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Biosynthesis of Desosamine: Molecular Evidence Scheme 1
Suggesting#-Glucosylation as a Self-Resistance r .

Mechanism in Methymycin/Neomethymycin ’ ° Mj?,ymyc;,,pm ? Despsaming Genes
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Many macrolide antibiotics contain sugar components that are SMe o osamine ) e v Hoome

essential for their biological activity. While our knowledge of gm0 e 2 N DV XA JDesV
the genetics of such microbial secondary metabolites has grown . Me HO e, HO Loon HO Smp
considerably in recent years, most of the early genetic work has  r,=0H, R;=H: methymycin (1)
focused on the polyketide synthase (PKS) génasd little is Ry=H, Ry=OH: neomethymycin ()
known about the biosynthesis of the appended unusual stigars.
Presently, results from sequencing beyond the PKS region havebiosynthetic genes, especially those derived from the erythromycin
provided critical evidence revealing that the sugar biosynthetic cluster? eight of these nine ORFs are believed to be involved in
genes are also part of the overall antibiotic biosynthetic gene the biosynthesis of TDB-desosamine, and their functions have
cluster? However, unlike the PKS genes, which are composed been tentatively assigned. However, the presendesiR which
of clustered modules, the sugar biosynthetic genes are scattere@hows strong sequence homologyptglucosidases (as high as
at both ends of the PKS cluster and, hence, impose a challenge39% identity and 46% similarity) within the desosamine gene
in distinguishing them from those for regulatory or aglycone cluster is puzzling. To investigate the function of DesR relative
modification enzymes that are also interspersed in the same regionto the biosynthesis of methymycin/neomethymycin, a disruption
Furthermore, in macrolides with more than one attached sugarplasmid (pBL1005) derived from pKC1139 (containing an apra-
moiety, the assignment of these genes to the appropriate sugamycin resistance markéf)was constructed in which a 1.0 kb
biosynthetic pathway can be quite difficult. Since methymycin Ncd/Xhd fragment of thedesRgene was deleted and replaced
(1) and neomethymycin2},® two closely related macrolide Dby the thiostrepton resistancest) gene (1.1 kbj via blunt-end
antibiotics produced bystreptomycesenezuelagcontain de- ligation. This plasmid was used to transfoischerichia coli
sosamine3) as their sole sugar component, the organization of S17-1, which serves as the donor strain to introduce the pBL1005
the sugar biosynthetic genes$h venezuelads expected to be  construct through conjugal transfer into the wild-typeenezu-
less complicated. Thus, this system was chosen for the study ofélae’® The double crossover mutants in which chromosateaR
the biosynthesis of desosamine which also exists in the erythro-had been replaced with the disrupted gene were selected according

Me

mycin structuré, to their thiostrepton-resistant and apramycin-sensitive character-
To study the formation of this unusual sugar, we have recently istics. Southern blot hybridization analysis was used to confirm
cloned the entire methymycin/neomethymycin clusferSe- the gene replacement.

quence analysis of this cluster led to the identification of nine  The desired mutant was first grown at 29 in seed medium
open reading frames (ORFs) downstream of the PKS genesfor 48 h and then inoculated and grown in vegetative medium
(Scheme 1J. On the basis of sequence similarities to other sugar for another 48 iK? After the fermentation broth was centrifuged
to remove cellular debris and mycelia, the supernatant was

lgggggmgm of ﬁ?;?é?éﬁggyngﬁ(z%g Minnesota. adjusted to pH 9.5 with concentrated KOH and extracted with

(1) (2) Hopwood, D. A.; Sherman, D. nnu. Re. Genet199Q 24, 37— chloroform. The organic layer was dried over sodium sulfate
66. (b) Katz, L.; Donadio, SAnnu. Re. Microbiol. 1993 47, 875-912. (c) and evaporated to dryness. The amber oil-like crude products
Hutchinson, C. R.; Fujii, IAnnu. Re. Microbiol. 1995 49, 201-238. (d) were first subjected to flash chromatography on silica gel using
Carreras, C. W.; Fieper, R.; Khosla, CBivorganic Chemistry Deoxysugars, a gradient of 8-40% methanol in chloroform, followed by HPLC
Ponketldes & Rela_ted Classes: Synthesis, Biosynthesis, Enziotes J., g_ A ! ' 1Y _y
Ed.; Springer: Berlin, 1997; 85126. o purification on a Gg column eluted isocratically with 45%

(2) (a) Liu, H.-w.; Thorson, J. SAnnu. Re. Microbiol. 1994 48, 223~ acetonitrile in 57 mM ammonium acetate (pH 6.7). In addition

256. (b) Kirschning, A.; Bechthold, A. F.-W.; Rohr, J.Bioorganic Chemistry h . d h . d
Deoxysugars, Polyketides & Related Classes: Synihesis, Biosynthesis,[0 methymycin {) and neomethymycin2j, two new products
EnzymesRohr, J., Ed.; Springer: Berlin, 1997; pp-84. (c) Johnson, D. A.; that differ from1 and2 by an extra hexose were isolatédlhe

Liu, H.-w. In Comprehensgie Chemistry of Natural Products Chemistry i i
Barton. D.. Nakanishi, K. Meth-Cohn. O, Eds.. Pergamon: New vork. in chemical nature of these two new compounds were later elucidated

press. to be C-2 f3-glucosylated methymycin and neomethymyci (
(3) (@) Donin, M. N.; Pagano, J.; Dutcher, J. D.; McKee, C.Autibiot. and 6, respectively) by extensive spectral analy$i®. The
Annu.1953-1954 1, 179-185. (b) Djerassi, C.; Zderic, J. A. Am. Chem.
Soc.1956 78, 6390-6395. (7) Thedessequence has been deposited in the GenBank databases under
(4) Flinn, E. H.; Sigal, M. V., Jr.; Wiley, P. F.; Gerzon, K. Am. Chem. the accession no. AF079762.
Soc.1954 76, 3121-3131. (8) (a) Gaisser, S.; Bohm, G. A.; Costel.; Leadlay, P. AVlol. Gen. Genet.

(5) Xue, Y., Zhao, L.; Liu, H.-w.; Sherman, D. H. Submitted for publication. 1997, 256, 239-251. (b) Summers, R. G.; Donadio, S.; Staver, M. J.; Wendt-
(6) A DNA library was constructed by partially digesting the genomic DNA  Pienkowski, E.; Hutchinson. C. R.; Katz, Microbiology 1997, 143 3251~

of S.venezuela¢ATCC 15439) withSaBA | into 35—40 kb fragments which 3262.

were ligated into the cosmid vector pNJ1 (Tuan, J. S.; Weber, J. M.; Staver,  (9) Castle, L. A.; Smith, K. D.; Morris, R. Ql. Bacteriol.1992 174, 1478~

M. J.; Leung, J. O.; Donadio, S.; Katz, IGene199Q 90, 21—-29). The 1486.

recombinant DNA was packaged into bacteriophagehich was used to (10) Bierman, M.; Logan, R.; O'Brien, K.; Seno, G.; Nagaraja, R.; Schoner,
transfecte. coli DH5a. The resulting cosmid library was screened for desired B. E. Genel1992 116, 43—49.

clones using theylAl andtylA2 genes from the tylosin biosynthetic cluster (11) Bibb, M. J.; Bibb, M. J.; Ward, J. M.; Cohen, S. Mol. Gen. Genet.

as probes (Merson-Davies, L. A.; Cundliffe, Eol. Microbiol. 1994 13 1985 199 26—36.

349-355). These two probes are specific for sugar biosynthetic genes, since  (12) Cane, D. E.; Lambalot, R. H.; Prabhakaran, P. C.; Ott, WI.RRm.
they encoder-p-glucose-1-phosphate thymidylyltransferase (TylA1l) and TDP- Chem. Soc1993 115 522-526.

p-glucose 4,6-dehydratase (TylA2), respectively, catalyzing the first two steps ~ (13) The yield of5 and 6 was each in the range of-30 mg/L of
universally followed by all 6-deoxyhexoses studied thus far. fermentation broth. Howevef, and 2 remained to be the major products.
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antibiotic activity of5 and6 againstStreptococcus pyogeness
examined by separately applying 20 of each sample (1.6 mM

in MeOH) to sterilized filter paper disks which were placed onto
the surface ofS pyogenesgrown on Mueller-Hinton agar
platest® After being grown overnight at 37C, the plates of the
controls (L and 2) showed clearly visible inhibition zones. In

contrast, no such clearings were discernible around the disks of

5 and 6. Evidently, S-glucosylation at C-20of desosamine in
methymycin/neomethymycin renders these antibiotics inactive.
It should be noted that similar phenomena involving inactiva-
tion of macrolide antibiotics by glycosylation are knowrFor
example, it was found that when erythromycin was given to
Streptomycesdidans which contains a macrolide glycosyltrans-
ferase (MgtA), the bacterium was able to defend itself by
glycosylating the drug® Such a macrolide glycosyltransferase
activity has been detected in 15 out of a total of 32 actinomycete
strains producing various polyketide antibioti¢s.Interestingly,
the coexistence of a macrolide glucosyltransferase (OleD) capabl
of deactivating oleandomycin by glucosylatithand an extra-
cellular3-glucosidase capable of removing the added glucose from
the deactivated oleandomycin 8treptomyces antibiotictéfshas
led to the speculation of glycosylation as a possible self-resistance,
mechanism inS. antibioticus Although the genes of the
aforementioned glycosyltransferases have been cloned in a few
cases, such asgtAof S. lividansandoleD of S. antibioticus
the whereabouts of those macroliflglycosidase genes remain

(14) Spectral dataJ(values are in hertz) fos: ‘H NMR (acetoneds) 0
6.56 (1H, d,J = 16.0, 9-H), 6.46 (1H, dJ = 16.0, 8-H), 4.67 (1H, dd]—
10.8, 2.0, 11-H), 439(1H d,=7.5, I-H), 432 (1H,dJ=8.0, I'—
399(1H ddJ=115,25,6-H),3.72 (1H, ddJ=11.5,5.5, 6—H), 356
(1H, m, 8 H)352(1H d,J = 10.0, 3-H), 3.37 (1H, tJ =85, 3'— H),
3.33 (1H, m, 5—H), 3.28 (1H, t,J = 8.5, 4'—H), 3.23 (1H, ddJ = 10.5,
7.5, 2—H), 3.15 (1H, ddJ = 8.5, 8.0, 2—H), 3.10 (1H, m, 2-H), 2.75 (1H,
3'—H, burried under KO peak), 2.42 (1H, m, 6-H), 2.28 (6H, s, NMel1.95
(1H, m, 12-H), 1.9 (1H, m, 5—H), 1.82 (1H, m;4H), 1.50 (1H, m, 12-H),
1.44 (3H, dJ=7.0, 2-Me), 1.4 (1H, m, 5-H), 1.34(3H, s, 10-Me), 1.3 (1H,
m, 4-H), 1.25 (1H, m, 4-H), 1.20 (3H dJ=6.0,8-Me), 1.15 (3H, dJ =
7.0, 6-Me), 0.95 (3H, dJ = 6.0, 4-Me), 0.86 (3H tJ = 7.5, 12-Me);**C
NMR (acetoneds) 0 206.1 (C-7), 176.2 (C-1), 150.8 (C-9), 125.6 (C-8), 108.4
(C-1"), 104.1 (C-1), 85.1 (C-3), 83.0 (C-2, 78.3 (C-3), 78.2 (C-5), 76.8
(C-2"), 76.6 (C-11), 74.5 (C-10), 71.9 (CX 69.3 (C-5), 66.0 (C-3), 63.8
(C-6"), 46.3 (C-6), 44.6 (C-2), 40.8 (NME 34.4 (C-5), 34.3 (C-4), 30.5 (C-
4, 21.8 (C-12), 21.5 (5Me), 19.4 (10-Me), 17.9 (6-Me), 17.7 (4-Me), 17.6
(2-Me), 11.3 (12-Me); high-resolution FAB-MS calcd fog€s54NO;, (M +
H)* 632.3646, found 632.3686. Spectral dalavélues are in hertz) foé:
H NMR (acetonedg) 0 6.69 (1H, ddJ = 16.0, 5.5 Hz, 9-H), 6.55 (1H, dd,
J=16.0, 1.3, 8-H), 4.71 (1H, dd, = 9.0, 2.0, 11-H), 4.37 (1H, d = 7.0,
1'—H), 4.31 (1H, dJ= 8.0, 1"-H), 3.97 (1H, dd) = 11.5, 2.5, 6—H), 3.81
(1H, dq,J = 9.0, 6.0, 12-H), 3.72 (1H, dd, = 11.5, 5.0, 6—H), 3.56 (1H,
m, 5—H), 3.50 (1H, bdJ = 10.0, 3-H), 3.36 (1H, tJ = 8.5, 3'—H), 3.32
(1H, m, B'—H), 3.30 (1H, t,J = 8.5, 4—H), 3.23 (1H, dd,J = 10.2, 7.0,
2'—H), 3.13 (1H, dd,J = 8.5, 8.0, 2—H), 3.09 (1H, m, 2-H), 3.08 (1H, m,

10-H), 2.77 (1H, dddJ = 12.5, 10.2, 4.5, 3-H), 2.41 (1H, m, 6-H), 2.28
(6H, s, NMe), 1.89 (1H, tJ = 13.0, 5-H), 1.83 (1H, ddd] = 12.5, 4.5, 1.5,
4'—H), 1.41 (3H, dJ= 7.0, 2-Me), 1.3 (TH, m, 4-H), 1.25 (1H, m, 5-H), 1.2

(1H, m, 4—H), 1.20 (3H, d,J = 6.0, 8-Me), 1.17 (6H, dJ = 7.0, 6-Me,
10-Me), 1.12 (3H, dJ = 6.0, 12- Me) 0.96 (3H, d] = 6.0, 4Me)13CNMR
(acetoneds) 6 204.1 (C-7), 175.8 (C-1), 148.2 (C-9), 126.7 (C-8), 108.3 (C-
1"), 104.2 (C-1), 85.1 (C-3), 83.0 (C-2, 78.2 (C-3), 78.1 (C-%), 76.6 (C-
2"), 76.4 (C-11), 71.8 (C'4, 69.3 (C-5), 66.1 (C-12), 66.0 (C-3, 63.7 (C-
6"), 46.2 (C-6), 44.4 (C-2), 40.8 (NME 36.4 (C-10), 34.7 (C-5), 34.0 (C-4),
29.5 (C-4), 21.5 (8-Me), 21.5 (12-Me), 17.9 (6-Me), 17.7 (4-Me), 17.2 (2-
Me), 9.9 (10-Me); high-resolution FAB-MS calcd foiEissNO;, (M + H)*
632.3646, found 632.3648.

(15) The coupling constant (d,= 8.0 Hz) of the anomeric hydrogen'(®
H) of the added glucose and the magnitude of the downfield shift (11.8 ppm)
of C-2 of desosamine are all consistent with the assigned/Eednfiguration
(Seo, S.; Tomita, Y.; Tori, K.; Yoshimura, Y. Am. Chem. S0d.978 100,
3331-3339).

(16) Mangahas, F. R. M.S. Thesis, University of Minnesota, 1996.

(17) (a) Celmer, W. D.; Nagel, A. A.; Wadlow, J. W.; Tatematsu, H.;
lkenaga, S.; Nakanishi, SAbstracts of Papers24th Intersci. Conf. on
Antimicrob. Agents Chemother., No. 1142; Washington, DC, 1985. (b) Kuo,
M.-S.; Chirby, D. G.; Argoudelis, A. D.; Cialdella, J. I.; Coats, J. H.; Marshall,
V. P. Antimicrob. Agents Chemothet989 33, 2089-2091. (c) Sasaki, J.;
Mizoue, K.; Morimoto, S.; Omura, Sl. Antibiot. 1996 49, 1110-1118.

(18) (a) Cundliffe, EAntimicrob. Agents Chemotheir992 36, 348-352.

(b) Jenksins, G.; Cundliffe, E5ene1991 108 55—62.

(19) Hernandez C.; Olano C.; Mendez, C.; Salas, l5énel993 134
139-140.

(20) Quircs, L. M.; Hernandez, C.; Salas, J. Eur. J. Biochem1993
222, 129-135.
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obscure&! Thus, the discovery afesR a macrolidgs-glucosidase
gene, within the desosamine gene cluster is significant, and the
accumulation of deactivatedl6 after desRdisruption provides
direct molecular evidence indicating that a similar self-defense
mechanism via glycosylation/deglycosylation may also be opera-
tive in S.venezuelae However, because a significant amount of
methymycin and neomethymycin also exist in the fermentation
broth of the mutant strain, glucosylation of desosamine may not

e the primary self-resistance mechanism Sn venezuelae

Indeed, an rRNA methyltransferase gene found upstream from
the PKS genes in this cluster may confer the primary self-
resistance protection.Thus, our results are consistent with the
€tact that antibiotic producing organisms generally have more than
one defensive optioft. In light of this observation, it is
Weonceivable that methymycin/neomethymycin may be produced
in part as the inert diglycosides5/6), and the macrolide
p-glucosidase encoded lesRis responsible for transforming
methymycin/neomethymycin from their dormant state to their
active form. Supporting this idea, the translatEsRgene has

a leader sequence characteristic of secretory protéihas DesR
may be transported through the cell membrane and hydrolyze the
modified antibiotics $/6) extracellularly to activate them (Scheme
2).

In summary, the identification adesRas the first macrolide
p-glucosidase gene in this study offers a unique opportunity to
further study glycosylation/deglycosylation as a microbial self-
resistance mechanism. More importantly, this gene can be used
as a probe to search for possible homologues in other antibiotic
biosynthetic pathways. Deletion of the corresponding macrolide
glycosidase gene in these pathways may lead to the accumulation
of the glycosylated products which may be used as prodrugs with
reduced cytotoxicity. Glycosylation also holds promise as a tool
to regulate and/or minimize the potential toxicity associated with
new macrolide antibiotics produced by genetically engineered
microorganisms. Therefore, the availability of a number of
macrolide glycosidases, which would be used for the activation
of newly formed antibiotics that have been deliberately deactivated
by engineered glycosyltransferases, could be a valuable part of
an overall strategy for the development of novel antibiotics using
the combinatorial biosynthetic approatt.
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Note Added in Proof. The genedleR encoding the glycosi-
dase involved in oleandomycin modification has recently been
found in S. antibioticus(Quiros, L. M., et al.Mol. Microbiol.
1998 28, 1177-1185).
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(21) Interestingly, the recently releasedyBl sequence as part of the
erythromycin biosynthetic cluster is highly homologous desR (55%
identity) 2 It is likely that the EryBI protein may assume a similar role as
DesR, participating in a secondary self-defense mechanism.

(22) Cundliffe, E.Annu. Re. Microbiol. 1989 43, 207—233.

(23) (a) von Heijne, GNucleic Acids Resl986 14, 4683-4690. (b) von
Heijne, G.; Abrahmsen, LFEBS Lett.1989 244, 439-446.

(24) (a) Kramer, P. J.; Khosla, @nnu. N.Y. Acad. Scl996 799, 32—
45. (b) Khosla, C.; Zawada, R. Trends Biotechnoll996 14, 335-341. (c)
Jacobsen, J. R.; Hutchinson, C. R.; Cane, D. E.; Khoslé&dncel997,
277, 367—369. (d) Marsden, A. F. A.; Wilkinson, B.; Cé”eJ.; Dunster, N.
J.; Staunton, J.; Leadlay, P. Sciencel998 279, 199-201.




