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Abstract

Carbohydrates play a key role in the biological activity of numerous natural products. In many
instances their biosynthesis requires radical mediated rearrangements, some of which are
catalyzed by radical SAM enzymes. BtrN is one such enzyme responsible for the dehydrogenation
of a secondary alcohol in the biosynthesis of 2-deoxystreptamine. Desll is another example that
catalyzes a deamination reaction necessary for the net C4 deoxygenation of a glucose derivative
en route to desosamine formation. BtrN and DeslI represent the two most extensively
characterized radical SAM enzymes involved in carbohydrate biosynthesis. In this review, we
summarize the biosynthetic roles of these two enzymes, their mechanisms of catalysis, the
questions that have arisen during these investigations and the insight they can offer for furthering
our understanding of radical SAM enzymology. This article is part of a Special Issue entitled:
Radical SAM enzymes and Radical Enzymology.
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1. Introduction

Carbohydrates represent one of the key components of all biological systems. The members
of this class of biomolecules are best known for their fundamental roles in energy handling;
however, they also serve as the biosynthetic precursors for complex carbohydrates, nucleic
acids and the post-translational modification of proteins and lipids. In addition to being
essential for primary metabolism, sugars are also crucial for the biological activity of
secondary metabolites such as bacterial lipopolysaccharides as well as small molecules
exhibiting antibacterial and antiproliferative properties among others [1].

Considerable structural diversity among the sugar moieties in secondary metabolites is well
known despite the majority of these sugars being derived from a relatively small collection
of common precursors such as nucleotide diphosphate activated glucose (NDP-glucose)
[2,3]. This process of “glycodiversification” starting from a common sugar precursor is
achieved via complex biosynthetic transformations that often involve a few key steps of
unique enzymatic chemistry to introduce the distinguishing structural feature(s). It has been
demonstrated that enzyme bound radical intermediates are involved in some of the more
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novel and difficult transformations converting NDP-glucose to the final modified sugar
species. More recently and for the purposes of this review, some of these diversification
reactions have been established to involve radical S-adenosylmethionine (1,SAM)
chemistry.

The radical SAM superfamily of enzymes is distinguished by the presence of a [4Fe-4S]
cluster coordinated by the three cysteines of a conserved CxxxCxxC motif. The fourth or
apical iron of the cluster interacts with the bound SAM to catalyze a reductive homolysis of
the C-S bond at C5” of SAM (1) to produce methionine (2) and a 5’ -deoxyadenosy! radical
(3, Fig. 1) [4,5], which is used as a radical initiator in the subsequent conversion of the
nominal substrate to product. This aspect of radical SAM catalysis is reminiscent of that
observed among the adenosylcobalamin-dependent enzymes [6,7]. Such chemistry was first
discovered in the reaction catalyzed by lysine 2,3-aminomutase (LAM) from Clostridium
subterminale in 1970 [8-12]. Since then, more than 2800 additional proteins have been
predicted to be members of the radical SAM superfamily of enzymes based on sequence
analysis [5]. Nevertheless, only a small fraction of these predicted enzymes have been
purified and at least partially characterized, in large part due to the sensitivity of the catalytic
iron—sulfur clusters to molecular oxygen. Thus, the biosynthesis of desosamine (5) and 2-
deoxystreptamine (6) are presently the only two carbohydrate derivatives whose
biosynthetic pathways have been shown definitively to utilize radical SAM enzymes,
respectively identified as BtrN and DesllI.

In this review, a summary of the discovery and current mechanistic understanding of BtrN
and DeslI is presented. Consideration of the biosynthetic roles of these enzymes highlights
the importance of radical mediated dehydrogenation reactions as well as the means by which
sugars are regioselectively deoxygenated during processing to their final biologically active
forms. Likewise, study of the mechanisms by which these enzymes employ radical SAM
chemistry to effect their transformations provides general insight into how radical SAM
enzymes are able to generate and control the highly reactive radical intermediates. Our
discussion will focus on not only the comparison of the current biosynthetic and catalytic
models but also the key questions which remain open to future investigation. Finally, the
review is concluded with a selection of additional proteins hypothesized to function as
radical SAM enzymes in other biosynthetic pathways of carbohydrate secondary
metabolism.

2. Discovery and biological contexts of the Desll and BtrN catalyzed

reactions

2.1. Biosynthesis of desosamine: Desll facilitates the C4 deoxygenation of TDP-6-deoxy-4-
keto-o-glucose

A key avenue for achieving the broad structural diversity of unusual naturally occurring
sugars is the regioselective deoxygenation of NDP-glucose (7) [2]. The mechanisms by
which these reactions take place are generally conserved through homologous enzymes
regardless of the overall biosynthetic pathway and the associated gene cluster in question
(see Fig. 2) [2,13]. For example, deoxygenation at C6 of NDP-glucose (7) by NDP-
hexose-4,6-dehydratase (Eoq) employs NAD* catalytically to effect an a.,B-dehydration to
eliminate the C6 hydroxyl group followed by reduction of the resulting enone to give the 6-
deoxy-4-keto product 8 (see Fig. 2A) [13]. Deoxygenation at C2 similarly makes use of an
a,B-dehydration reaction and the 4-keto derivative (8) of NDP-6-deoxyglucose generated
after C6 deoxygenation (see Fig. 2B) [13]. In contrast, C3 deoxygenation involves the
formation of a A34-glucoseen-PLP Schiff base intermediate (9) from 8 catalyzed by a PMP-
dependent [2Fe—2S] containing enzyme (E;), followed by two one-electron reductions
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mediated by an NADH-dependent [2Fe-2S] flavoprotein (E3) (see Fig. 2C) [13-16]. This
left the process by which C4 deoxygenation of a hexose takes place an open question.

D-Desosamine (5) is a 4,6-dideoxysugar found in a number of macro-lide antibiotics
including erythromycin, oleandomycin, mycinamicin, megalomicin, and methymycin/
pikromycin, and is necessary for their biological activities [17,18]. As a 4-deoxysugar, its
biosynthetic pathway in Strepfomyces venezuelag[19] was chosen as the model system to
investigate the mechanism of C4 deoxygenation, though the gene clusters responsible for its
biosynthesis have also been identified in several other producing strains including
Saccharopolyspora erythraea[20,21]. Previous sequence analyses showed that the desl gene
product (Desl) from the desosamine biosynthetic gene cluster (see Fig. 3A) exhibits 24%
sequence identity to E1[22]. Furthermore, a second protein encoded in the cluster, Desll,
possesses a CxxxCxxC motif characteristic of [4Fe-4S] bearing enzymes [19,22]. These
observations led to the initial hypothesis that C4 deoxygenation followed a mechanism
similar to that of C3 deoxygenation. Thus, Desl and Desll were expected to function
analogously to E; and Ej, respectively, and a third gene product, DesVIl11, was proposed to
prime the biosynthetic precursor TDP-6-deoxy-4-keto-o-glucose (8) by tautomerization to
the corresponding 3-keto derivative (10, see Fig. 3B)[20,21,23,24].

To test this hypothesis, desosamine biosynthesis in the Adesl and Adesll gene knock-out
mutants was investigated. Had the C3/C4 deoxygenation analogy been correct, it was
expected that both mutants would yield the same dead end product, namely TDP-6-deoxy-3-
keto-o-glucose (10). What was observed instead was the production of TDP-4-amino-4,6-
dideoxy-o-glucose (12) by the Adesll mutant and TDP-6-deoxy-o-glucose, i.e., TDP-o-
quinovose (13), by the Adesl mutant (see Fig. 3B) [22]. Furthermore, when the putative
substrate, TDP-6-deoxy-3-keto-o-glucose (10) was incubated with purified Desl in the
presence of PLP and L-glutamate, neither substrate consumption nor product formation was
observed [22]. In contrast, TDP-6-deoxy-4-keto-o-glucose (8) was recognized by Desl and
converted to TDP-4-amino-4,6-dideoxy-o-glucose (12) under the same conditions [22].
These results indicated that Desl is specific for the 4-ketosugar and can act as a
transaminase, thereby refuting the analogy with C3 deoxygenation.

This observation, along with the realization that DesVI11I participates with DesVII in
glycosyl transfer [25,26], indicated that C4 deoxygenation may instead take place via a
direct interaction between Desl and Desll. Inspired by the mechanism of LAM [11], it was
first suggested that deoxygenation may involve a radical mediated 1,2-amino shift of the
internal aldimine (14) adduct of PMP and TDP-6-deoxy-4-keto-o-glucose (8) in the active
site of Desl (see Fig. 3B) [22]. In this case Desll as a radical SAM enzyme would catalyze
the hydrogen atom abstraction from 14 to initiate the rearrangement of the resulting radical
intermediate 15 (15 — 16 — 17 — 18) to affor d11. However, this hypothesis was ruled out
by the failure to demonstrate the formation of a Desl/Desll complex in vivo via a yeast two-
hybrid assay and the observation that heterologously expressed and purified Desll can
indeed convert TDP-4-amino-4,6-dideoxy-o-glucose (12) to the deoxygenation product (11)
in the absence of Desl [24].

These findings implicated a novel mechanism for C4 deoxygenation that utilizes radical
SAM chemistry to catalyze a deamination reaction. It is clear that the C4 deoxygenation of 8
proceeds in two discreet steps in which Desl first catalyzes the formation of a 4-amino sugar
(12) from 8, and Desl|I carries out the C4 deamination of 12 to give TDP-4,6-dideoxy-3-
keto-o-glucose (11, see Fig. 3C). However, the details of this deamination reaction are still
obscure, and the current understanding of DeslI catalysis will be described below.
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The aminoglycosides are a class of antibiotics that have found clinical use in the treatment
of Gram positive infections [17,27]. These bacteriocidal compounds are inhibitors of protein
synthesis and are characterized by an aminocyclitol aglycone core decorated with various
carbohydrate moieties. The aminoglycosides are divided into two classes depending on the
nature of the aglycone core. The first class possesses a streptidine core and includes
streptomycin and spectinomycin. In contrast, the second more broad class possesses a 2-
deoxystreptamine (DOS) core (6) and includes the kanamycin and gentimicin families of
aminoglycosides.

Butirosin (19) produced by Bacillus circulansis a member of the second class of
aminoglycoside antibiotics possessing a DOS aminocyclitol core [27]. The butirosin
biosynthetic pathway was thus chosen to investigate the biosynthesis of DOS (6), which was
poorly understood in comparison to the alternative streptidine core. Significant progress was
made when 2-deoxy-scy/lo-inosose (DOI, 21) synthase was isolated from B. circulans[28].
This heterodimeric enzyme catalyzes the initial step of DOS biosynthesis in which
glucose-6-phosphate (20) is converted to DOI (21). The gene encoding the larger catalytic
subunit, b#rC, was subsequently cloned [29], and the butirosin biosynthetic gene cluster was
identified via chromosomal gene walking about the birC gene (see Fig. 4A) [30,31].

In the course of these studies, two adjacent genes, birSand birN, were uncovered.
Expression and characterization of the birS gene product led to its identification as a dual
function PLP-dependent aminotransferase that converts DOI (21) to 2-deoxy-scyllo-
inosamine (DOIA, 22) and amino-dideoxy-scy/lo-inosose (amino-DOI, 23) to DOS (6, see
Fig. 4B) [31-34]. The involvement of a second gene, birN, in the dehydrogenation reaction
linking DOIA (22) to amino-DOI (23) was also established using gene knock out mutants
[35]. This observation was unexpected due to the lack of homology between BtrN and the
nicotinamide- or flavin-dependent dehydrogenases [30,31], which are the enzymes involved
in typical alcohol dehydrogenation reactions. Guided by the presence of a CxxxCxxC motif
in its primary sequence, the overexpressed and purified BtrN enzyme was shown to be
SAM-dependent and capable of catalyzing dehydrogenation of 22 in vitro following
anaerobic reconstitution of the presumed [4Fe—4S] cluster [35]. These results effectively
established BtrN as a radical SAM dehydrogenase, whose identity was further con-firmed by
more detailed mechanistic investigations summarized below.

Interestingly, the BtrN homologue has not been found in any other gene cluster for the
biosynthesis of DOS-containing aminoglycosides [36]. For example, NeoA and GacH are
the dehydrogenases that catalyze the same reaction as BtrN in the biosynthetic pathways of
neomycin in Streptomyces fradiae and gentamicin A, in Micromonospora echinospora,
respectively [37-39]. However, both utilize NAD(P)* and Zn?* instead of SAM and an
iron—sulfur cluster for catalysis. The fact that NeoA homologues are found in all DOI
derived amino-glycoside biosynthetic pathways strongly suggests that this key step to
construct the DOS core is catalyzed by a nicotinamide-dependent dehydrogenase in the
production of most DOS-type aminoglycosides[27,40,41]. This generalization even extends
to the butirosin gene cluster, which also harbors a neoA-homologous gene btrE[30,37].
However, the corresponding gene product, which lacks the two zinc-binding motifs common
to the other NeoA homologues, is incapable of catalyzing the nicotinamide-dependent
dehydrogenation reaction [35,37]. Thus, the function of the btrE gene product remains a
mystery, and it may be nothing more than an evolutionary remnant [41].

BtrN is thus one of the few enzymes known to catalyze radical mediated dehydrogenation. It
is in fact one of the only two dehydrogenases utilizing radical SAM chemistry in a
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biologically relevant context. Together with the anaerobic sulfatase maturating
enzymes[42,43], BtrN offers an excellent system for the study of this novel radical
chemistry and its potential applicability in the biosynthesis of secondary metabolites. It is
also of some interest as to why a unique mechanism of DOIA dehydrogenation has evolved
only in the butirosin biosynthetic pathway.

3. Kinetic mechanisms and substrate specificities

The biosynthetic role of BtrN in vivo is the oxidation of DOIA (22) to amino-DOI (23) via
dehydrogenation of the C3 hydroxyl group. This reaction proceeds in vitro with a kgt on the
order of 2 min~1 and Michaelis constants for both SAM (1) and DOIA (22) in the
micromolar range [35]. Investigation of the initial rates indicated a sequential mechanism,
due to the significant uncompetitive substrate inhibition (K;~0.2 mM) observed with DOIA
but not with SAM [35]. Such inhibition in a bisubstrate reaction is consistent with the basic
paradigm in which binding of DOIA (22) forms a dead end quaternary complex with the
reduction products of SAM, i.e., 5"-deoxyadensine (4) and methionine (2) [44]. Therefore,
the current working model for this enzyme is an ordered mechanism in which DOIA (22)
binds after SAM, and amino-DOI (23) is the first product to dissociate.

The substrate flexibility of BtrN has also been studied using an array of cyclitol and sugar
compounds (see Fig. 5). Three of them, DOS (6), scyllo-inositol (24) and myo-inositol (25),
were found to be substrates for the enzyme in the sense that 5"-deoxyadenosine (4)
formation was observed [35]. It remains uncertain, however, whether these alternative
substrates are indeed oxidized concomitant with the reduction of SAM (versus
“uncoupling”) and whether the regiochemistry of the oxidation is as predicted. Nevertheless,
the apparent competence of DOS (6) as a substrate is consistent with dehydrogenation of an
amino functionality as well as an alcohol, similar to what has also been reported for Desl|
and the TDP-3-amino-3,6-dideoxy-o-glucose substrate (26) (see below).

Whereas the reaction catalyzed by BtrN is an oxidative dehydrogenation, that of Desl| is the
redox neutral deamination of a 3-hydroxy-4-amino substrate. However, when Desl| is
provided instead with a 3-hydroxy-4-hydroxy substrate or a 3-amino-4-hydroxy substrate,
the reaction changes from redox neutral group elimination to oxidative dehydrogenation (see
Fig. 6), in direct analogy to BtrN [45]. Both TDP-s-quinovose (13) and TDP-3-amino-3,6-
dideoxy-o-glucose (26) react with Desll to form the common product TDP-6-deoxy-3-keto-
o-glucose (10), the latter presumably through a Schiff base intermediate that is subsequently
hydrolyzed. This switch to dehydrogenation is somewhat unexpected, given the precedence
for radical mediated dehydration of 1,2-diols by the B1,-dependent dioldehydratases [7].
Preliminary kinetic analyses of Desll-catalyzed deamination and dehydrogenation have
yielded results similar to those for BtrN [45,46], and more detailed studies are currently in
progress.

4. Chemical mechanisms

Studies of BtrN and DeslI have shown that these enzymes catalyze two related but different
reactions using ostensibly similar substrates. The observation that Desll is capable of
catalyzing both types of reactions suggests that similar chemical principles may underlie the
mechanisms of these reactions. Therefore, both BtrN and Desll are excellent model systems
for the study of radical transformations and their control in enzyme catalysis.

4.1. Initiation of radical chemistry: the [4Fe—4S] clusters

As with all radical SAM enzymes, the radical chemistry of both the BtrN and Desl| catalytic
cycles is initiated via a reduced [4Fe—4S]1* cluster (see Fig. 1) [4,5]. The cluster is
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maintained in the active site via a coordination complex involving the three cysteine
residues of the canonical CxxxCxxC motif [4]. Structural studies of LAM and pyruvate-
formate lyase activating enzyme have led to a model in which the apical iron of the cluster is
left free to coordinate SAM (1) via its a-amino and a-carboxylate groups [47,48].
Following electron transfer from the reduced iron—sulfur cluster to the sulfonium group of
SAM and homolysis of the C-S bond at C5” of SAM, the 5’-deoxyadenosyl radical (3) is
produced along with a hexacoordinated apical iron involving the sulfide of the resulting
methionine (2) [49,50]. Formation of the enzyme bound [4Fe-4S]1*« SAM complex as well
as the favorable change in apical coordination upon oxidation of the cluster is believed to
help compensate for the disparity in the redox potentials between the sulfonium of SAM and
the reduced cluster [49,50].

The primary sequence of Desll from S. venezuelae contains only four cysteine residues:
Cys15, Cysl141, Cysl145 and Cys148, the latter three constituting the CxxxCxxC motif [19].
Iron/sulfur titration of the reconstituted enzyme indicated four equivalents each, consistent
with a single [4Fe-4S] cluster [45]. This cluster could be reduced to the active [4Fe-4S]1*
state with either sodium dithionite or the more biologically relevant flavodoxin/flavodoxin
reductase/NADPH redox system [45,51]. Attempts to characterize the cluster by electron
paramagnetic resonance spectroscopy (EPR) met with success only under reducing
conditions and in the presence of SAM, consistent with the oxidized [4Fe—4S]2* cluster
being EPR silent [45]. The observed rhombic signal was characterized by g values of 2.01,
1.96 and 1.87 (g, = 1.95), similar to those reported for other radical SAM enzymes [52,53].

The inability to observe the DeslI cluster in the absence of SAM was initially taken as
evidence that either the [4Fe-4S] cluster of Desll is inherently unstable or requires SAM to
sufficiently lower the redox potential of the cluster and facilitate reduction [45]. The latter
hypothesis was suggested on the basis of voltamic measurements of the [4Fe-4S] cluster of
LAM [54]. However, recent work with Desll demonstrated that the reconstituted enzyme is
actually quite stable for extended periods of time in the absence of SAM and does not
appear to require an overt presence of SAM for efficient reduction [51]. Therefore, the most
likely explanation for the earlier results is the use of EDTA in the reconstitution procedure,
which can help to solubilize adventitial and nonspecifically bound iron but might also lead
to destruction of the cluster.

In contrast to Desll, characterization of the iron and sulfur content of BtrN has been
somewhat more eventful. The primary sequence of BtrN from B. circulans possesses a total
of eight cysteine residues of which only three, Cys16, Cys20 and Cys23, constitute a single
CxxxCxxC motif [30]. This led to the early belief that the enzyme contained only one [4Fe-
4S] complex, which was seemingly confirmed by iron and sulfur titration experiments
[35,55]. EPR characterization of the cluster associated with the enzyme free of bound
substrates revealed an axial signal with g-values of 1.92 and 2.04 [55], later assigned as g
and gy, respectively [56]. Upon binding SAM, the EPR signal was noted to broaden with the
g-values assigned to 1.83 and 1.99. During turnover, a more complex rhombic signal with g-
values of 1.87, 1.96 and 2.05 (g, = 1.96) was observed, following subtraction of signals
from the free and SAM-bound enzyme as well as the substrate radical (see below) [55]. This
latter result was unexpected, because under saturating conditions the cluster was expected to
be largely in the EPR-silent [4Fe-4S]2* oxidation state. The signal was therefore assigned to
a BtrNeSAMe<DOIA ternary Michaelis complex, because quaternary complexes with
products showed only minor EPR perturbations compared to that of unbound BtrN [55].

The existence of eight cysteine residues in BtrN has also led to the suggestion that a second
iron sulfur complex may be present. Indeed, a repeat of the iron/sulfur titrations and their
correlation with results of Méssbauer spectroscopy indicated the presence of 1.7 [4Fe—4S]
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clusters per BtrN monomer [56]. Furthermore, when the three cysteines of the CxxxCxxC
motif were all mutated to alanine, the resulting C16 A/C20A/C23A triple mutant was found
to still contain 0.9 [4Fe-4S] cluster per monomer, bolstered by the combined approach of
iron/ sulfur titration and Mdssbauer spectroscopy [56]. These results provided strong
evidence that some subset of the remaining five cysteine residues coordinate a second [4Fe—
48] cluster. Systematic mutation of the remaining five cysteines to alanine yielded soluble
enzyme only in the case of C69A and C235A mutants, though the activity of the latter
mutant was reduced in comparison to the wild type enzyme [56]. In contrast, all mutations
with the Cys169/Cys187/Cys232 subgroup produced insoluble proteins that could not be
characterized [56]. This led the authors to propose that this latter subgroup was responsible
for binding the second [4Fe—4S] cluster in such a way so as to also provide an uncoordinated
apical iron center.

A second EPR characterization of BtrN within the context of two catalytic [4Fe—4S] clusters
allowed the assignment of an axial rather than a rhombic signal during turnover.
Furthermore, the observed g, and g values of 1.99 and 1.83 implicated a quaternary
BtrNe5"-dAdosMeteamino-DOI complex with the second cluster in the reduced [4Fe-4S]1*
state. The unprecedented inversion of the g-values (g, >g;) was also noted [56]. While the
origin of the discrepancies between the two EPR characterizations remains unclear, it does
appear that a second iron—sulfur cluster is present and participates in the BtrN catalytic
cycle. Furthermore, when the cluster coordinated by the CxxxCxxC motif was removed by
mutation, no EPR signal was observed even under reducing conditions, despite the fact that
the presence of the second complex was confirmed by Mdéssbauer spectroscopy [56]. These
results suggest that the second cluster likely remains in the oxidized [4Fe-4S]%* state in the
free enzyme and is either inaccessible to reduction by reagents in the bulk medium or has a
particularly low redox potential.

4.2. Formation of the substrate radical

In the BtrN and Desl| reactions, the 5’-deoxyadenosyl radical (3) produced from the
reductive homolysis of SAM acts to abstract a hydrogen atom from the nominal substrate.
The locus of hydrogen atom abstraction from DOIA (22) was identified as the C3 carbon
(see Fig. 7), which bears the hydroxyl group to be oxidized [35]. This determination was
made by observing deuterium transfer from [3-2H]-DOIA to the methyl group of 5’-
deoxyadenosine (4) using a combination of NMR and mass spectrometry. A similar
experiment with DeslI was also performed using TDP-4-amino-4,6-dideoxy-o-[3-2H]
glucose [45] and TDP-o-[3-2H]quinovose (unpublished results) (see Figs. 8 and 9). In both
cases the presence of monodeuterated 5 -deoxyadenosine (4) was detected and formation of
dideuterated SAM was also noted in the deamination reaction. The observation of
dideuterated SAM in the reaction of Desll with 12 was initially taken as evidence for the
catalytic involvement of SAM during deamination. However, this conclusion has since been
shown to be incorrect (see below). Nevertheless, multiple incorporation of deuterium into
the 5”-deoxyadenosine product was also reported in the BtrN study [35]. While these results
have been interpreted as evidence for significant kinetic reversibility of the initial hydrogen
abstraction by 5’-deoxyadenosyl radical (3), further experiments may be necessary to clarify
the details underlying this process.

The substrate radicals themselves have also been characterized using EPR. Following
incubation of BtrN with a 30-fold excess of both DOIA (22) and SAM (1), an organic
radical was trapped by manual freeze quench following a 10 min incubation [55]. The
organic radical was noted to exhibit a ddd splitting pattern with hyperfine splitting constants
of 36, 36 and 7.7 G. This splitting pattern is consistent with the aforementioned deuterium
transfer experiments placing the unpaired electron at C3 of 27. Confirmation as well as
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assignment of the hyperfine coupling constants was made as the substrate radical generated
from [2,2-2H,]-DOIA displayed a collapse of the ddd splitting pattern to a doublet with a
hyperfine splitting constant of 36 G [55]. This constraint places the p-orbital harboring the
lone electron at the sp?-hybridized C3 center periplanar to both the C4-H and pro-R C2-H
bonds (36 G, each) leaving it clinal with respect to the pro-S C2-H bond (7.7 G).

A similar EPR characterization of the DesllI-catalyzed dehydroge-nation of TDP-o-
quinovose (13) has also been performed [57]. In this case a 3-fold substrate to enzyme ratio
was employed with the reaction being effectively complete within approximately 1 min. The
organic radical (28) observed approximately 10 s after mixing exhibits a dd pattern with
hyperfine splitting constants of 34 G each, which collapses to a doublet split by 34 G with
the monodeuterated isotopologue TDP-o-[4-2H]quinovose. Analogous to BtrN, the
magnitude of the splitting constants implies a periplanar arrangement of the partially filled
C3 centered p-orbital versus the C—H bonds at both C2 and C4. Unfortunately, efforts to trap
an organic radical intermediate during the deamination of TDP-4-amino-4,6-dideoxy-o-
glucose (12) were unsuccessful [57]. The discrepancy between the results with the two
reactions likely stems from differences in the redox processes characterizing the
dehydrogenation versus the deamination reactions (see below).

The substrate radical (28) generated by Desll from TDP-o-quinovose (13) has also been
shown to be an a-hydroxyalkyl radical rather than the corresponding conjugate base, i.e., a
ketyl radical (29) [57]. This conclusion was drawn based on the decrease in the EPR line
width when the reaction was run in D,0O (5.0 G) versus H,0 (7.2 G). In the «C3-OH radical,
the hydroxyl hydrogen has a weak hyperfine interaction with the unpaired electron at the
adjacent carbon that is observed as an inhomogenous broadening. This broadening is
reduced when the hydroxyl hydrogen is replaced with deuterium on account of its smaller
magnetogyric ratio [58]. These results imply that deprotonation of the hydroxyl group prior
to or concerted with hydrogen atom abstraction is not required. Nevertheless, in the case of
BtrN a hypothesis has been advanced suggesting that the apical iron of the second [4Fe—4S]
cluster may serve as a Lewis acid to coordinate the C3 hydroxyl group of DOIA (22) [56].
Such an interaction would help to polarize and even deprotonate the hydroxyl group so as to
lower the redox potential and facilitate the hydrogen atom transfer step.

4.3. Rearrangement of the substrate radical: dehydrogenation

In contrast to the formation of the substrate radical, much less is presently known in regards
to its subsequent rearrangement. The BtrN and DeslI catalyzed dehydrogenation reactions
are both believed to proceed via one electron transfer from the substrate/product radical back
to the oxidized [4Fe-4S]%* cluster (see Figs. 7 and 8). Thus, SAM serves as a net two-
electron oxidant [5,59] while the reduced [4Fe-4S]* cluster is regenerated with each
catalytic cycle. This is consistent with the 1:1 consumption of SAM versus dehydrogenation
substrate observed for both BtrN and DeslI-catalyzed dehydrogenation reactions [35,51].
Furthermore, experimental evidence for the catalytic redox cycling of the [4Fe—4S]1* cluster
was provided for the DeslI catalyzed dehydrogenation reaction, where Desll prereduced
with sodium dithionite was observed to oxidize TDP-o-quinovose (13) even after allowing
sufficient time for all the reductant to decompose via disprortionation [51,60].
Demonstration of multiple turnovers by the pre-reduced enzyme, but not the oxidized
enzyme treated with filtrate from the pre-reduction, indicated that an external source of
reductant is not required. While direct evidence for catalytic cycling of the primary [4Fe—
4S]1* cluster in BtrN has not been reported, the same type of chemistry is expected [35].

Redox cycling of the reduced cluster during the dehydrogenation reactions requires that a
single reducing equivalent be returned from the organic radical back to the oxidized [4Fe—
4S]%* cluster. The [4Fe—4S]2*1* redox couple in aprotic solvents exhibits a midpoint
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potential more negative than —1V[61-63], though this may be significantly more positive
within the enzyme active site [49,54]. In contrast, the redox potential for the (CH3),Cs—OH
a-hydroxyalkyl radical is more positive than —0.9 V, and the deprotonated (CH3),—C+—O~
ketyl radical is more negativethan —1.5 V [64,65]. Therefore, a second auxiliary [4Fe—4S]%*
cluster could serve as a Lewis acid to help equalize the redox potentials by polarizing the C3
a-hydroxyalkyl radical or even promoting complete deprotonation in BtrN [56].

Direct inner sphere electron transfer to an active site metal complex is also believed to
operate in other radical mediated dehydrogenases. A good example is the well-studied
galactose oxidase which utilizes a Cu!' complex coordinated to a unusual protein-based 3’-
(S-cysteinyl)tyro-sine (TyrCys) radical to dehydrogenate the C6 hydroxyl group of galactose
[66—-68]. In the free enzyme, a water or acetate ligand coordinates the copper adjacent to the
TyrCys residue and is replaced by the C6 hydroxyl group of galactose in the Michaelis
complex [69,70]. Coordination to the metal helps to polarize the hydroxyl group facilitating
its deprotonation. The redox potential of the resulting copper-coordinated alkoxide would
then be sufficiently reduced allowing hydrogen atom abstraction by the TyrCys radical.
Direct reduction of Cu!! to Cu' stepwise or concerted with hydrogen atom abstraction would
then complete the oxidation [71]. Another example is the anaerobic sulfatase maturating
enzymes (anSMEsS), such as AtsB from Klebsiella pneumonia[42,72], anSMEcpe from
Clostridium perfringes[43,73,74], and anSMEDbt from Bacteriodes thetaiotaomicron[73].
These enzymes employ radical SAM chemistry to activate sulfatase enzymes via
dehydrogenation of an active site cysteine or serine residue to a C,-formylglycine in the
zymogen substrates [43,72]. AtsB contains 13 cysteine residues but only one canonical
CxxxCxxC motif [72] and has been shown to possess three [4Fe-4S] clusters [75].
Likewise, anSMEcpe and anSMEDbt possess 18 and 15 cysteine residues, respectively
[76,77], and are also expected to contain multiple [4Fe-4S] clusters. As in the case of BtrN,
the auxiliary [4Fe—4S] clusters may act as inner or outer sphere electron acceptors to provide
rapid and controlled return of the reducing equivalent back to the primary cluster.

These results have led to the proposal of a consensus mechanism for the radical SAM
dehydrogenases involving auxiliary [4Fe-4S]%* clusters in electron transfer [56]. However,
the observations made with Desl| suggest that such a mechanism does not appear to be
strictly required. The unit stoichiometries, lack of obvious reaction side products, and
demonstrable recycling of the [4Fe—4S]* cluster indicate that the radical mediated
dehydrogenation is well controlled by Desll, despite the fact that TDP-»-quinovose (13) and
TDP-3-amino-3,6-dideoxy-o-glucose (26) are not the natural substrates[45,51]. Detection of
the protonated a-hydroxyalkyl radical (28) by EPR indicates that deprotonation of the C3
hydroxyl group is not a prerequisite for C3 hydrogen atom abstraction [57]. Furthermore,
electron return to the [4Fe-4S]2* cluster may also take place via an outersphere tunneling
event. Nevertheless, the unfavorable difference in redox potentials between the [4Fe-4S]2*
cluster and the a-hydroxyalkyl radical must be overcome. It has therefore been proposed
that electron transfer may follow deprotonation of the a-hydroxyalkyl radical (to 29) via an
active site base. Such a deprotonation event is reasonable, because the pKj, of an a-
hydroxylalkyl radical (e.g., 28) is typically reduced by approximately five units compared to
the corresponding alcohol [64]. This would place it within the range of known basic protein
residues. Further studies are needed to gain more insight into the underlying processes.

4.4. Rearrangement of the substrate radical: deamination

The deamination reaction of TDP-4-amino-4,6-dideoxy-o-glucose (12) catalyzed by Desl| is
mechanistically more complex than the dehydrogenation reaction. Deuterium tracer
experiments revealed that hydrogen atom abstraction occurs at C3 analogous to that
observed during the dehydrogenation of TDP-o-quinovose (13) [45]. However, in this case
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direct electron transfer back to the [4Fe—4S]2* cluster, as happens with TDP-quinovose,
does not take place. Rather, the reaction flux is channeled into elimination of the C4 amino
group. How the deamination reaction proceeds is unclear, and two working hypotheses are
presently under consideration. The first, which is inspired by the currently accepted
mechanisms for By,-dependent ethanolamine ammonia-lyase (EAL) [78-81], and the
dioldehydratases [7], involves migration of the C4 amino group to C3 to form a
carbinolamine radical (31) that subsequently undergoes elimination of ammonia as shown in
Fig. 9. The second hypothesis, reminiscent of the ribonucleotide reductases [82] and 2-
hydroxyacyl-CoA dehydratase [83], involves an E1ch-type elimination of ammonia at C4
following or concerted with deprotonation of the C3 a-hydroxyalkyl radical (30) to yield a
stabilized enol radical (32) as shown in Fig. 10.

Whether a carbinolamine or enol radical species occurs during the catalytic cycle, the redox
neutral nature of the deamination reaction requires that a single reducing equivalent be
returned to the product radical. In analogy with lysine amino mutase [8-10] and sporephoto-
product lyase [84,85], it was originally thought that SAM as well as the reduced [4Fe-4S]1*
cluster in Desll would be regenerated with each turnover [45]. This possibility was later
ruled out when careful stoichiometric measurements of SAM versus TDP-4,6-dideoxy-3-
keto-o-glucose (11) production yielded a ratio of 0.96 + 0.05 in the presence of sodium
dithionite [51]. It is conceivable that the unexpected 1:1 stoichiometry may be a result of an
“uncoupling” phenomenon, also noted to various degrees with other radical SAM enzymes
[74,86-92], in which SAM is reduced to 5 -deoxyadenosine (4) and methionine (2) in
excess of stoichiometric consumption of the substrate. This interpretation, however, was
disputed when no reduction of SAM was observed in the absence of substrate. Furthermore,
the stoichiometry was constant as a function of turnover, i.e., there was no change in the 1:1
stoichiometry from early time points when product concentration was low to late time points
when product concentration was elevated. A second explanation is that reduction of the
[4Fe-4S]%* cluster occurs mid-way through the catalytic cycle by Na,S,0,. Such a
premature reduction would effectively prevent a 5’ -deoxyadenosyl radical (3) from
recombining oxidatively with methionine (2) to regenerate SAM (1), i.e., the extra electron
would have no place to go. This “abortive” hypothesis was recently ruled out by two
observations [51]. First, replacing Na,S,04 with the more biologically relevant flavodoxin/
flavodoxin reductase/NADPH reducing system again yielded a unit stoichiometry of 1.05 £
0.05. Second, when the cluster was pre-reduced with Na,S,0,4 and then incubated to allow
all the Nay,S,04 to decompose by disportionation, no more than single turnover of the amine
was observed.

These results indicated that SAM is indeed consumed during the DeslI-catalyzed
deamination in vitro. Since the substrate itself is not supplying the necessary two reducing
equivalents, as is the case during the dehydrogenation, they must come from a second
“external” source, such as NADPH or NayS,04. Results with the dehydrogenation reaction
imply that electron transfer between the [4Fe—4S] cluster and the product radical is possible;
however, re-abstraction of a hydrogen atom from 5’-deoxyadenosine (4) without
regeneration of SAM cannot presently be excluded. How exactly the product radical is
reduced and whether it takes place in vivo is unclear and thus offers considerable fodder for
future investigations.

4.5. Control of the radical

In the cases of both BtrN and DeslI, the possibility exists for the radical intermediates to

react via alternative pathways. The precedence set by the dioldehydratases [7,93] raises the
question as to how the enzymes channel reaction flux into a dehydrogenation rather than a
dehydration reaction, because TDP-o-quinovose (13), TDP-3-amino-3,6-dideoxy-»-glucose
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(26), and DOIA (22) all possess hydroxyl groups at carbon centers adjacent to the unpaired
electron. This question becomes even more interesting when one also takes into account
TDP-4-amino-4,6-dideoxy-o-glucose (12), which specifically undergoes elimination of the
C4 amino group rather than eliminating the C2 hydroxyl group or oxidizing the C3 hydroxyl

group.

In the case of BtrN, there appear to be two properties of the reaction that promote oxidation
of the C3 hydroxyl group over elimination of the C4 hydroxyl group. The first already
mentioned above is the proposed coordination of the C3 hydroxyl moiety to the apical iron
of the auxiliary cluster [56]. This would facilitate a more rapid innersphere resolution of the
organic radical [94,95]. Secondly, the clinal orientation of the partially filled C3 p-orbital
and the C-OH bond at C4 would inhibit any productive interaction whether it be a migration
or an Elct-type elimination (see Fig. 11A) [55]. This arrangement is to be contrasted with
that observed for the substrate radical intermediates of EAL [96] and dioldehydratase [97],
where the migrating/breaking C-NHs* or C-OH bond is periplanar to the partially filled p-
orbital as shown in Fig. 11C and D, respectively. Thus, in the case of BtrN, radical control
may be a combination of inhibiting interactions with the substituent at C4 while
concomitantly accelerating the electron transfer to a more stable [4Fe—4S] electron sink.

A similar argument can also be made for the DesllI-catalyzed dehydrogenation of TDP-o-
quinovose (13). While there is no evidence for a coordinated metal, the p-orbital harboring
the unpaired electron at C3 is again roughly orthogonal to the C—-OH bonds at both C2 and
C4 as shown in Fig. 11B [57]. During deamination, however, a productive interaction of the
C3 centered radical with the C-NH3* bond must take place. While structural data is awaited
to address this issue, elimination of the C4 amine may result from some combination of a
different binding conformation as well as the ability of ammonia to serve as a better leaving
group versus hydroxide. It should be pointed out, however, that this latter hypothesis would
be suggestive of an E1lct-type elimination mechanism.

5. Evidence for the involvement of radical SAM chemistry in the
biosynthesis of other biological carbohydrate derivatives

While BtrN and DeslI are the only two radical SAM enzymes of sugar biosynthesis that
have been studied at the mechanistic level, several others have also been implicated to be
radical SAM-dependent. Examples include TunB and OxsB along with the putative methyl-
cobalamin-dependent radical SAM methyltransferases MoeK5, GenK and ForK.

The tunicamycins (33) represent a class of antibiotics that target bacterial cell wall
biosynthesis by inhibiting translocase I, an enzyme required for the biosynthesis of
peptidoglycan [98]. The defining feature of these natural products is an 11-carbon dialdose
moiety, tunicamine, derived from the covalent adduct of uridine (36) and UDP-A*-acetyl-
galactoseamine-5,6-ene (38), which is derived from UDP-N-acetylgalactosamine (35) [99].
Cloning of the gene cluster responsible for the biosynthesis of tunicamycin from
Streptomyces chartreusis by Chen and coworkers has identified 12 genes that are necessary
and sufficient for its production [100]. During the course of this work, the TunB gene
product was annotated as a putative radical SAM protein based on sequence analysis. This
gene product is proposed to catalyze a radical coupling reaction in which a 5”-uridy! radical
(37) undergoes radical addition at C6 of N-acetylgalactoseamine-5,6-ene (38) to yield an a-
alkoxyalkyl radical (39) as shown in Fig. 12. Subsequent hydrogen atom abstraction from
5’-deoxyadenosine (4) could lead to UDP-A-acetyl-tunicamine-uracil (34) and the
regeneration of SAM (1). This mechanistic proposal for TunB is of some interest, because it
corresponds to a radical SAM C-C bond coupling reaction reminiscent of the reverse
reaction of sporephotoproduct lyase [85].
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Oxetanocin A (40) from Bacillus megaterium is an antiviral agent[101,102] possessing an
unusual four-member oxetane ring (see Fig. 13) [103,104]. The oxetanocin biosynthetic
gene cluster is plasmid encoded and possesses four genes believed to be responsible for its
production [105]. Three of these genes are annotated to encode phosphatase-like proteins
(oxsA, osrA, and osrB), while the fourth (oxsB) has been identified as a putative radical
SAM enzyme (OxsB) [106]. The biosynthetic pathway of oxetanocin A is at the present time
unknown; however, it is hypothesized that OxsB catalyzes a radical mediated ring
contraction of adenosine or one of its derivatives to generate the oxetane ring.

Methyl-cobalamin-dependent radical SAM methyltransferases have also been implicated
among the reactions of glycodiversification. This class of enzymes is believed to utilize both
methylcobalamin as well as radical SAM chemistry in order to facilitate methylation at
unactivated carbon centers [107,108]. In the biosynthetic pathway of moenomycin (41),
gene knock out experiments have identified MoeKS5 as a putative radical SAM
methyltransferase required for the C4 methylation of ring F (see Fig. 14) [109]. Similarly,
GenK [110,111] and ForK [112] from the gentamicin C1 (42) and fortimicin A (43)
biosynthetic gene clusters, respectively, have also been proposed to operate as radical SAM
methyltransferases to introduce a methyl substituent at the C6 position of the 2,6-
dideoxy-2,6-diaminoglucosyl residues (see Fig. 14). Presently no radical SAM
methyltransferase has been characterized, and this class of enzymes and the reactions they
catalyze represent an exciting new avenue of future research.
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Abbreviations

amino-DOI amino-dideoxy-scyllo-inosose

Cys cysteine

5-dAdo 5’-deoxyadenosine

DOI 2-deoxy-scy/lo-inosose

DOIA 2-deoxy-scyllo-inosamine

DOS 2-deoxystreptamine

EAL ethanolamine ammonia-lyase

EDTA ethylenediaminetetraacetic acid

EPR electron paramagnetic resonance

FAD flavin adenine dinucleotide

LAM lysine 2,3-aminomutase

Met methionine

NAD(P)* oxidized nicotinamide adenine dinucleo-tide (phosphate)
NAD(P)H reduced nicotinamide adenine dinucleotide (phosphate)
NDP nucleotide diphosphate

PLP pyridoxal 5”-phosphate
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PMP pyridoxamine 5’-phosphate

SAM S-adenosylmethionine

TyrCys 3’-(S-cysteinyl)tyrosine
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Electron transfer from an active site [4Fe-4S]1* cluster leads to reductive homolysis of
SAM (1) to generate a 5’-deoxyadenosyl radical (3) and methionine (2) during the catalytic
cycle of radical SAM enzymes. The 5’-deoxyadenosyl radical can then be used as a radical
initiator to abstract a hydrogen atom from the nominal substrate of the reaction.
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Fig. 2.

A common biosynthetic mechanism of glycodiversification is the regioselective
deoxygenation of nucleotide diphosphate activated glucose (NDP-glucose, 7). The enzyme
Eqq utilizes NAD* catalytically to catalyze C6 deoxygenation (A). Deoxygenation at C2 is
achieved via a,p-dehydration of the resulting 4-keto sugar (8) (B). Alternatively, the 4-keto
sugar (8) can be deoxygenated at C3 via the coupled E1/E3 enzyme system to effect a net
reduction of the substrate (C).
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Biosynthetic gene cluster for TDP-desosamine from Streptomyces venezuelae (A).
Summary of results for the gene knockout experiment to determine the biosynthetic pathway
of TDP-desosamine (5) as well as an early mechanistic hypotheses for the deamination
reaction of Desll inspired by the mechanisms of the E1/E3 system and lysine 2,3-
aminomutase (B). The currently accepted biosynthetic transformations of Desl and Desl|
(C). See text for additional details.
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Biosynthetic gene cluster for 2-deoxystreptamine (DOS, 6) from Bacillus circulans (A), and
the associated biosynthetic pathway (B).
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While 2-deoxy-scyllo-inosamine (DOIA, 22) is the biological substrate of BtrN, additional
substrate analogues have also been shown to facilitate reduction of SAM (1) by BtrN [35]. A
collection of cyclitol and sugar analogues has also been demonstrated to show little to no

activity with the enzyme.
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The current hypothesis for the radical mediated dehydrogenation of DOIA (22) by BtrN
involves an auxiliary [4Fe-4S] cluster that acts to polarize the C3 hydroxyl group and accept
the single reducing equivalent following hydrogen atom abstraction by the 5”-

deoxyadenosy! radical [35,55,56].
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The current hypothesis for Desll-catalyzed dehydrogenation of TDP-o-quinovose (13)
involves deprotonation of the intermediary a-hydroxylalkyl radical (28) followed by direct
electron transfer from 29 back to the oxidized [4Fe—4S]2* cluster [51,57].
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A possible mechanism for the DeslI-catalyzed deamination of TDP-4-amino-4,6-dideoxy-o-

glucose (12) analogous to the working model of ethanolamine ammonia-lyase [78-81]

involves a 1,2-amino shift to form a radical carbinolamine intermediate (31). A second
hypothesis that proposes direct elimination of the amine is shown in Fig. 10.
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A possible mechanism for the DeslI-catalyzed deamination of TDP-4-amino-4,6-dideoxy-o-
glucose (12) involves a direct E1ct-type elimination of the amino group at C4 by a ketyl
radical intermediate to yield a stabilized enol radical (32). A second hypothesis that
proposes a carbinolamine radical intermediate is shown in Fig. 9.
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Fig. 11.

The stereochemistry of radical intermediates in the BtrN and Desl| catalyzed
dehydrogenation reactions has been predicted based on EPR hyperfine coupling constants.
(A) The C3 substrate radical of 2-deoxy-scy/lo-inosamine (DOIA) (27) during BtrN
catalyzed dehydrogenation [55]. (B) The C3 substrate radical of TDP-o-quinovose (30)
during DeslI catalyzed dehydrogenation [57]. Similar geometries were also observed along
the C2—C3 bonds (see text) for both BtrN and Desll. (C) The C1 substrate radical of S2-
aminopropanol during EAL catalyzed deamination [96]. (D) The C1 substrate radical of S-2-
propanediol during dioldehydratase catalyzed dehydration [97]. The geometry in (D) is
based on the authors’ observation that “the hyperfine coupling constant for the B-proton is
small”.
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Possible mechanism for the formation of UDP-A-acetyl-tunicamine-uracil (34) by TunB
involving radical SAM chemistry in the biosynthesis of tunicamycins (33).
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The oxsB gene product from the biosynthetic gene cluster for oxetanocin A (40) is believed
to utilize radical SAM chemistry to generate an oxetane intermediate from aden-osine or one
of its derivatives.
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The moeKS5, genK and forK gene products are believed to act as methyl-cobalamin-

dependent radical SAM methyltransferases in the biosynthesis of moenomycin A (41),

gentamicin C, (42) and fortimicin A (43), respectively.
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