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Methylation is one of the most frequent and functionally significant modifications in natural product

biosynthesis. This transformation generally involves the cosubstrate S-adenosyl-L-methionine (SAM) and

occurs with high regio-, chemo-, and stereo-selectivity. C-Methylation serves as an effective strategy for

the incorporation of C1 building blocks and plays a key role in both carbon skeleton extension and

structural core decoration. A notable example is SAM-dependent C-methylation of nucleotide-activated

sugar moieties catalyzed by C-methyltransferase (C-MT) during the biosynthesis of glycosylated natural

products. A prerequisite in these pathways is the activation of the sugar by the attachment of

a nucleotide diphosphate (NDP) tail. Sugar C-MTs exhibit remarkable substrate specificity and often act

in concert with additional transformations, such as oxidation, decarboxylation, or reduction, to diversify

sugar structures. Canonical SAM-dependent sugar C-MTs are capable of introducing methyl groups at

C3, C4, or C5 positions of the sugar ring by an SN2-like mechanism involving enolate intermediates. In

contrast, C6 methylation has been attributed to radical SAM enzymes. These distinct strategies illustrate

the enzymatic versatility and sophisticated control over sugar C-methylation in nature, contributing to

the structural diversity of natural products.
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1. Introduction

Methylation is one of the most common enzymatic reactions in
nature, especially in the specialized metabolic pathways of
many organisms, where it regulates biological activity. The
enzymes responsible for methylation reactions are referred to as
methyltransferases (MTs). The widely studied cosubstrate S-
adenosyl-L-methionine (SAM) serves as a methyl donor and
enables methylation either via a classical SN2 mechanism or
a radical-based process.1 SAM-dependent MTs catalyze the O-,
N-, C-, and S-methylation of small molecules, such as those
found in amino acids and in polymeric biosynthetic scaffolds,
such as DNA and proteins, with high regio- and stereo-
selectivity.2–4

SAM-dependent C-methylation plays a pivotal role in the
structural diversication of biomolecules by introducing the C1

building block into the carbon skeleton. This transformation
usually requires activation of the substrate for SAM attack. Such
reactivity is commonly found in substrates with easily enoliz-
able structures, such as carbonyl-containing compounds or in
electron-rich aromatic systems, including, but not limited to,
deprotonated phenols.5 This precise addition of C1 units is
essential for the synthesis of chiral compounds as an integral
Nat. Prod. Rep.
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tool for the asymmetric formation of C–C bonds. C-Methyl-
transferases (C-MTs) operating in a SAM-dependent manner are
primarily involved in specic metabolic pathways and meth-
ylate various compounds, including pyrroloindoles,6 aliphatic
compounds,7 phenols,8,9 and keto-deoxy sugars.10,11 A key area
where C-MTs have a signicant impact is in the production of
branched-chain methylated deoxy sugars. These sugars are
oen formed in connection with the biosynthesis of poly-
ketides,12 nonribosomal peptides,13 lipopolysaccharides,14 and
oligosaccharides.15

In this review, we summarize the current knowledge on keto-
deoxy sugar C-MTs, with a particular focus on their substrate
specicities and chemical performances in methylation. Some
key examples from natural product biosynthetic pathways are
discussed. An overview of the broader nucleotide-sugar meth-
ylation landscape is presented to identify general features of
sugar biosynthesis and structural modications. Ultimately,
this review seeks to elucidate the unique catalytic capabilities of
these enzymes for methyl transfer and their contribution to the
structural and functional diversity of natural products.
2. Sugar units in glycosylated natural
products

Glycosylated natural products are a diverse and biologically
important class of biomolecules used in medicine, agriculture,
and industry.16,17 The incorporation of unusual sugar units into
natural products, which are oen deoxygenated and highly
functionalized, improves the water-solubility of the aglycone
and facilitates transport and bioavailability, making them an
important starting point for the development of new
therapeutics.18

From a biosynthetic point of view, monosaccharides are, in
principle, activated by attachment to nucleotide mono-
phosphate (NMP) or nucleotide diphosphate (NDP). This acti-
vation facilitates their recognition by biosynthetic tailoring
enzymes and glycosyltransferases and enables their incorpora-
tion into complex biomolecules within the cell. Moreover, the
NMP/NDP tail acts as a good leaving group in the glycosyl
transfer reaction.19
Scheme 1 Schematic of the origin of the sugar units in avilamycin A.

Nat. Prod. Rep.
Different metabolic pathways diverging from glycolysis serve
as the starting point for the biosynthesis of sugar units, such as
avilamycin A,20 a polyketide-derived antibiotic with a hepta-
saccharide side chain (Scheme 1). The sugar components of this
oligosaccharide antibiotic are thought to originate from three
primary monosaccharide units during biosynthesis: guanosine
diphosphate (GDP) sugars, which are derived from fructose 6-
phosphate; thymidine diphosphate (TDP) sugars and uridine
diphosphate (UDP) sugars, predominantly derived from glucose
6-phosphate. Before being incorporated into the main skeleton,
these monosaccharides undergo various modications, such as
C-acetylation21 and methylation,22 which contribute to
increasing the structural diversity and modifying the functional
properties of the nal product avilamycin A.

3. Methylation in sugar biosynthesis
3.1 C3 methylation

So far, conventional methyl transfer has only been observed
with TDP- and GDP-activated monosaccharides. The presence
of an adjacent keto group on the substrate enables SAM-
dependent C-methylation by sugar C-MTs. This process begins
with deprotonation, leading to enolization, and culminates in
nucleophilic attack on SAM via an SN2 mechanism.11 Notably,
the site of deprotonation determines the regioselectivity of
methylation, allowing for precise modication at the C3, C4, or
C5 positions on the sugar ring.

C3-Methyltransferases (C3-MTs) targeting NDP-activated
sugars are among the most prevalent enzymes in the biosyn-
thetic pathways of natural products in prokaryotic systems. To
date, at least seven distinct groups of C3-MTs have been re-
ported, which are primarily classied based on the structural
diversity of the methylated sugar products. The strict substrate
specicity and precise stereochemical outcomes reect the
remarkable diversity of bacterial metabolic pathways.

In the biosynthesis of glycosylated pyrrolo[1,4]benzodiaze-
pine sibiromycin in Streptosporangium sibiricum and glycosy-
lated anthracycline nogalamycin in Streptomyces nogalater,
respectively, SibM7 and SnogG2 23 catalyze C3 methylation on
TDP-4-keto-L-rhamnose (Fig. 1A). Notably, the sibiromycin
biosynthetic gene cluster (BGC) lacks a gene encoding TDP-
glucose 4,6-dehydratase necessary for substrate formation;
this deciency may be compensated for by an endogenous TDP-
glucose dehydratase present in Streptosporangium sibiricum.9

Maduropeptin, a glycosylated natural product derived from
Actinomadura madurae ATCC 39144, is known for its potent
DNA-damaging activity. The enediyne core is highly reactive and
responsible for its biological activity; the glycosyl moieties
improve solubility and stability.24,25 The biosynthesis of the
aminosugar in maduropeptin starts with glucose 1-phosphate;
it undergoes unique C6-dehydrogenation and oxidative decar-
boxylation before methylation. This ring-contraction pathway is
common for the modication of UDP sugars,26–28 but rare for
TDP sugars (Scheme 2A). It is assumed that the following
methylation mediated by MdpA4 (Fig. 1B) leads to a remarkable
stereochemical inversion at C3 of TDP-4-keto-pentose, where
the C3 hydroxyl group is converted from an axial to an
This journal is © The Royal Society of Chemistry 2026

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5np00071h


Fig. 1 Natural products containing C3-methylated sugar units and the
corresponding C3 methylation modes of their NDP keto-deoxy sugars.
Differentmethylationmodes are classified based on the substrates (A–G).
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equatorial position.29 In chrysomycin biosynthesis, ChryCMT
(Fig. 1C) is thought to catalyze a similar C3 methylation of TDP-
4-keto-6-deoxy-D-glucose,30 because of its 50–60% sequence
Scheme 2 Representative C3 methylation during natural product biosyn
MdpA4-joined TDP sugar C-methylation; (B) bifunctional MT MtmC inv
steps of the C3 methylation and epimerization in the biosynthesis of tylos
pathways: (a) AviG1 and TylC3 produce TDP-4-keto-2,6-dideoxy-3-met
is used for the synthesis of two keto-deoxy sugars for oxidative decarbo

This journal is © The Royal Society of Chemistry 2026
identity with other C3-MTs. Although its enzymatic activity has
not yet been experimentally conrmed, it is presumed to follow
a similar stereochemical pattern to MdpA4, including the
rearrangement of the C3 hydroxyl group from an equatorial to
an axial orientation during catalysis.

MtmC inmithramycin trisaccharide biosynthesis methylates
TDP-4-keto-D-olivose in the same stereoselective manner to
generate the equatorial-methylated product (Fig. 1D).31,32 The
same methylation pattern can be observed in the biosynthesis
of chromomycin, a member of the aureolic acid family
produced by Streptomyces griseus.33 The crystal structure of
MtmC, in complex with the byproduct SAH and the substrate
TDP-4-keto-D-olivose, was solved by Jürgen Rohr and
colleagues.34 In vitro enzyme assays and molecular docking
results show that NADPH can effectively bind within the active
site, indicating that MtmC allows different biosynthetic path-
ways to produce two building blocks, either by reduction to
form TDP-D-olivose or by methylation to generate TDP-4-keto-D-
mycarose. Both products are essential components of the
trisaccharide assembly line (Scheme 2B).

TylC3—the rst streptomycete C-MT characterized in vitro in
the biosynthesis of tylosin—utilizes TDP-4-keto-2,6-dideoxy-D-
allose as its substrate.35,36 Interestingly, methylation occurs at
a TDP-deoxy sugar with an axial C3 hydroxyl substituent,
a feature that distinguishes this pathway from those catalyzed
by other C3-MTs. This axial orientation is established prior to
methylation through the combined action of TylX3 and TylC1,
along with a metal-assisted dehydroxylation step.36 In contrast
thesis: (A) UDP sugar pathway of UDP-4-keto-6-deoxy-D-glucose and
olved in two branches of the biosynthetic step;32 (C) two consecutive
in (a) and sibiromycin (b). (D) C3 methylation in the TDP and GDP sugar
hyl-D-allose starting from different substrates and (b) GDP-D-mannose
xylation and methylation, respectively.

Nat. Prod. Rep.
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to C3-MT pathways involving SibM and SnogG2, where 3,5-
epimerization of the sugar scaffold precedes methylation, the
epimerization in the tylosin biosynthetic pathway occurs aer
methylation at C3 (Scheme 2C). This sequential transformation
leads to a similar skeletal structure, but results in a distinct
stereocenter at C3. A comparable methylation pattern is also
proposed in the biosynthesis of lankamycin37 and erythromycin
A.38 The C-methylated sugar units are further decorated with O-
methylation and/or O-acetylation before incorporation into the
iconic polyketide core.

For the biosynthesis of avilamycin in Streptomyces
viridochromogenes Tü57, the C3-MT AviG1 shows a contrasting
stereochemical behavior compared to MtmC (Scheme 2D).20,22

Oxidoreductase AviT is located in the same BGC as AviG1 and is
responsible for the formation of the methylation substrate. It
exhibits a signicant sequence similarity with NDP-3-
ketoreductase LanT from Streptomyces cyanogenus39 (52% iden-
tical aa) and CmmW from Streptomyces griseus33 (46.8% iden-
tical aa). The similarity between AviT and LanT/CmmW
suggests that AviG1 favors the same keto-deoxy sugar substrate,
TDP-4-keto-D-olivose, as CmmC, indicating that AviG1 and
TylC3 follow different stereocatalytic mechanisms but ulti-
mately generate the same products (Scheme 2D).

Another potential substrate featuring a structurally similar
sugar moiety for methylation in the avilamycin biosynthesis
pathway is GDP-4-keto-6-deoxy-D-glucose. Thiamine diphos-
phate (ThDP)-dependent enzymes AviB1 and AviB2 are
hypothesized to catalyze the acetylation of this GDP-sugar
(Scheme 2D).20

Derived from the same precursor as GDP-4-keto-6-deoxy-D-
glucose, GDP-4-keto-6-deoxy-D-mannose stands out as the only
known keto-deoxy sugar with a GDP tail that undergoes keto-
activated C-methylation. The putative MT MCAG_03641
performs C3 methyl transfer to GDP-4-keto-6-deoxy-D-mannose
(Fig. 1G), preserving the stereochemistry of the C3 hydroxyl
group during the biosynthesis of everninomicin 13-384-1
(everninomicin A, ziracin) in Micromonospora carbonacea var.
africana ATCC39149.40,41 A similar process occurs in the
biosynthesis of everninomicin B41 and ambamycin.42 Addi-
tionally, an MT homologous to MCAG_03641, CBU_0691, was
identied by in silico analysis in Coxiella burnetii. This enzyme
appears to methylate GDP-4-keto-6-deoxy-D-mannose in the
same way as MCAG_03641 and may contribute to lipopolysac-
charide biosynthesis.14 Interestingly, everninomicin D, a struc-
turally related natural product from Micromonospora sp. SCSIO
07395, lacks this axial hydroxyl group on ring D compared to
everninomicin 13-384-1 and may instead undergo a TDP sugar
methylation pathway involving C-MT EvdM3 (Scheme 3A).43

The family of nitrosugar-containing natural products
includes a variety of compounds, such as tetrocarcin,44 lobo-
phorin,45 arisostatin A,46 and rubradirin.47 Although multiple
C3-methylated nitrosugar variants are observed among these
natural products, methylation uniformly occurs at the amino
sugar stage (Scheme 3B). In the biosynthesis of tetrocarcin,
TcaB9 catalyzes the transfer of a methyl group from SAM to
TDP-3-amino-2,3,6-trideoxy-4-keto-D-glucose at C3 (Fig. 1F).11,48

An X-ray crystallographic model of TcaB9 in complex with its
Nat. Prod. Rep.
substrate reveals that the reaction proceeds with retention of
the axial conguration at C3–OH. In this process, His 225
potentially plays a critical role in facilitating methyl transfer
(Scheme 3B). However, the identity of the active site base
responsible for deprotonation remains unclear. Compared to
other C3-MT crystal structures, such as KijD1 (PDB ID: 5T67)
and MtmC (PDB ID: 4RVH), the amino acid residues distribu-
tion in the active site is highly conserved. Moreover, there is no
denitive evidence to date as to whether other C3-MTs, such as
KijD1,49,50 EvaC,51 DvaC (also named as OrfX),13 and EvdM8,43

also methylate the same substrate as TcaB9, as their specic
substrates have not yet been identied.

3.2 C4 methylation

CyaA3, identied in the biosynthetic pathway of cyanosporaside
A in Salinispora pacica CNS-143, stands out as a canonical
SAM-dependent C-MT known to catalyze C4 methylation of
TDP-4-keto-6-deoxy-D-glucose.52 Sequence analysis reveals that
CyaA3 exhibits less than 40% identity with other sugar C-MTs,
distinguishing it from previously characterized enzymes. This
divergence suggests an independent evolutionary trajectory of
CyaA3 and implies a potentially unique catalytic mode for C4
methyl transfer. It is proposed to facilitate the H-30 deprotona-
tion at TDP-4-keto-6-deoxy-D-glucose, which is followed by
enolization and hydrogen transfer, ultimately leading to
nucleophilic methylation and ensuring regioselective methyla-
tion at C4 (Scheme 4A).

Radical SAM-dependent MTs have also been implicated in
C4 methylation of keto-deoxy sugars. GenD1—a cobalamin
(Cbl)-dependent class B radical MT is involved in the biosyn-
thesis of the aminoglycoside antibiotic gentamicin from
Micromonospora echinospora (Scheme 4B).53,54 Its role was
conrmed by gene disruption and in vitro enzyme assay, as a C4-
MT that transforms gentamicin A into gentamicin X2. Notably,
GenD1 is characterized by high substrate exibility, as it can
utilize multiple compounds, including 300-dehydro-300-oxo-
gentamicin A2 (DAA2), gentamicin A, gentamicin A-2, and
gentamicin Ae to generate gentamicin A-1, gentamicin X2,
gentamicin X2-1, and G418 (Scheme 5).53 This versatility high-
lights its critical role in the diverse and exible biosynthetic
pathways leading to gentamicin production.

3.3 C5 methylation

In addition to the remarkable diversity of naturally occurring
C3-MTs, several C5-MTs have also been identied by bi-
oinformatic analysis and in vitro activity assays. The function of
a C5-MT CloU was identied via in-frame gene inactivation
within the BGC of clorobiocin, demonstrating that its gene
product performs C5 methylation on the keto-deoxy sugar aer
3,5-double epimerization of TDP-4-keto-6-deoxy-D-glucose by
CloW (Scheme 6A).10,55 In 2005, NovU, a C-MT from Streptomyces
spheroides involved in novobiocin biosynthesis, was the rst
sugar C5-MT to be functionally characterized in vitro.56 Its
homologs SgcA3 57,58 and CouU,55 are deduced to transfer the
methyl group similarly and show 58.5% and 86.0% sequence
identity to NovU, respectively.
This journal is © The Royal Society of Chemistry 2026
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Scheme 3 (A) Structures of everninomicin 13-384-1 and everninomicin D. (B)(a) Methylation of TDP-3-amino-2,3,6-trideoxy-4-keto-D-glucose
and the variations of the nitrosugars in natural products. (b) Proposed catalytic mechanism of TcaB9 (PDB ID: 4E32).10

Scheme 4 (A) CyaA3-catalyzed C4 methylation with a proposed H+-
transfer mechanism. (B) C4 methylation in the biosynthesis of genta-
micin by GenD1.
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Furthermore, it is possible to incorporate a methyl group
into GDP sugars. The BGC of tiacumicin contains the putative
GDP-specic C5-MT TiaS2,59 which potentially methylates the
same substrate as C3-MT MCAG_03641 and CBU_0691 (Scheme
Scheme 5 Network of methyl transfer reactions in the gentamicin bio
GenK.53,60

This journal is © The Royal Society of Chemistry 2026
6B), namely GDP-4-keto-6-deoxy-D-mannose, but the stereo-
chemistry of the methylation remains elusive.
3.4 C6 methylation

To date, only Cbl-dependent MTs have been shown to catalyze
C6 methylation of sugar moieties. This type of methylation
proceeds via a radical mechanism and does not require activa-
tion through the attachment of an NDP moiety. GenK was
identied to methylate a nonactivated sp3 carbon in the late-
stage modication of gentamicin biosynthesis.60 The iron-
sulfur cluster facilitates the cleavage of SAM, generating
a gentamicin substrate radical that subsequently accepts
a methyl group from methylcobalamin (Scheme 5). Similar to
the C4-MT GenD1, GenK exhibits substrate exibility and
accepts multiple sugar substrates. Furthermore, these methyl-
ation events can occur in combination with the N-MT GenN in
an interchangeable sequence, forming a exible and inter-
connected methylation network (Scheme 5).53
synthetic pathway and the proposed methyl transfer mechanism of

Nat. Prod. Rep.
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Scheme 6 C5 methylation on TDP- and GDP-activated keto-deoxy
sugars in the biosynthesis of clorobiocin (A) and tiacumicin B (B),
respectively. The dashed arrows indicate that the reaction has been
proposed based on bioinformatics studies only. Since two methyl
groups are present at C5 in the product, the methyl group introduced
by the sugar C-MT cannot be unambiguously assigned; therefore,
a generic methyl group is shown to indicate the C5 methylation.
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4. Biosynthetic network of keto-
deoxy sugars in canonical C-
methylation

Although the substrates of SN2-mediated C-methylation of keto-
deoxy sugars are structurally different, they share a common
backbone: a six-membered sugar ring with a keto group in the
C3 or C4 position linked to either a TDP or GDP tail. The
biosynthesis of these sugar moieties begins with the predomi-
nant precursor, D-glucose. Once transported as glucose 6-
phosphate, it is converted into glucose 1-phosphate via hexose
phosphate mutase. It is then transformed in a two-step process
Scheme 7 Methylation network of the sugar C-MTs. Experimentally cha
Dashed arrows indicate that these reactions have been proposed based

Nat. Prod. Rep.
into TDP-4-keto-6-deoxy-D-glucose, which is a key intermediate
in the biosynthesis of all methylatable TDP sugars (1 / 4;
Scheme 7). Similarly, GDP-activated sugars originate from
fructose 6-phosphate (8), which is obtained by phosphoglucose
isomerisation of glucose 6-phosphate. Phosphomannose
isomerase and hexose phosphate synthase then convert fruc-
tose 6-phosphate intomannose 1-phosphate (10). Subsequently,
the GDP tail is tailored into the sugar core via the corresponding
nucleotidyltransferases, followed by the assistance of 4,6-dehy-
drogenase, generating GDP-4-keto-6-deoxy-D-mannose (12),
ready for C3 and C5 methylation. Structural variations among
TDP-linked substrates depend primarily on the extent of deox-
ygenation. TDP-4-keto-6-deoxy-D-glucose is rst modied by
sugar 2,3-dehydrogenase, followed by either a sugar 3-amino-
transferase (e.g., TcaB8,44 EvaB,38 DvaB13,61) or a sugar 3-
hydroxytransferase (e.g., TylC1,35 EryBII,38 AviT20). These result-
ing intermediates then serve as substrates for MTs such as
TcaB9, EvaC, AviG1, TylC3, EryBIII, and MtmC, each of which
has distinct preferences for the axial or equatorial hydroxyl/
amino group at C3. This variability contributes to the stereo-
chemical diversity of the nal products. TDP-4-keto pentose (22)
represents a rare substrate for methylation, generated by
oxidative decarboxylation at C6, and has only been reported in
the biosynthesis of maduropeptin. Additionally, 3-epi-
merization or 3,5-epimerization of keto-deoxy sugars is also
essential for the natural assembly of monosaccharide biosyn-
thetic pathways. Such transformations may occur either before
or aer dehydroxylation, as exemplied by the actions of
NovW,56 SibJ,9 and TylK.62 In the biosynthesis of chromomycin
A3, the epimerization is proposed to take place even aer C-
methylation by CmmF, as suggested by Nuria Menéndez et al.63
racterized MTs are highlighted in orange (C3-MTs) and blue (C5-MTs).
on bioinformatics studies only.

This journal is © The Royal Society of Chemistry 2026
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5. Preferences of sugar C-MTs:
a bioinformatics perspective

Phylogenetic analysis provides valuable insights into the
methylation preferences of the classical sugar C-MTs based on
existing knowledge. The evolutionary trajectory of sugar C-MTs
is primarily determined by the stereochemistry of the resulting
methylated products. In particular, TylC3-like enzymes diverge
into a distinct phylogenetic branch from the other C3-, C4-, and
C5-MTs, possibly due to the axial-to-equatorial shi of the C3
hydroxyl group in the methylation process, which might be the
most obvious discrepancy in the course of evolution (Fig. 2). The
apparent phylogenetic distribution of TylC3 and SibM in sepa-
rate branches indicates that the two-step modication of the
TDP sugar units by methylation and epimerization may have
different priorities in the biosynthesis of tylosin and
Fig. 2 Phylogenetic analysis of C-MTs in the biosynthesis of sugar moie
evolutionary history was inferred using the maximum likelihoodmethod a
log likelihood (−20133.94) is shown. The initial tree(s) for the heuristic s
BioNJ algorithms to a matrix of pairwise distances estimated using the JT
value. A discrete gamma distribution was used to model the differences
1.4597)]. The rate variation model allowed for some sites to be evolutiona
lengths measured in the number of substitutions per site. This analysis in
462 positions. The evolutionary analyses were conducted in MEGA11.65

This journal is © The Royal Society of Chemistry 2026
sibiromycin, as shown in Scheme 2C. MdpA4 remains inde-
pendent of other C3-MTs, especially ChryCMT, suggesting that
the absence of C6 inuences the anchoring of substrates in the
active site during evolution. C4-MT CyaA3 forms a distinct
clade, separate from the major group of C3- and C5-MTs, sug-
gesting that it may employ a novel catalytic mechanism for C4-
methylation. Notably, the rest of the canonical sugar C3-, C4-,
and C5-MTs do not exhibit strict sequence-based boundaries in
their substrate preferences, underscoring the uniformity and
versatility of substituted keto-deoxy sugars, such as KijD1,
TcaB9, and EvdM8, which appear to have co-evolved, suggesting
a shared evolutionary trajectory.

As there is a lack of detailed biosynthetic studies on these C3-
MTs, their catalytic mechanism and stereochemistry remain
unclear. The 3,5-epimerization of the substrate could be an
important factor in the evolution of C3-MTs, as evidenced by the
ties. Yellow: clade of C3-MTs; green: C4-MTs; and blue: C5-MTs. The
nd the Whelan and Goldman + freq. model.64 The tree with the highest
earch were obtained automatically by applying the neighbor-join and
T model, and then selecting the topology with a superior log likelihood
in evolutionary rate between the sites [5 categories (+G, parameter =
rily invariable ([+I], 2.89% sites). The tree is drawn to scale, with branch
volved 40 amino acid sequences. The final dataset contained a total of
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clustering of SnogG2 and SibM with C5-MTs such as NovU,
CloU, and SgcA3. In addition, the distinction between GDP- and
TDP-specic C3-MTs is not clearly dened, despite the differ-
ence in the stereochemistry at the C2 position. Meanwhile,
TiaS2 diverges from other C5-MTs, further enhancing the
complexity of the evolutionary landscape. The phylogenetic
clustering of sugar C-MTs allows a tentative assignment of
methylation substrates by comparison with characterized
systems. For instance, KedS4 clusters with TylC3 and may act in
an analogous manner on TDP-4-keto-2,6-dideoxy-D-allose. In
this scenario, C-methylation would be followed by 3,5-epi-
merization and subsequent tailoring reactions to obtain TDP-L-
mycarose as the sugar unit for incorporation. A similar proposal
has been made for NocS3,66 which suggests a comparable
methylation mechanism within the biosynthesis of apoptolidin
and chromomycin, due to its phylogenetic proximity to
ApoM5 67 and CmmC.33

Certain exceptions could be found in the phylogenetic tree,
such as the comparison of MtmC and MmyC with CmmC,
which belong to the same aureolic acid family.68 One possible
explanation is that MtmC functions as a bifunctional enzyme
capable of accommodating both SAM and NADPH, which may
have driven its independent evolutionary path.
6. Parallels and differences between
sugar C-MTs within tailoring enzyme
networks

Modication of sugar units is part of an intricate universe that
encompasses the biosynthesis of glycosylated natural products.
A central feature of this process is C–C bond formation, which
drives the expansion of carbon skeletons. Chain elongation and
branching can be achieved through various enzymatic strate-
gies, including aldolases,69,70 transketolases71 and other ThDP-
dependent enzymes,72 and both canonical and radical SAM-
dependent MTs. Among these, C-methylation of NDP-activated
keto-deoxy sugars by sugar MTs plays a pivotal role in C1

building-block integration. It oen occurs in tandem with
oxidation, decarboxylation, or reduction and contributes to the
construction of structurally diverse sugar units.

It is worthy of note that ThDP-dependent enzymes are
capable of modifying analogous nucleoside substrates, albeit
via wholly disparate mechanisms in sugar-containing natural
product biosynthesis, thus providing divergent pathways for
sugar skeleton modication.20,73,74 The ability of two distinct
enzyme classes to operate on a common substrate presents
intriguing opportunities, particularly in the design of articial
sugar analogs through the strategic combination of these
enzymes for late-stage sugar modication. It also emphasizes
the high reactivity of NDP-linked deoxy keto sugars, as shown in
the bifunctional C-MT MtmC. Efficient methylation, therefore,
likely requires strong pathway commitment of sugar C-MTs
within the cellular environment. In contrast to C-MTs that
modify a-keto acids75,76 or those associated with polyketide
synthase (PKS) pathways,77,78 which need metal ions to facilitate
methyl transfer, methylation with sugar C-MTs function
Nat. Prod. Rep.
without metal cofactors. This observation suggests that the
active site in sugar MTs stabilizes the enolate intermediate
primarily through electrostatic interactions.

In addition to the biosynthetic pathway in which natural
TDP- or GDP-linked keto-deoxy sugars are derived from glucose
6-phosphate/fructose 6-phosphate, an alternative route has also
been reported. In this case, the potential methylation precursor
TDP-3-keto-6-deoxy-D-glucose is generated from TDP-D-quin-
ovose through a radical-initiated deamination reaction,79,80

highlighting the remarkable diversity of sugar biosynthetic
strategies in nature. This is just one of many examples
mentioned in this review that are reminiscent of the screening
hypothesis described by Firn and Jones.81

7. Conclusion

In this review, we survey sugar C-MTs involved in early- and late-
stage biosynthetic modications, including enzymes acting via
SN2-type and radical SAM-associated mechanisms. Methylation
of deoxy keto sugar exhibits remarkable diversity across
biosynthetic pathways and enables highly stereoselective
methylation at C3, C4, C5, or C6 positions, ultimately yielding at
least ten distinct sugar units. Among these enzymes, C3-MTs
are most frequently identied (based on bioinformatic anal-
ysis or experimental studies). Here, we not only emphasize the
methylation itself but also highlight that it is typically inte-
grated with additional tailoring reactions, such as epi-
merization, dehydroxylation, and transamination. These
enzymes work together to expand the accessible chemical space
of sugar cores, and the process accounts for much of the
structural variation observed in glycosylated natural products or
polysaccharides.

Limited phylogenetic divergence among sugar C-MTs,
coupled with the high conservation of active-site residues
observed in structural studies, complicates predictions of
substrate preference and stereochemical outcome from
sequence information alone. For most sugar C-MTs, we argue
that what is really constrained by evolution is not the “C3, C4, or
C5” position for methylation, but maybe rather the relative
orientation of the substrate and SAM within the active site.82,83

Elucidation of sugar C-MTs mechanisms from both structural
and chemical perspectives can shed light on how regio- and
stereo-chemical behaviors are controlled during mono-
saccharide biosynthesis. Reported examples show that methyl-
ated sugar units display marked structural variation, consistent
with precise control over methyl group installation by sugar C-
MTs.

As exemplied by the so-called “magic methyl effect” in drug
discovery,84 methyl group installation has the potential to exert
a disproportionate inuence on molecular bioactivity and
physicochemical properties. Within this context, knowledge of
the NDP-activated keto-deoxy sugar methylation network can
provide valuable insights into glycosylated natural product
biosynthesis and is expected to lead to signicant progress in
the study and discovery of previously unknown glycosylated
natural products and specialized metabolites, such as lipo-
polysaccharides. In addition, the methylation network
This journal is © The Royal Society of Chemistry 2026
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delineates the substrate tolerance of sugar C-MTs toward non-
native substrates and provides a basis for their application in
articial or new-to-nature modication of sugars. Future
studies on sugar C-methylation, particularly within pathway-
committed biosynthetic contexts, have the potential to clarify
how targeted methylation of sugar units contributes to the
functional diversication of natural products.
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