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We report the first 2,6-dideoxysugar-O-glycosyltransferase with

substrate flexibility at the 2 position, confirm the function of a

putative NDP-hexose 2,3-dehydratase in the jadomycin B

biosynthetic gene cluster and deduce the substrate flexibility of

downstream enzymes in L-digitoxose assembly, enabling

reprogramming of biosynthetic gene clusters to modify sugar

substituents.

Glycosyltransferases play a critical role in the biosynthesis of

therapeutically relevant natural products.1 Glycosylation signifi-

cantly affects bioactivity, either through altered interactions with

the target binding site, or by altering absorption, metabolic,

pharmacokinetic or pharmacodynamic properties of the natural

product.2 As a result of the potential to alter these properties and

thus develop improved therapeutic agents, there is intense interest

in the mechanistic, structural and functional roles of glycosyl-

transferases.3–5 Central to this endeavor is the inherent substrate

specificity of glycosyltransferases responsible for natural product

biosynthesis, and development of methods to examine and

broaden their substrate specificity. Preliminary reports of glycosyl-

transferase substrate specificity led to a hypothesis that, in general,

the enzyme class maintained stringent donor and acceptor

requirements6,7 unlike their hydrolytic counterparts the glycosi-

dases.8,9 Recently, the substrate specificity of glycosyltransferases

involved in natural product biosynthesis has been examined

through in vitro10–13 and in vivo14–16 assays, and significant

flexibility in both the donor and acceptor substrates for several

enzymes has been observed. Glycosyltransferases are presently

grouped into over 80 different families based on their sequence

homology, which dictates their three dimensional fold and the

stereochemical outcome of catalysis at the anomeric centre.17 The

family 1 glycosyltransferases involved in natural products

biosynthesis frequently attach deoxysugars. One of the factors

affecting the stability of a glycosidic linkage is the presence or

absence of hydroxyl functionalities on the sugar.18 The presence of

a hydroxyl functionality at position 2 contributes more signifi-

cantly to the stability of the anomeric glycosidic linkage than any

other hydroxyl functionality on the sugar, thus, the stability of

deoxysugar-containing natural products may be improved by

placing a hydroxyl substituent at position 2.

In this communication we report the flexible substrate specificity

of enzymes in the dideoxysugar biosynthetic pathway culminating

with JadS, a family 1 2,6-dideoxy-a-L-ribohexopyranosyltransfer-

ase from Streptomyces venezuelae ISP5230 that is responsible for

glycosylating jadomycin precursors.19 The jadomycins are a unique

family of bioactive secondary metabolites with a distinguishing

oxazolone ring formed through non-enzymatic condensation of a

polyketide-derived intermediate with amino acids in the defined

growth media.20,21 Evidence indicates that attachment of L-

digitoxose proceeds after formation of the oxazolone ring,22

although this has yet to be unambiguously determined.

The jad genes responsible for assembly of the dideoxysugar in

jadomycin B have been sequenced previously, and jad-disrupted

strains were shown, in a preliminary analysis by HPLC, to produce

only the jadomycin B aglycone.19 However, analysis of a

homologous glycosyltransferase, UrdGT2, involved in the synth-

esis of urdamycin A, demonstrated a remarkable donor sugar

flexibility by transferring not only the natural activated substrate

D-olivose but activated L- and D- rhodinoses.16 This implies that

interactions between C4, C5 and C6 of the carbohydrate and

UrdGT2 are not critical for catalytic activity.16 In light of the

flexible substrate specificity of UrdGT2, we investigated the

transconjugant strain VS1080 in which the wild-type jadO gene of

the jadomycin producer had been disrupted with apramycin.

Based on sequence homology, JadO has been putatively assigned

as a nucleoside diphosphate (NDP)-hexose 2,3-dehydratase.

Herein, the isolation and structural elucidation of a novel

jadomycin analogue (ILEVS1080) from strain VS1080 grown on

L-isoleucine as the sole nitrogen source is reported and confirms

the function of JadO. The isolation of this analogue demonstrates

a flexible activated donor sugar specificity of the JadS glycosyl-

transferase. Using MS/MS to analyze a culture extract of VS1080

grown on L-isoleucine we observed, in the enhanced product ion

scan mode, fragmentation of a parent ion peak (m/z 5 565) to

form the jadomycin B aglycone (m/z 5 419). The loss of 146 Da
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was entirely consistent with loss of a 6-deoxyhexosyl moiety, since

all jadomycin B analogues examined previously have shown a loss

of 130 Da, consistent with loss of the L-digitoxosyl moiety.23,24 The

jadomycin B aglycone ion subsequently fragmented to the

phenanthroviridin (m/z 5 305) as expected. The observed loss of

a 6-deoxyhexose was consistent with the predicted role of JadO in

the dideoxysugar biosynthetic pathway, since inactivation of the

dehydratase gene jadO should result in an NDP-sugar containing a

hydroxyl functionality at C2. From a 3 L fermentation of

S. venezuelae ISP5230, using our recently improved conditions for

the production of jadomycin B,25,26 we obtained 43 mg of crude

ILEVS1080. This was purified by reversed-phase chromatography

on C18 media followed by normal-phase chromatography on silica

gel to yield 2.6 mg of ILEVS1080. Rohr and co-workers, using

wild-type S. venezuelae ISP5230, obtained 12 mg L21 of pure

jadomycin B.20 We attribute the lower isolated mass of

ILEVS1080 to be a result of the alteration in kinetic parameters

of the enzymes downstream of JadO involved in dideoxysugar

assembly since they are acting upon a non-natural substrate. NMR

analysis of the signals for H-3a revealed that ILEVS1080 exists in

two diastereomeric forms (3aS/3aR) in a ratio of 65/35, consistent

with the ratio observed for jadomycin B.20 The diagnostic signals

for the H-20 methylene protons of either form of jadomycin B were

not present (Fig. 1). However, additional signals were observed at

4.20 and 4.77 ppm. Through analysis of COSY and NOESY

spectra these signals were identified as H-20 and 20-OH,

respectively, for both the 3aR/3aS diastereomers of the jadomycin

B analogue. A comparison of the 3JH–H coupling constant data

(Fig. 2) to that obtained for L-digitoxose confirmed the axial

orientation of the 20-OH substituent. A 0–0.5 Hz coupling was

observed between H-10 and H-20eq and a 3.0 Hz coupling was

observed between H-20 and H-30, entirely consistent with the H-10

A H-20eq A H-30 couplings observed for the L-digitoxose moiety

in jadomycin B.20 The remaining 1H NMR signals corresponded

well with those observed for jadomycin B. Thus, the NMR data

strongly suggest that the deoxyhexose attached to the jadomycin B

aglycone is 6-deoxy L-altrose in a 1C4 conformation.

It is also interesting to note that for glycoside hydrolysis

by retaining glycosidases the 2 position is critical for transition

state stabilization, contributing 18 or 22 kJ mol21 to the

glycosylation and deglycosylation of the glycosidase.27 Clearly,

the presence or absence of a hydroxyl substituent at position 2

does not critically influence the transition state stabilization

Fig. 1 Regions of the 1H NMR spectra of ILEVS1080 (A) and jadomycin B (B) recorded in acetone-d6.

Fig. 2 3JH–H coupling patterns and NOESY correlations describing a

6-deoxy-a-L-altropyranoside.
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required for glycosyl transfer by the family 1 inverting glycosyl-

transferase JadS.

Structural analysis of ILEVS1080 definitively establishes that

gene products downstream of jadO, namely jadP, jadU, jadV and

jadS, based on the proposed biosynthetic pathway for L-

digitoxose,19 are flexible in their substrate specificity, do not have

an absolute requirement for a NDP-2,6-dideoxyhexose, and will

transform a NDP-6-deoxyhexose. From the publicly available

published sequence data on S. venezuelae ISP5230 there does not

appear to be a cryptic glycosyltransferase outside the jadomycin B

biosynthetic gene cluster to account for transfer of the 6-deoxy-

hexose, which is supported by the knowledge that only one

polyketide biosynthetic gene cluster was observed when a

S. venezuelae ISP5230 genomic library was initially probed by

southern hybridization.28

In summary, we have demonstrated that the 2,6-dideoxyhex-

osyltransferase, JadS, will process a NDP-6-deoxysugar as

substrate. This is the first report of a 2,6-dideoxysugar-

O-glycosyltransferase with substrate flexibility at the 2-position.

It has significant implications for the study of the numerous family

1 glycosyltransferases involved in the biosynthesis of natural

products containing 2-deoxyhexoses, particularly in an in vitro

environment, where syntheses of activated 2-deoxyhexose-1-

phosphates,29 and their corresponding NDP derivatives, have

been synthetically challenging due to their instability.30 Our in vitro

studies on the structure, function and mechanism of JadS will be

presented in due course.
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