E1 reflect a distinct evolutionary path for E1, and
distinguish it from other B6-dependent enzymes. It should be noted that GABA-
aminotransferase is another B6-dependent enzyme carrying a [2Fe-2S] cluster [75],
however, the catalytic role of the iron-sulfur cluster in this case remains elusive. E1 is, thus,
the only example of a PMP-dependent enzyme that contains a mechanistically defined and
relevant [2Fe-2S] cluster.

3.2.2. Proposed Mechanism for E1 and E3 Catalyzed Reaction—The following
mechanism of deoxygenation by E1 has been characterized in detail (Fig. 9) [6–8]. First, the
enzyme forms a Schiff base (69) between its PMP cofactor and the 4-keto group of its
substrate, CDP-4-keto-6-deoxy-D-glucose (68). Following C4′-proton abstraction from PMP
by His220 of E1, the 3-hydroxyl group of the substrate is expelled in a 1,4-dehydration
reaction, which results in the formation of a Δ3,4-glucoseen intermediate (70). The C-O bond
cleavage is reversible with an equilibrium favoring the reverse direction (70 → 69) [76], so
this intermediate must be reduced by two electrons to drive the reaction to completion. The
reduction, in which NADH serves as the ultimate electron donor, is mediated by E3, an iron-
sulfur containing flavodoxin-NADH reductase. E3 is a red-brown monomeric protein
containing 1 mol of FAD and one plant-type ferredoxin [2Fe-2S] center per molecule with a
molecular mass of 36 kDa [77–80]. The reduction is initiated by a hydride transfer from
NADH to the FAD of E3 to generate the reduced hydroquinone form of this cofactor. This is
followed by two successive one-electron transfers from the reduced FAD in E3 to E1 via
these enzymes’ [2Fe-2S] clusters to reduce the E1-bound glucoseen intermediate (70)
[81,82]. Subsequent hydrolysis releases the product, CDP-4-keto-3,6-dideoxy-D-glucose
(72), from the active site of E1 and regenerates the PMP cofactor. Interestingly, E1 can also
utilize other reduction systems, albeit with greatly reduced efficiency.

The involvement of iron-sulfur clusters, which are obligatory one-electron transfer
cofactors, implies that radical intermediates must be formed in the reduction of the
glucoseen intermediate (70) [71,72]. Evidence of the existence of radical intermediates in E1
was demonstrated experimentally using both EPR and ENDOR spectroscopic techniques
[83,84]. This set of experiments revealed the presence of two radical species during
turnover, one of which could be assigned to the flavin semiquinone radical. The other
radical was demonstrated to be associated with the PMP cofactor-glucoseen complex (see
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71). The involvement of glucoseen in carrying the unpaired electron spin was dismissed as
the EPR shows a featureless singlet with no obvious coupling. Given that every carbon of
the glucoseen intermediate (70) bears at least one hydrogen atom, such a featureless singlet
would not be expected for a glucoseen radical. Thus, the radical is more likely carried by the
PMP cofactor in the complex [83]. While it was initially thought that the radical existed as a
phenoxy radical, mechanistic probes failed to substantiate this. On the other hand, using
deuterated PMP analogs, pulsed ENDOR studies were able to detect hyperfine couplings
between the unpaired electron spin and the deuterium labels of the PMP cofactor. These
studies clearly indicated that the radical is delocalized primarily within the PMP pyridinium
ring (see 71) [84]. The participation of PMP in deoxygenation is unusual, as is the direct
involvement of PMP in the stabilization of an unpaired electron spin in an electron-transfer
reduction. It should be pointed out that the 1,2-shift of the amino group catalyzed by lysine
aminomutases also involves PLP stabilizing radical intermediates during turnover [85–88],
which is covered in another review by Frey and Reed in this issue. Despite this departure
from more typical B6-dependent catalysis, E1 was found to share the stereospecificity of
proton abstraction of the PMP cofactor displayed by other PLP-utilizing enzymes. Namely,
the pro-S proton is abstracted from C4′ of both PMP and the cofactor-substrate complex
[76].

3.2.3. Crystal Structure of E1—As mentioned above, E1 is considered an aspartate
aminotransferase, but given the unique reaction this enzyme catalyzes, structural studies
were performed to elucidate the determinants of an NDP-hexose C3-dehydrase. The crystal
structures of the wild type E1 from Yersinia pseudotuberculosis and its H220K mutant
display the hallmark structural details observed in aspartate aminotransferases except for a
loop which coordinates the [2Fe-2S] cluster (Fig. 10A) [89]. Both structures were dimeric
and dominated by a large seven-stranded mixed β-sheet clothed in α-helices. Also, each
features a single helix which “points” at the PLP cofactor present in the H220K mutant, and
the dipole of this helix is aligned with its positive end towards the cofactor phosphate group
providing stabilization. This helix is a common structural theme also observed in the SATs
crystallized to date [50,52,53].

E1 is also set apart from other AAT structures by the presence of a [2Fe-2S] cluster,
although this cluster was not seen in the crystal structures [89]. Mutagenesis studies showed
this cluster is coordinated by three cysteine residues found on a flexible loop composed of
residues 253–268: C251, C253, and C261 [74]. This arrangement would hold the cluster on
the surface of the protein. The fourth coordinating residue has been a point of contention, as
mutagenesis of C192 and C193 resulted in the inability of E1 to bind its [2Fe-2S] cluster
[74]. However, the crystal structures of E1 show that C192 and C193 lie quite far from the
other three cysteine residues in a buried region that is inaccessible to both solvent and the
flexible loop (Fig. 10B). As a dramatic change in protein conformation to bring these
residues close to the other three is unlikely, it seems more reasonable that these residues
play a structural role. On the other hand, the crystal structures of E1 suggest that H278 is
more likely the fourth [2Fe-2S] cluster-coordinating residue. This was substantiated by
mutagenesis studies which showed that H278A results in an enzyme that cannot hold the
cluster, whereas H278C leads to half of the wild type iron-binding capability [89]. Thus, E1
binds its [2Fe-2S] cluster using an unprecedented structural motif.

Another unusual structural feature of E1 is the disorder in the 253–268 loop region [89].
This loop region is the least conserved region between E1 and other PLP-dependent
enzymes. When the structure of E1 is superimposed on the homologous structures, it
becomes obvious that the 253–268 loop region of one monomer is likely adjacent to the
active site of the other monomer. A possible explanation for the loop flexibility observed in
E1 is that it allows “open” and “closed” conformational changes of the substrate binding
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pocket as a gating mechanism. However, in the homologous ColD [90–92], BtrR [93], and
especially PseC [31], whose apo- and substrate/inhibitor-bound structures are available for
comparisons, this loop region remains unchanged with and without substrate binding [89].
These observations suggest that a second possible reason for the E1 loop flexibility is to
allow close contact with the reductase E3 to form a reasonably tight binary complex. Such a
complex might facilitate the electron transfer from the reduced iron-sulfur center of E3 via
the iron-sulfur cluster of E1 to reduce the dehydration product 70 in the E1 active site to
complete the deoxygenation reaction [82,83].

Because co-crystals with an E1 reaction analog, CDP-4-amino-4,6-dideoxy-D-glucose,
consistently revealed incomplete occupancy of the sugar in electron density maps, the active
site was studied using more indirect methods [89]. Specifically, while the sugar displayed
incomplete occupancy, omit maps of the co-crystals showed clear electron density for the
cofactor and partial electron density of the CDP-sugar. This permitted docking studies which
revealed, at best, semiconserved hydrophobic residues mediating substrate interactions.
However, more definitive characterization of the substrate binding pocket must await further
study.

3.2.4. Mutations of E1 Enable Aminotransferase Activity—Demonstration that E1
shares the stereospecificity of proton transfer observed in the vast majority of PLP-
dependent enzymes [76] lent credence to the idea that all PLP-dependent enzymes
developed from shared evolutionary precursors [17]. The most obvious residue in E1 that is
incongruent with common PLP-dependent aminotransferases is the histidine found in place
of the strictly conserved lysine present in all PLP-containing enzymes. The conserved
histidine found in place of this residue was mutated to lysine (H220K mutant) which
immediately endowed E1 with aminotransferase activity, allowing production of CDP-4-
amino-4,6-dideoxy-D-glucose using the same substrate of the wild type E1 reaction, CDP-4-
keto-6-deoxy-D-glucose (68) [94]. However, this reaction was non-catalytic, as only one
round of reaction was possible because the PLP cofactor could not be regenerated. Analysis
of the H220K mutant showed that E1 was capable of forming the internal aldimine species
with PLP, as it was seen in the crystal structure. Since H220K was only sufficient to create a
non-catalytic aminotransferase, the structure of H220K was further scrutinized to uncover
more residues important for aminotransferase activity. This process was facilitated by
comparison of the E1 active site to the active site of ArnB, a bona fide aminotransferase
[27]. Since both E1 and ArnB accept similar substrates (ArnB uses a UDP version of the E1
substrate lacking the 5-methyl group, see 61 in Fig. 6), the comparison seemed valid. This
analysis revealed four active site residues that differed between the two enzymes: D194,
Y217, H220, and F345 in E1 and H163, H185, K188, and H297 in ArnB. Mutation of all of
the E1 active site residues to those found in ArnB converted E1 into a catalytically active
aminotransferase [89]. However, kinetic analysis of the E1 quadruple mutant showed it to be
much less efficient than ArnB: Whereas both enzymes showed comparable rates for the first
half reaction (conversion of PLP to PMP, formation of the external aldimine), the rate for
the second half reaction of the E1 mutant is ten times slower than its first half reaction. The
overall rate of reaction for ArnB is 1.3 × 103 nmol·min−1·mg−1, while for the mutated E1 the
overall rate is 9.6 nmol·min−1·mg−1, suggesting that enzyme characteristics differentiating
aminotransferase and deoygenation functions are likely due to additional subtle features.

3.3. C-3 Deoxygenation in the Biosynthesis of Colitose
GDP-D-colitose (73) is another unusual deoxy sugar found in Gram-negative cell walls
whose biosynthesis, like CDP-D-ascarylose (67), has garnered much attention due to its C3-
deoxygenation reaction [28,95]. Unexpectedly, while GDP-D-colitose is also deoxgenated
via a PMP-dependent enzyme, the reaction follows a mechanism distinct from E1 in the
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biosynthesis of CDP-D-ascarylose. Most significantly, deoxygenation of GDP-D-colitose
utilizes a one-enzyme system, ColD, which does not require a reductase, NADH, or FAD.
Also, similar to E1, ColD has a histidine in place of the conserved lysine residue found in
PLP-dependent enzymes, but unlike E1, ColD lacks a [2Fe-2S] cluster [95]. The mechanism
of ColD commences similarly to E1, as initially a Schiff base (74) is formed between the
substrate, GDP-4-keto-6-deoxy-D-mannose (57), and the PMP cofactor of ColD (Fig. 11)
[10,11,59]. Following proton abstraction from C4′ of PMP and the subsequent expulsion of
the substrate 3′-hydroxyl group, the Δ3,4-mannoseen intermediate (75) is formed. Then, in
contrast to E1, the Δ3,4-mannoseen intermediate-cofactor complex is hydrolyzed, yielding
PLP and an enamine sugar (76). The nascent enamine sugar (76) undergoes tautomerization
and hydrolysis to yield ammonia and the product of the reaction, GDP-4-keto-3,6-dideoxy-
D-mannose (77). Finally, PMP must be regenerated through a transamination reaction with
glutamate as an amino donor.

Recently, the structure of ColD, has been solved to 1.8 Å resolution [90–92]. Like other
aspartate aminotransferases crystallized to date, ColD displays the hallmark structural
features consistent with these PLP-dependent enzymes. Namely, ColD forms a dimer with
an extensive dimer interface, a mixed eight-stranded β-sheet surrounded by helices
dominates the structure, and a helix whose macrodipole positive end “points” at the
phosphate of the cofactor. Also, while the active site residues within each monomer are
contributed mainly by that monomer, the active site architecture of each monomer is
completed by a loop composed of residues F240-E253 from the other monomer. In one
structure of ColD crystallized in the presence of α-ketoglutarate and PLP, a hydrated form of
the PLP cofactor was obtained, where the aldehyde of the cofactor appeared to exist as a
gem-diol [90]. The physiological ramifications of this finding are unknown. In this crystal,
the residues anchoring the PLP cofactor via its phosphate group can be seen to be involved
in an extensive hydrogen bonding network. In another structure obtained from
crystallization of ColD in the presence of PLP and L-glutamate the cofactor is seen as the
ketimine species.

Like E1 and CDP-D-ascarylose, attempts to co-crystallize ColD and its substrate
consistently failed [90,91]. It was thought that perhaps this was due to the instability of the
substrate during the crystallization process, so the enzyme was crystallized in the presence
of GDP-D-perosamine (58), which differs from the natural substrate in that it features an
amino group instead of a ketone at the C4-position [92]. This analog, besides providing
stability, would allow formation of the external aldimine with the PLP cofactor. However,
the structures still suffered from poor occupancy of the sugar, so it was reasoned that the
enzyme was still active in the crystal lattice and turned over the substrate, which diffused
out. In fact, enzymatic assays of ColD with GDP-D-perosamine (58) as a substrate and
omitting L-glutamate showed that ColD could turn over the substrate analog, producing the
natural ColD product, GDP-4-keto-3,6-dideoxy-D-mannose (77) [90,92]. Apparently GDP-
D-perosamine could serve as an amino donor to form the catalytically necessary PMP form
of the cofactor. In doing so, the C4-amino sugar becomes a C4-keto sugar, which is a
substrate for ColD. Thus, to obtain an enzyme-substrate analog co-crystal, the ColD active-
site histidine residue, H188, was mutated to asparagine (H188N mutant). This strategy was
successful, and the H188N-GDP-D-perosamine co-crystal was obtained [92]. The cofactor
formed an external aldimine with the sugar, but, unexpectedly, the sugar was found to be in
a boat configuration. The structure once again revealed a hydrogen-bonding network
securing the cofactor in place, and while several residues appeared to be involved in
interactions with the GDP-group, no specific interactions between the pyranose and ColD
were seen. However, it is likely that the interactions responsible for discriminating between
substrates are more subtle.
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3.4. C-3 Deoxygenation in the Biosynthesis of Forosamine
TDP-D-forosamine (78) is unique in its high degree of deoxygenation. This sugar is found
as a component of the commercial insecticide Spinosad and a few other natural products
[29,43,96]. Isolation and analysis of the spinosyn biosynthetic gene cluster revealed SpnQ,
which encodes an enzyme with homology to both E1 and ColD, as well as other putative C3-
dehydratases [49,97]. Like E1, work from our laboratory suggests that SpnQ appears to
harbor a [2Fe-2S] cluster, but, following the ColD paradigm, the spinosyn biosynthetic gene
cluster does not contain an E3 homolog. The implications of the latter finding were borne
out by experiments which revealed that SpnQ is capable of deoxgenating its substrate,
TDP-4-keto-2,6-dideoxy-D-glucose (79) using either sodium dithionite, flavodoxin/
flavodoxin reductase, or ferrodoxin/ferrodoxin reductase systems (Fig. 12). Thus, it seems
SpnQ may utilize a general, cellular reductase system [49,97]. These findings suggest that,
while carrying out the same reaction as E1 and ColD, SpnQ represents a third, distinct C3
deoxygenation mechanism.

Unexpectedly, in the absence of a reductase, SpnQ produces the aminosugar TDP-4-
amino-2,4,6-trideoxy-D-glucose [97]. This bears some resemblance to ColD which also
catalyzes an aminotransfer reaction. Interestingly, after observing SpnQ catalyzed
conversion of its substrate to the C4 amino sugar product using PLP and L-glutamate, we
also assayed E1 using its natural substrate 68 in the presence of L-glutamate and a catalytic
amount of PLP and observed that it catalyzes C3 deoxygenation rather than C4
aminotransfer under these conditions [97]. Thus, in the absence of reductase and using L-
glutamate and their natural substrates, E1 and SpnQ follow different reaction pathways. This
is intriguing in that, although E1 and SpnQ seem to catalyze mechanistically identical
reactions in the presence of their respective reductase partners, SpnQ, and not E1 or ColD,
has retained an ancestral aminotransferase activity, whereas E1 behaves like ColD,
catalyzing the reductase-independent C3 deoxygenation, pointing to a unique evolutionary
pathway for SpnQ and other closely related TDP-2,6-deoxysugar 3-dehydrases.

4. Glycine Addition
4.1. Aldolase reaction in the biosynthesis of nucleoside antibiotics

Carbon-carbon bond formation is arguably one of the most important reactions in organic
chemistry. While synthetic chemistry employs various strategies to control the stereo- and
regiochemistry of the reaction, the ability of enzymes to enable exquisite control over these
parameters is unrivaled. Consequently, enzymes catalyzing carbon-carbon bond formation
can be valuable, especially in the formation of novel branched deoxysugars [98–101].
Branched-chain sugars [3,11,102] are frequently employed in bacterial cell wall formation,
where they serve structural roles or contribute to antigenic determinants [61]. In deoxy sugar
combinatorial biosynthesis, enzymes capable of branching could allow access to more
complex carbohydrates [103]. The caprazamycins (80), liposidomycins (81), murraymycins,
and related compounds are nucleoside antibiotics that feature a unique diazopanone moiety
[104,105]. Analysis of the caprazamycin and liposidomycin gene clusters revealed a gene
encoding a putative serine-glycine hydroxymethyltransferase (SHMT). The SHMTs from
these pathways belong to Fold Type I, the aspartate aminotransferases. Although SHMTs
normally participate in the physiological interconversion of serine and glycine with
concomitant interconversion of N5,N10-methylene tetrahydrofolate and tetrahydrofolate
[106,107], these enzymes have also been shown to be capable of catalyzing the condensation
of glycine with acetaldehyde to form threonine [108,109]. Thus, the diazopanone formation
is presumed to begin with the condensation of a uracil 5′-aldehyde with glycine in a reaction
proposed to be catalyzed by the putative SHMTs found in the biosynthetic gene clusters of
caprazamycin and liposidomycin (Fig. 13) [104,105]. While their substrate flexibility
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remains to be explored, it is expected that the glycine hydroxymethyl transferases may be
versatile tools in the development of novel deoxy sugars, especially considering the generic
nature of the putative substrates.

5. Conclusions
Owing to the catalytic versatility of the PLP/PMP cofactor, the vitamin B6-dependent
enzymes involved in deoxy sugar biosynthesis may carry out transamination,
deoxygenation, and even aldolase reactions to generate a staggering number of unique
structures. Transaminases alone are responsible for a majority of the diversity of sugar
products, since they can aminate nearly every position of the hexose ring. The introduced
amino functional groups frequently endow these amino deoxy sugars with their biological
activities and provide a platform for the generation of even more diverse functional groups.
Thus, vitamin B6-dependent enzymes offer many opportunities for the advancement of
glycodiversification as a viable strategy for the development of novel or improved
pharmaceuticals.
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Figure 1.
A collection of commonly encountered deoxy aminosugars found in natural products.
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Figure 2.
Examples of nitro-, nitroso-, hydroxyamino-, and carbamate-containing sugars (34–41), and
the isolated hydroxylamino and nitroso intermediates (42, 44) from two nitro sugar
biosynthetic pathways.
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Figure 3.
Conserved biosynthetic intermediates dictate frequently observed positions of amination of
deoxy sugar hexose ring.
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Figure 4.
Prototypical transamination mechanism catalyzed by vitamin B6-dependent enzymes.
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Figure 5.
Methods for improving the yield of in vitro enzymatic transamination reactions.
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Figure 6.
Substrates and products of the sugar aminotransferases crystallized to date.
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Figure 7.
QdtB (3FRK) as a model sugar aminotransferase, highlighting dominant structural features,
including the large and small domains. The bound ligand is the PLP-substrate complex (see
Figure 6).
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Figure 8.
Composite of DesI and PseC active sites (2PO3 and 2FNU, respectively). PseC residues are
shown in light blue, and its substrate-PLP complex is in dark blue. DesI residues are shown
in magenta, and its substrate-PLP complex is in red. DesI residue labels are on top of PseC
residue labels, and their hexose positions are italicized and non-italicized, respectively.
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Figure 9.
The mechanism of C-3 deoxygenation reaction catalyzed by E1, CDP-6-deoxy-L-threo-D-
glycero-4-hexulose 3-dehydratase, and its reductase partner E3 in the biosynthesis of CDP-
L-ascarylose. See section 3.2.2 for details.
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Figure 10.
(A) The overall topology of dimeric H220K-E1, including the cofactor binding site and the
putative [2Fe-2S]-binding loop. The cofactor PLP is shown in spheres since H220K-E1 has
PLP in the active site. (B) The anomalous map (sigma at 5) shows strong Fe peak near the
253–268 loop region. The distance of C192 and C193 is 22–30 Å away from the main [Fe-
S] coordinating loop. Hence, the fourth ligand is more likely H278. See 3.2.3 for details.
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Figure 11.
The mechanism of C-3 deoxygenation reaction catalyzed by ColD in the biosynthesis of
CDP-L-colitose. See section 3.3 for details.
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Figure 12.
The mechanism of C-3 deoxygenation reaction catalyzed by SpnQ in the biosynthesis of
TDP-D-forosamine. See section 3.4 for details.
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Figure 13.
(A) Structures of diazepanone-containing natural products, caprazamycin A and
liposidomycin A. (B) Hypothetical reaction sequence for the condensation of glycine and a
uridine 5′-ribosyl aldehyde (82) to yield a diazepanone precursor.
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