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Galactose, a monosaccharide capable of assuming two possible
configurational isomers (D-/L-), can exist as a six-membered ring,
galactopyranose (Galp), or as a five-membered ring, galactofura-
nose (Galf). UDP-galactopyranose mutase (UGM) mediates the
conversion of pyranose to furanose thereby providing a precursor
for D-Galf. Moreover, UGM is critical to the virulence of numerous
eukaryotic and prokaryotic human pathogens and thus represents
an excellent antimicrobial drug target. However, the biosynthetic
mechanism and relevant enzymes that drive L-Galf production
have not yet been characterized. Herein we report that efforts
to decipher the sugar biosynthetic pathway and tailoring steps
en route to nucleoside antibiotic A201A led to the discovery of a
GDP-L-galactose mutase, MtdL. Systematic inactivation of 18 of the
33 biosynthetic genes in the A201A cluster and elucidation of
10 congeners, coupled with feeding and in vitro biochemical ex-
periments, enabled us to: (i) decipher the unique enzyme, GDP-L-
galactose mutase associated with production of two unique
D-mannose-derived sugars, and (ii) assign two glycosyltransferases,
four methyltransferases, and one desaturase that regiospecifically
tailor the A201A scaffold and display relaxed substrate specificities.
Taken together, these data provide important insight into the ori-
gin of L-Galf-containing natural product biosynthetic pathways
with likely ramifications in other organisms and possible antimicro-
bial drug targeting strategies.
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Galactose (Gal), which can assume two possible stereochemi-
cal configurations (D-/L-), is able to exist in the thermody-

namically favored six-membered ring form as galactopyranose
(Galp), or in the less favored five-membered ring form as gal-
actofuranose (Galf) (1, 2). D-gal in mammals is found only in the
pyranose form as D-Galp, whereas in bacteria, fungi, and protozoa
it exists as D-Galf; this is the form found also in many pathogenic
organisms (3, 4). Indeed, in many pathogenic prokaryotes and
eukaryotes, UDP-Galf, the precursor of D-Galf, is usually enzy-
matically generated from UDP-Galp by UDP-D-galactopyranose
mutase (UGM) (3, 5, 6). Since the first identification and cloning
of UGM from Escherichia coli (7), dozens of UGMs have been
discovered and functionally characterized from pathogenic bac-
teria, fungi, parasites, and nematodes. These findings have high-
lighted the critical role of UGMs in Galf biosynthesis, especially as
relates to virulence, cellular adhesion, parasite viability, and
proper developmental processes (8–11). It has been proposed that
during the formation of UDP-Galf, a flavin adenine dinucleotide
(FAD)-iminium ion intermediate is formed through nucleophilic
addition that facilitates galactose ring opening and contraction (5,
12–16). Three dimensional structures for members of the UGM
family have been determined by X-ray crystallography in free form
and in complex with various substrates, as well as in association
with both oxidized and reduced forms of FAD (12, 13, 17–19).
Notably, a covalent FAD-Galp intermediate involved in the UGM

reaction has recently yielded to elucidation by X-ray crystallography
shedding significant insight into UGM catalysis (20). Consequently,
UGM is a potential antimicrobial drug target (3, 16).
Compared with the high abundance of D-Gal, L-Gal is rare in

both terrestrial and marine environments (21, 22). It is worth noting
that L-Gal is a key intermediate in the conversion of D-glucose to
ascorbic acid in plants (23). In contrast, L-Galf, the furanose form of
L-galactose, is exceptionally rare in the environment. It has been
detected only in animal cells (24), plant tissues (24), early weaned
piglets (25), botanical species of the Cactaceae family (26), propolis
of stingless bees (27), and as a building block for the antimicrobial
epipyrones from Epicoccum purpurascens (28), as well as in the
oligosaccharide fraction isolated from the mycelium of Lingzhi or
Reishi medicinal mushroomsGanoderma lucidum (29). In addition,
L-Galf has served as a critical intermediate in assorted carbohydrate
chemical syntheses (30, 31). Despite these findings, the biosynthetic
mechanisms and relevant enzymes that drive the synthesis of L-Galf
have yet to be characterized.
The aminonucleoside antibiotic A201A (1) was first isolated from

Streptomyces capreolus NRRL 3817 (32) and then rediscovered in
our laboratory from deep sea-derivedMarinactinospora thermotolerans
SCSIO 00652 (33) (Fig. 1). A201A is composed of a 3′-amino-3′-
deoxy adenosine moiety, a p-hydroxy-α-methylcinnamic acid moi-
ety, a hexofuranose moiety, an α-D-rhamnose moiety, and is further
decorated with unusual sugar unsaturation and N- orO-methylations
(Fig. 1A). The compound displays strong antibacterial activities
against Gram-positive and anaerobic Gram-negative bacteria by
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preventing bacterial ribosomal peptide bond formation or by
impairing proper tRNA–ribosome associations during protein syn-
thesis and is only weakly toxic to mammals (32–34). Consequently,
A201A possesses great potential for antiinfective drug discovery as
in, for instance, the treatment of acne (32, 35, 36). The first total
synthesis of A201A was achieved in 47 steps by Yu and coworkers
(37). Early investigations into A201A biosynthesis by our group led

to the identification of the A201A gene cluster inM. thermotolerans
SCSIO 00652, demonstrating that MtdA is a negative transcrip-
tional regulator governing A201A biosynthesis (33); efforts else-
where identified the A201A cluster in S. capreolus (38, 39). Notably,
S. capreolus failed to be genetically amenable to subsequent and
more elaborate dissection. Consequently, the exact biosynthetic
pathway and machineries driving A201A biosynthesis have eluded
characterization over the past 10 y. To further elucidate the bio-
synthetic apparatus driving A201A production, especially with an
eye on L-Galf incorporation, we report herein: (i) boundary deter-
minations and heterologous expression of the A201A gene cluster
in Streptomyces lividans TK64; (ii) systematic inactivation of genes
coding for the biosynthesis and transfer of the two sugar units, as
well as tailoring steps in M. thermotolerans enabling us to generate
10 A201A congeners from assorted mutant strains; (iii) complete
elucidation of metabolite structures; and (iv) in vitro biochemical
and feeding experiments enabling functional gene assignments re-
lated to biosynthesis and transfer of the unique hexofuranose and
α-D-rhamnose moieties harboring a GDP-L-galactose mutase MtdL,

Fig. 1. Structures of A201A (1) and hygromycin A.

Fig. 2. The biosynthetic gene cluster and proposed biosynthetic pathway of A201A (1) in M. thermotolerans SCSIO 00652. (A) Organization of the A201A
biosynthetic genes. (B) Biosynthetic pathway of sugar moieties in A201A. (C) Tailoring steps involved in A201A assembly.
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as well as, four methyltransferases and a regiospecific tailoring
desaturase showing relaxed substrate specificity.

Results and Discussion
Determination of the Boundaries of the A201A Gene Cluster in
M. thermotolerans SCSIO 00652 and Heterologous Expression in
S. lividans TK64. To narrow down the genes responsible for
A201A biosynthesis, we first fully analyzed and annotated the
A201A gene cluster (Fig. 2A and SI Appendix, Table S1). We also
inactivated mtdB (encoding a peptidase S15), mtdC (encoding an
unknown protein), mtdD (encoding an unknown protein), the orf1
(encoding an inositol-phosphate phosphatase), and orf2 genes
using our established λ-RED-mediated PCR-targeting mutagen-
esis strategy in M. thermotolerans SCSIO 00652 by replacing them
with an apramycin resistance gene cassette (33, 40). Genotypes of
the mutants were confirmed by PCR (SI Appendix). HPLC anal-
yses of the fermentation extracts of the resultant mutants revealed
that all mutants still produced 1 in yields comparable to those of
the wild-type strain (SI Appendix, Fig. S22), thereby suggesting the
dispensability of these genes for A201A biosynthesis.
We subsequently selected cosmid 142H harboring the genes

from mtdC to orf3, integrated elements for conjugation from the
pSET152AB vector (41), and transferred them into S. lividans
TK64 through conjugation. The recombinant S. lividans TK64/
142H was fermented using the same medium as had been the case
for the wild-type producer. HPLC analysis of the fermentation
extract revealed that S. lividans TK64/142H indeed produced 1
(Fig. 3, trace ii), whereas the control did not (Fig. 3, trace iii),
demonstrating that the narrowed gene cluster spanning mtdE to
mtdM4 harbors all of the genes necessary for A201A biosynthesis.
Production of 1 in S. lividans TK64/142H was ∼50% of that seen
in the wild-type producer. Within the gene cluster, the gene
products MtdEFGM1, homologous to those in the puromycin
pathway (42), are proposed to be involved in constructing the N,
N-dimethyl-3′-amino-3′-deoxyadenosine moiety (SI Appendix, Fig.
S23 and Table S1). The gene products MtdINOSTUV, homolo-
gous to those in the hygromycin A (Fig. 1B) pathway (43, 44), are
proposed to be involved in the biosynthesis of the p-hydroxy-
α-methylcinnamic acid moiety. MtdQ, a ligase homologous to
Hyg12 in the hygromycin A pathway, is proposed to converge the
deoxyadenosine and cinnamic acid moieties through an amide
bond to form 2 (SI Appendix, Fig. S23 and Table S1). A detailed
comparison of biosynthetic proteins involved in A201A, hygrom-
ycin A, and puromycin is provided in SI Appendix, Table S1.

Biosynthesis and Transfer of the α-D-Rhamnose Moiety Reveals
Promiscuous Glycosyltransferase MtdG1 Capable of Processing both
GDP-α-D-Mannose and GDP-α-D-Rhamnose. We carried out bio-
informatics analysis to identify the genes (SI Appendix, Table S1)
possibly responsible for the construction and transfer of the
α-D-rhamnose moiety in A201A. MtdH and MtdJ belong to
members of the extended short-chain dehydrogenase-reductases
(SDR) superfamily and share as low as 28% and 15% identity,
respectively, with Gmd and Rmd from Aneurinibacillus ther-
moaerophilus L420-91T. Gmd and Rmd proteins are known to be
involved in the two-step conversion of GDP-α-D-mannose to
GDP-α-D-rhamnose (45). Between MtdH and MtdJ, resides a
glycosyltransferase, MtdG1, as a candidate enzyme installing a
sugar building block onto the A201A scaffold.
To explore the exact roles of the above-mentioned genes in

1 biosynthesis, we individually inactivated the three genes in
M. thermotolerans wild type as described before. The metabolite
profiles for the ΔmtdG1 and ΔmtdJ mutants both revealed that
these strains do not produce 1; instead these strains both led to
accumulation of product 4 (Fig. 3, traces iv and v). The ΔmtdH
mutant also failed to produce 1, but yielded a product 5 (Fig. 3,
trace vi). The mutant strains were then fermented on a large
scale (8–16 L each) and the structures of 4 and 5 were elucidated
(Fig. 2C) on the basis of comprehensive high-resolution mass
spectrometry (HRMS), 1D and 2D NMR analyses (SI Appendix).
The ΔmtdG1 and ΔmtdJ mutants both yielded 4 devoid of the
terminal sugar, demonstrating their involvement in the transfer
and synthesis of the terminal α-D-rhamnose moiety. The ΔmtdH
mutant failed to produce 1 but unexpectedly accumulated product 5
in titers comparable to those of 1 in the wild-type producer. That 5
bears a D-mannose unit in place of the D-rhamnose unit found in 1
reveals that MtdH catalyzes 4, 6-dehydration of GDP-α-D-mannose
to yield GDP-4-keto-6-deoxy-α-D-mannose (Fig. 2B), and that the
glycosyltransferase MtdG1 shows significant substrate promiscuity
because it can apparently process both GDP-α-D-mannose and
GDP-α-D-rhamnose (Fig. 2C).

Biosynthesis and Transfer of the Hexofuranose Moiety as Dictated by
a GDP-L-Galactose Mutase. Three cotranscribed genes, mtdK, mtdL,
mtdM (mtdKLM), were identified as candidates possibly involved in
the unique hexofuranose moiety sugar unit biosynthesis. MtdK
shows as low as 27–32% identity to a group of glucokinases in the
GenBank database. MtdL shows the highest homology (61% iden-
tity) to Hyg20 in the hygromycin A pathway (SI Appendix, Fig.
S24 and Table S1) and has been proposed to catalyze the conversion
of NDP-L-fucose to NDP-L-fucofuranose (44). MtdM belongs to the
extended SDR superfamily with NAD(P)+-binding sites, showing
45–57% identity to a group of GDP-mannose-3′,5′-epimerases from
Arabidopsis thaliana, and rice (Oryza sativa) (SI Appendix, Fig. S25)
(46, 47). Within the biosynthetic gene cluster of 1, and downstream
of the mtdKLM, mtdG2 encoding another glycosyltransferase, is
likely responsible for the hexofuranose transfer.
The above four genes (mtdK, mtdL, mtdM, and mtdG2) were

similarly individually inactivated in the wild-type strain. LCMS
analysis of the fermentation extracts revealed that ΔmtdK, ΔmtdL,
ΔmtdM, and ΔmtdG2 mutants uniformly failed to produce 1 and
yielded the same intermediate 2 (Fig. 3, traces vii–x) devoid of the
two sugar moieties as determined by large-scale fermentation,
purification, and HRMS and NMR structure elucidation (SI
Appendix). These data indicate that MtdKLM are all involved in
construction of the unique hexofuranose unit and that MtdG2 is
responsible for transferring this unit to aglycon 2.
However, in the structure of 1, the hexofuranose moiety contains a

double bond. Accordingly, the exact origin of this hexofuranose
presents a mystery. Based on the bioinformatics data, we first asked
whether or notMtdM has the in vitro GDP-mannose-3′,5′-epimerase
biochemical activity. We overexpressed MtdM in E. coli BL21
(DE3), and purified it to homogeneity as an N-terminus–His6-tagged

Fig. 3. HPLC metabolite analyses for S. lividans, S. lividans TK64/142H,
M. thermotolerans wild type, and mutant strains. See Fig. 2 for structures
1–11. λ = 275 nm.
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protein. The enzymatic activity of MtdM was then evaluated in
the presence of GDP-α-D-mannose (0.2 mM) or GDP-β-L-galac-
tose (0.2 mM), 0.5 mM NAD+, and 50 mM Tris·HCl buffer (pH =
8.0). An equilibrating mixture of three products, GDP-α-D-man-
nose, GDP-β-L-galactose, and GDP-β-L-gulose, in a ratio of
80:15:5, was found in the enzymatic reaction (Fig. 4A). On the basis
of these data it appears that the catalytic function of MtdM is
similar to that of the GDP-D-mannose 3′,5′-epimerase (GME)
from A. thaliana (46) (SI Appendix, Fig. S25). This result suggested
that MtdL might subsequently catalyze the conversion of GDP-L-
galactopyranose into GDP-L-galactofuranose (Fig. 2B).
To validate that GDP-L-galactofuranose is incorporated as a

precursor into the biosynthetic pathway for 1, we designed and
successfully constructed a triple gene ΔmtdG1WM4mutant strain (in
which the mtdW and mtdM4 were in-frame deleted, and the mtdG1
was replaced with an apramycin resistance gene cassette) (SI Ap-
pendix). Fermentations of the ΔmtdG1WM4 strain, did indeed, af-
ford important intermediate 3 (Fig. 3, trace xi). The structure of 3
(Fig. 2C), containing a furanose unit, was fully established upon
isolation from a scaled-up fermentation (24 L) and following
analyses of HRMS, 1D, and 2D NMR data (SI Appendix). Analyses
of 1H NMR spectra and comparisons of circular dichroism (CD)
data for the methanolyzed and benzoylated hydrolysate of 3 against
authentic samples of methanolyzed and benzoylated L-galactose
and D-galactose confirmed the presence of the L-galactose moiety in
3 (SI Appendix and SI Appendix, Figs. S26–S28).
The above results indicated that the two sugar units in 1 might be

derived from a uniform precursor, GDP-D-mannose. To validate this
hypothesis, we fed 1-13C-labeled D-mannose into fermentations of
the wild-type M. thermotolerans strain. The corresponding A201A
product was purified and subjected to 13C NMR analysis (SI Ap-
pendix, Figs. S84 and S85). As anticipated, the two anomeric carbons
of the two sugar units were clearly enriched, demonstrating that the
two sugars use GDP-α-D-mannose as the biosynthetic precursor.
MtdL also shows low homology (30% identity) to a rice UDP-

arabinopyranose mutase (UAM) responsible for interconverting
UDP-L-arabinofuranose and UDP-L-arabinopyranose in a 10:90
ratio (48, 49). Sequence alignments of MtdL with UAM, Hyg20
in the hygromycin A pathway, which may catalyze a conversion of

NDP-L-fucose to NDP-L-fucofuranose, and other homologs in
the GenBank with unknown functions, revealed that they all
contain the conserved DxD motif usually found in the glycosyl-
transferase (GT)-A family (50) (SI Appendix, Fig. S24); such a
motif interacts with the phosphate groups of nucleotide donor
through coordination of divalent cations, typically Mn2+, and is
responsible for the glycosyl transfer reaction.
To determine whether MtdL could catalyze the transformation

of GDP-β-L-galactopyranose to GDP-α-L-galactofuranose in vitro,
we overexpressed MtdL in E. coli BL21(DE3), and purified it to
homogeneity as an N-terminus–His6-tagged protein. The enzy-
matic activity of MtdL was tested in a 50-μL reaction containing
0.2 mMGDP-β-L-galactose, in the absence or presence of 5 mMMg2+

or Mn2+, 2 μM MtdL, in 50 mM phosphate buffer (pH = 8.0), at
37 °C for 20 min. HPLC analysis of the enzymatic mixture revealed
that MtdL catalyzes the formation of an enzymatic product, which
was found to have the identical molecular weight as the substrate
by HR-LCMS analysis and the reaction absolutely requires Mg2+

or Mn2+ (Fig. 4B). The enzymatic reaction was performed in situ in
an NMR tube and ultimately subjected to 1H NMR analysis fol-
lowing enzyme removal by centrifugal filtration. The 1H NMR
spectrum of the enzymatic mixture clearly shows the appearance of
the anomeric proton signal characteristic of GDP-α-L-galactofur-
anose (SI Appendix, Figs. S86 and S87). The ratio of the pyranose
and furanose form of GDP-L-galactose is 91:9, as judged by the
HPLC peak area and integration of the anomeric proton signal in
the 1H NMR spectrum (SI Appendix, Figs. S86 and S87). It is noted
that the coupling constant (J = 6.0 Hz) of the anomeric proton in
the GDP-α-L-galactofuranose indicated an α-configuration (Fig.
2B) (51, 52), demonstrating that the stereochemistry at C-1 of
the GDP-β-L-galactose was reversed during the pyranose–furanose
transformation (50).
To investigate which amino acid residues of MtdL are responsible

for its enzymatic activity, site-directed mutagenesis experiments
were performed based on sequence alignment (SI Appendix, Fig.
S24). The D109, D110, D111, and R159 residues of MtdL were
each converted to alanine and the activities of purified mutant
proteins were assessed in enzymatic assays. HPLC analyses of the
reaction mixtures revealed that the D109A MtdL mutant (Fig. 4C,
trace ii), together with the D111A (Fig. 4C, trace iv) and R159A
mutants (Fig. 4C, trace v), was completely devoid of enzymatic
activity, whereas the D110A mutation appeared to exert no ap-
parent influence upon MtdL enzymatic activity (Fig. 4C, trace iii).
In the glycosyltransferase A-families, the DxD motif plays a key role
in the coordination of Mg2+ or Mn2+ with the phosphate groups of
the nucleotide donor (50); in the UAM protein family, the arginine
residue serves as a site of protein autoglycosylation (48, 49). Con-
sequently, D109, D111, and R159 in MtdL are likely to serve as a
catalytic triad for the GDP-β-L-galactopyranose and GDP-α-L-
galactofuranose transformation.
A plausible chemical mechanism for MtdL-catalyzed pyranose–

furanose conversion is envisioned as follows. The anomeric carbon-
O-GDP bond is broken, and bicyclic intermediate 1, 4-anhy-
drogalactopyranose, is formed, coincident with ring contraction (SI
Appendix, Fig. S90A). As indicated in SI Appendix, Fig. S90B, we
envisage that Asp109 of MtdL serves as a catalytic base to deprot-
onate the hydroxyl group of galactose and that Asp111 interacts with
the Mg2+ or Mn2+ ion as Arg159 enters into an electrostatic in-
teraction with the phosphoryl group of GDP. A double displacement
mechanism involving discrete nucleophilic catalysis and the forma-
tion of a covalently bound glycosyl-enzyme intermediate seems
possible for MtdL. Central to this mechanism, in addition to the
arrangement of acidic and basic amino acids within the MtdL active
site, is that L-galactose is enzymatically amenable to ring contraction
as noted in SI Appendix, Fig. S90 A and B. Thus, MtdL uses a
flavin-independent mechanism to catalyze the GDP-L-galactose
pyranose–furanose transformation. This finding contrasts sharply
with the UGMs that use the flavin cofactor as a nucleophile to

Fig. 4. In vitro characterization of MtdM and MtdL-catalyzed reactions.
(A) HPLC analysis of in vitro MtdM assays: (i) authentic GDP-α-D-mannose (GDP-
α-D-Man); (ii) authentic GDP-β-L-galactose (GDP-β-L-Gal); (iii) control assay with
boiled MtdM and GDP-α-D-Man; (iv) enzymatic reaction using MtdM and GDP-
α-D-Man; (v) control assay with boiled MtdM and GDP-β-L-Gal; and (vi) enzy-
matic reaction using MtdM and GDP-β-L-Gal. (B) HPLC analysis of in vitro MtdL
assays: (i) authentic GDP-β-L-Gal; (ii) control assay with boiled MtdL and GDP-β-L-
Gal; (iii) control assay without Mg2+/Mn2+; and (iv and v) enzymatic reaction
with Mg2+ or Mn2+, respectively. (C) HPLC analysis of the in vitro enzymatic
reaction of (i) MtdL and its mutant variants; (ii) D109A; (iii) D110A; (iv) D111A;
and (v) R159A, respectively. *: GDP-α-D-Man; ●: GDP-β-L-Gal; #: GDP-L-
gulose; Δ: GDP-α-L-galactofuranose. λ = 254 nm.
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carry out the UDP-D-galactose pyranose–furanose exchange (SI
Appendix, Fig. S90C) (11, 20).
Thus, the biosynthetic pathway for sugar moieties in A201A is

initiated from the phosphorylated D-mannose catalyzed by MtdK,
then converted to GDP-α-D-mannose by a GDP-sugar pyrophos-
phorylase, and then further processed byMtdM, a GDP-α-D-mannose
3′,5′-epimerase to yield GDP-β-L-galactose (Fig. 2B). The GDP-β-L-
galactose was then transformed by MtdL, a pyranose–furanose
mutase, to yield GDP-α-L-galactofuranose. GDP-α-D-mannose
could also be converted to GDP-α-D-rhamnose through the
agency of GDP-4-keto-6-deoxy-D-mannose by MtdH and MtdJ
successively. The two sugar units were transferred to aglycon 2 by
MtdG2 and MtdG1 to yield des-O-methyl desaturated A201A 10
(Fig. 2 B and C).
Phylogenetic analyses of MtdL with related proteins in the Gen-

Bank database revealed that they belong to a family of proteins with
unknown functions represented across three domains: the Bacteria,
Archaea, and Eukaryota (SI Appendix, Fig. S91). Homologous pro-
teins from the Bacteria domain include proteins from actinomycetes
such as Streptomyces, Micromonospora, Saccharothrix, and Frankia
that have a demonstrated record of producing bioactive natural
products. The Bacteria domain homologs also include proteins from
Cyanobacteria, Bacteroidetes, and Proteobacteria whose secondary
metabolites have only been marginally investigated. MtdL also ap-
pears to have a large number of homologous proteins from Archaea,
including Halococcus, Halonotius, and Salinarchaeum from which
secondary metabolites also have been largely unexplored. Notably,
members of the Eukaryota including, but not limited to, O. sativa,
A. thaliana, Ancylostoma ceylanicum, and Necator americanus also
appear to produce MtdL homologs. Thus, it appears completely
feasible that themtdL gene represents an effective genetic marker for
the mining of L-galactofuranose/L-fucofuranose/L-arabinofuranose–
containing natural products in a wide variety of microorganisms.

Tailoring Steps of A201A Involving Four Regiospecific Methyltransferases
and a Desaturase MtdW. We next analyzed the genes driving the tai-
loring steps involved in completing the biosynthesis of 1. Structurally,
A201A contains an N, N-dimethyl group, three O-methyl groups,
and an unusual double bond within the hexofuranose. Installation of
these moieties is achieved through a number of tailoring steps during
A201A biosynthesis. Consistent with these structural considerations
and aided by thorough bioinformatics analysis of the A201A gene
cluster, we readily identified four methyltransferase genes, mtdM1,
mtdM2, mtdM3, and mtdM4, that encode enzymes 234aa, 354aa,
242aa, and 240aa in size, respectively. These four genes were inac-
tivated by replacement with an apramycin gene cassette as described
before to yield the respective ΔmtdM1, ΔmtdM2, ΔmtdM3, and
ΔmtdM4 mutants. These mutants were fermented and analyzed by
HPLC-UV-MS (Fig. 3, traces xii–xv). We found that: (i) all mutants
failed to produce 1; (ii) the ΔmtdM4 mutant did not yield any
“unique” products; (iii) ΔmtdM1 yielded a product 6 that is produced
in a 10-fold lower yield than 1 in the wild-type producer; and (iv)
each of the other mutants, ΔmtdM2 and ΔmtdM3, produced analogs
7 and 8, respectively and, in each case, with titers comparable to
those seen with 1 in the wild-type producer. Scaled-up fermentation
of these respective mutants led to purification of compounds 6–8,
whose structures were unambiguously assigned as shown in Fig. 2C
upon comprehensive analysis of HRMS, 1D, and 2D NMR spec-
troscopic data (SI Appendix). Judging from the structures of 6–8, we
conclude that: (i) MtdM1 is responsible for N, N-dimethylation of
the 3′-amino-3′-deoxyadenosine moiety in 1, because the yield of 6 is
significantly lower than that of 1 in the wild-type strain; (ii) MtdM2
and MtdM3 are responsible for the O-methylation of OH-C-4′ and
OH-C-3′ in the α-D-rhamnose moiety of 1, respectively; and (iii)
MtdM4 is responsible for the O-methylation of OH-C-5′ of the
α-L-galactofuranose unit of 1.
Notably, we found mtdW residing at one far end of the A201A

gene cluster encoding a 529-aa protein with as low as 37–43%

identity to the glucose-methanol-choline (GMC) oxidoreductase
family of proteins in GenBank whose functions have not been
experimentally verified (53). Sequence alignments (SI Appendix,
Fig. S29) revealed that these enzymes contain a FAD ribose
moiety binding motif GxGxxG(x)18E in the N terminus and an
H(x)37P motif in the C terminus presumably involved in substrate
oxidation (54). The mtdW gene was similarly inactivated and the
resultant ΔmtdW mutant was found to produce compound 9, as
tentatively identified on the basis of HPLC-UV-MS (Fig. 3, trace
xvi); 9 was generated in titers comparable to 1 produced in wild
type. Scaled-up fermentation of the ΔmtdW mutant, subsequent
purification, and structural elucidation on the basis of HRMS,
1D, and 2D NMR spectroscopic studies confirmed the structure
of 9 as shown in Fig. 2C. Notably, the C-4/C-5 hexofuranose
double bond of 1 is saturated in compound 9. Thus, MtdW
represents a desaturase responsible for C-4/C-5 dehydrogenation
of the α-L-galactofuranose unit of 1.
To further diversify the A201A structure, we made a ΔmtdWM4

dual mutant in which the two genes, mtdW and mtdM4, were in-
frame deleted in combination, and a ΔmtdM2M3 dual mutant in
which the mtdM2 was in-frame deleted and the mtdM3 gene was
replaced with an apramycin gene cassette (SI Appendix). As an-
ticipated, these mutants were fermented and found to produce
two analogs 10 and 11, respectively, upon HPLC-MS analyses
(Fig. 3, traces xvii and xviii). Scaled-up fermentation of these two
mutants led to the purification and structure elucidation of 10 and
11 as shown in Fig. 2C by analyses of their HRMS, 1D, and 2D
NMR spectroscopic data, respectively (SI Appendix). The fact that
these mutant strains accumulated multiple A201A analogs reveals
that the four methyltransferases: MtdM1, MtdM2, MtdM3, and
MtdM4, as well as the desaturase MtdW, are highly regiospecific,
yet display relaxed substrate specificities (Fig. 2C).

Antibacterial Activities of A201A and Its Analogs. Finally, we tested
the antibacterial activities of the engineered A201A analogs
against a panel of Gram-positive and Gram-negative bacteria (SI
Appendix, Table S11). We found that 6 displays antibacterial
activity on par with that of 1. A201A analog 6 has potential as an
antibacterial lead, in part, by virtue of its improved water solu-
bility relative to 1 {solubility units: 1 as −2.95 [log(mol/L)] vs. 6
as −2.90 [log(mol/L)] at pH 7.3, as calculated by the Water
Solubility Module in Percepta software of Advanced Chemistry
Development, Inc}. Notably, the removal of any of the sugar-
borne methyl groups or their replacement with the hydrox-
ymethyl moiety diminished antibacterial activities by approxi-
mately two-fold. Additionally, removal of the terminal sugar or
saturation of the double bond within the hexofuranose signifi-
cantly decreased the bioactivity.

Conclusions
In conclusion, systematic inactivation, individually or in combi-
nation, of 18 genes located proximal to the cluster boundaries,
purported to be involved in sugar unit construction/linkage, or
purported to drive the tailoring steps of A201A biosynthesis in
M. thermotolerans, enabled us to produce 10 A201A analogs.
Gene inactivation, feeding, and in vitro biochemical experiments
unveiled that D-mannose is the uniform precursor en route to the
two unique sugar units involving MtdL, an enzyme involved in
GDP-α-L-galactofuranose generation. Des-O-methyl desaturated
A201A is decorated by four methyltransferases: MtdM1, MtdM2,
MtdM3, and MtdM4, and a desaturase, MtdW. Importantly, the
tailoring enzymes all appear to possess exploitable substrate
promiscuities. A combinatorial biosynthetic strategy has been
credibly applied to the mtd pathway leading to a number of
structurally diversified natural product analogs.
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Materials and Methods
Materials and methods, including heterologous expression, gene inactiva-
tions, isolation and structure elucidation of metabolites 2−11, in vitro bio-
chemical assays, large-scale MtdL enzymatic reaction, characterization of the
product, etc., are summarized in SI Appendix, SI Materials and Methods.
Proposed functions of biosynthetic genes, bacteria, plasmids, primers, NMR
spectral data, and antibacterial activities of the compounds are summarized
in SI Appendix, Tables S1–S11. Construction and gel electrophoresis analyses

of mutant strains, sequence alignments, NMR spectra of compounds 2−11,
plausible chemical mechanisms for MtdL and UGM, and other supporting

figures are provided in SI Appendix, Figs. S1–S91.
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