JIAIC[S

COMMUNICATIONS

Published on Web 03/28/2007

Engineered Biosynthesis of Macrolide Derivatives Bearing the Non-Natural
Deoxysugars 4- epi-pD-Mycaminose and
3-N-Monomethylamino-3-Deoxy- D-Fucose
Charles E. Melancon Il and Hung-wen Liu*

Division of Medicinal Chemistry, College of Pharmacy, and Department of Chemistry and Biochemistry,
University of Texas at Austin, Austin, Texas 78712

Received November 17, 2006; E-mail: h.w.liu@mail.utexas.edu

A growing appreciation of the essentiality of deoxysugars for Scheme 1

the physiological functions of cell surface polysaccharidesl the Hag % Desill chgi M:j}"‘v&‘ &l
biological activities of many secondary metaboftéas led to a HoOpG; HO5rop o Corop Des!
surge of investigations of the biosynthesis of deoxysugatsese ‘ Kool S, V;,;/‘ PRI —— | Hﬁ(ﬁé
studies have facilitated the rational manipulation of the deoxysugar poMP (A POMST eyt HO Grop
biosynthetic machinery to generate a diverse array of new glyco- o 1 Mel Mel e MJ Dest
conjugates with potential clinical applications. The success of these | s R HO% %
engineering strategies hinges on the identification and exploitation rooror] “pae © p7ome ¢ poome ¢ TOD"“;"
of the substrate flexibilities of pathway enzymes. Interestingly, the HOM£ pesV Mel pest e Oes
substrate flexibilities of several natural product glycosyltransferases HzN% o Hc°) Hz“%} .
have been demonstrated and subsequently exploited for the bio- v lD:ijP ll et
synthesis of a variety of natural product glycoforfnRecent in Hove 16 | | Qe , 2 o o Me o
vitro and in vivo investigations of unusual sugar biosynthesis and MGQN&H@O o Me““%gl . @%W Me’”%mp
work on construction of hybrid deoxysugar biosynthetic pathways ? = 4 o A 8
in engineered hosts suggest that relaxed substrate specificity is a vl o L g o jj"'e
general trait among secondary metabolite sugar biosynthetic RQ];; I o Deevi A Desvl
enzymeg:® Hence, we envisioned taking advantage of the substrate 22V 17 RHR=H > DSV Desvil 17 RHR 7 el
flexibility of deoxysugar biosynthetic enzymes to assemble path- N ‘° e R | MeM
ways for the construction of sugar structures that have not yet been YN e, Y " e,
found in nature, thus increasing the diversity of sugar donors Mioo OOH IO*Il e Ao llOXI
available for natural product glycodiversification. Herein we report 0 1 o l 1 " o e
an example of an engineered biosynthetic pathway which yielded / MeMe / MeMe / B;S.Me o NMe
non-natur_al suggr.-b_earlng macrolide derlvz?ltlves in vivo. . \Ojibwo o \03:?0 e o T %w:&' oy mﬁﬂ;
Macrolide antibiotics, such as methymycit),(neomethymycin v “‘E@NOH Me ”%OH 8 REHRAH 1 ReOHRsH
(2), and pikromycin 8), produced byStreptomycesenezuelae o monecH 25 Rk R S0 B o 2 Ry =H, Ry=OH
(Scheme 1, path A) comprise an important class of compounds, | ZXH&H | 27 R=on roon 11 Ri=on RyzoH "
many of which are effective antibacterial agents. As part of our /n{ Me /\g/ : S /gf '9 e
efforts to alter the glycosylation patterns of macrolide antibiotics, j\;g"ﬁmnk 21 Feon p OHM'W;H AN Ner,
. . . O (] Me;N, Me Me 3 R=OH
we have successfully carried out manipulation of the well- Ve OH 1Z2RH

characterized TDB-mycaminose4) and TDPe-desosamines) product16 may serve as the sugar donor for glycosyl transfer of
biosynthetic pathways to generate methymycin/pikromycin ana- 4-epip-mycaminose to the endogenous aglycones 10-deoxym-
logues with altered sugar struc.turfeWe have alsg found that ethynolide (7) and narbonolide1®) (Scheme 1, path C-1). The
replacement of Desl, the C-4 aminotransferase which acts on TDP-g,ccess of this endeavor depends both on the efficient expression
4-keto-6-deoxye-glucose €) in the desosamine pathway, with ot FA encoded by highly AT-rickA. thermoaerophilu®NA in
Tylla, which convertss to TDP-3-keto-6-deoxy-glucose ), the high-GC Gram-positive. venezuela@and on the ability of the
switches the desosamine pathway to an efficient mycaminose jesosamine biosynthetic enzymes DesV, DesVI, DesVIl, and
biosynthesis pathwa, producing mycaminosylated macrolide  pegviil to process substrates with an axial C-4 hydroxyl group.
derivatives8—13in the resultingS. venezuelaenutant (Scheme 1, In order to construct this pathwafgtA was amplified by colony
path B). FdtA, a TDP-4-keto-6-deoxy-glucose 3,4-ketoisomerase  pCR from A. thermoaerophiluswith an engineered ribosome
involved in the biosynthesis of B-acetyl-3-deoxye-fucose (4), binding site and cloned into th®. venezuelagxpression vector

a precursor of theSlayer polysaccharides idneurinibacillus pCM1d?8 The resulting construct, pCM45, was expressed in the
thermoaerophilusshows moderate sequence identity with Tylla Kdesl mutant ofS. venezuela@ TLC analysis of small-scale
(33% identity)! and like Tylla use$ as the substrate, yet forms  chloroform extracts of this mutant revealed several new polar spots
the C-4 epimer of the Tylla product, TDP-3-ketducose (5). with Rr values indicative of glycosylated macrolide products.
The stereochemical divergence of these two related enzyme-Subsequently, a large-scale culture (3 L) of the Kdesl/pCM45
catalyzed reactions offered a unique opportunity to convert our mutant was grown in vegetative media under previously reported
engineeredp-mycaminose biosynthetic pathway into a system standard conditiodsto obtain more of the new compounds.
making the non-naturally occurring TDPepi-b-mycaminoseX6) Separation of the crude extracts by silica gel chromatography
by the replacement of Tylla with FdtA (Scheme 1, path C). The (CHCl/MeOH) and analysis of the resulting fractionsi#yNMR
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Figure 1. Confirmation of the identity of the deoxysugafhBmonomethyl-
3-deoxyp-fucose in26 (B) and 27 (D) by comparison of positive mode
ESI-MS/MS fragmentation patterns of the parent peak&@&and 27 to
those 0of19 (A) and 23 (C), respectively.

spectroscopy revealed the presence of three major glycosylate
compounds. Interestingly, seven additional minor glycosylated

macrolide species were also discernible. Together, these glycosyl-

ated compounds accounted for about 55% of the total macrolide
producec. Further separation by silica gel chromatography and
reverse-phase HP&@llowed purification of one of the three major
compounds, which was structurally characterizedHby*C, COSY,
HSQC, HMBC, and NOESY NMR spectroscopies and high-
resolution Ct-MS, unambiguously identifying it as the non-natural
sugar-bearing macrolide dpi-p-mycaminosyl neomethynolide
(19).8 The other two major compounds were identified'blyNMR
spectroscopy and high-resolution'@S as 4epip-mycaminosyl
methynolide 20) and 4epip-mycaminosyl pikronolideZ1).8

Six of the remaining minor compounds were purified and
characterized by high-resolution 'GMS. Three were found to have
masses and polarities consistent witleglp-mycaminosyl 10-
deoxymethynolide 22), 4-epip-mycaminosyl novamethynolide
(23), and 4epip-mycaminosyl narbonolide2d). Surprisingly, the

other three compounds displayed masses consistent with desmethy!l

cumulation of28 for DesVII to couple it to 10-deoxymethynolide
(17), leading to the formation a25/26 and 27.

These results are significant for three reasons. First, they
demonstrate the feasibility of designing and assembling a pathway
for the biosynthesis and attachment of a non-natural deoxysugar,
TDP-4-epip-mycaminosel6), resulting in the new macrolidd9—

24. Second, the ability of four desosamine pathway enzymes, DesV,
DesVI, DesVIl, and DesVIII, to tolerate substrates with altered C-4
stereochemistry was revealed and was crucial for a successful
outcome. Third, this engineering work serendipitously led to the
creation of three additional new macrolide derivativeé§-27)
bearing the non-natural sugarN8monomethyl-3-deoxy-fucose.
Formation 0f25—27 relied on subtle differences in the proficiencies
of two desosamine pathway enzymes, DesVI and DesVIl, for
turnover of non-natural substrates. These differences were only
brought to light after interrogation of these enzymes with non-
natural substrates generated by pathway engineering, highlighting
the potential of exploiting the influence of subtle enzymological
effects on the outcome of engineered pathways.

With the increasingly rapid discovery of sugar pathway-encoding
genes in both natural product and polysaccharide biosynthesis, more

Jrew components for pathway construction are becoming available

to the biosynthetic engineer. These new “glycosyl tools” expand
the number of feasibly constructed sugar structures, making it
possible to assemble pathways to make sugars that do not exist in
nature, such ad46 and 28. The nine non-natural sugar-bearing
compounds 19—27) generated in this work demonstrate the
feasibility of using this approach to generate non-natural sugar-
bearing secondary metabolites. Efforts are underway to fully exploit
the potential of such a combinatorial biosynthesis strategy.
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analogues 019/20and23. Reasoning that these compounds could
bear 3N-monomethylated sugars, ESI-MS/MS fragmentation analy-
sis was carried out on the purified desmethyl analogud9aind

23to determine whether the aglycone or the sugar lacked a methyl

group. Comparison of the ESI-MS/MS fragmentation patterns of
19 and 23 (Figure 1A,C, respectively) and their corresponding
desmethyl analogues (Figure 1B,D, respectively) clearly showed

that the sugar moiety of each of these analogues lacks a methyl
group. These results strongly suggest that these analogues are new

3-N-monomethyl-3-deoxy-fucosyl derivatives of neomethynolide/
methynolide 25/26) and novamethynolide2f, Scheme 1). The

presence of these compounds was unexpected, as no macrolides

bearing 3N-monomethylated derivatives of desosamine or my-

caminose have ever been detected in the wild-type or engineered

S. venezuelasstrains. The production of these compounds by the
Kdesl/pCM45 mutant likely results from the interception of a
portion of TDP-3N-monomethyl-3-deoxy-fucose 28), the prod-

uct of the first DesVI-catalyzed methyl transfer reaction, by the
glycosyltransferase DesVIl (Scheme 1, path C-2) before it can be
converted to TDP-4&pip-mycaminose16) by DesVI. A plausible
explanation for this phenomenon is that the kinetics of the second
DesVI-catalyzed methylation step might be slowed due to the
change in substrate C-4 configuration, allowing sufficient ac-
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