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Glycosyltransferases (GTs), an essential class of ubiquitous enzymes, are generally perceived as
unidirectional catalysts. In contrast, we report that four glycosyltransferases from two distinct
natural product biosynthetic pathways—calicheamicin and vancomycin—readily catalyze reversible
reactions, allowing sugars and aglycons to be exchanged with ease. As proof of the broader
applicability of these new reactions, more than 70 differentially glycosylated calicheamicin and
vancomycin variants are reported. This study suggests the reversibility of GT-catalyzed reactions
may be general and useful for generating exotic nucleotide sugars, establishing in vitro GT activity
in complex systems, and enhancing natural product diversity.

G
lycosyltransferases (GTs) constitute a

superfamily of ubiquitous enzymes that

attach carbohydrate moieties to biolog-

ical molecules (1) and thus play a role in the

biosynthesis of oligosaccharides (2), glyco-

saminoglycans (3), glycopeptides (4), and glyco-

sylated anticancer and anti-infective agents (5).

These enzymes are generally perceived as uni-

directional catalysts that drive the formation of

glycosidic bonds from nucleotide diphosphate

sugar (NDP-sugar) donors and aglycon acceptors

(6). In contrast, we report that GTs involved in

the biosynthesis of anticancer (the enediyne

calicheamicin, CLM) and antibiotic (the glyco-

peptide vancomycin, VCM) natural product–based

drugs catalyze reversible, bidirectional reactions.

Specifically, the four GTs tested (CLM CalG1 and

CalG4 and VCM GtfD and GtfE) were found to

catalyze three new reactions: (i) the synthesis of

exotic NDP-sugars from glycosylated natural

products, (ii) the exchange of native natural-

product glycosides with exogenous carbohydrates

supplied as NDP-sugars, and (iii) the transfer of a

sugar from one natural product backbone to a

distinct natural-product scaffold. As proof of the

broader applicability of these new reactions, the

GT-catalyzed production of 970 differentially

glycosylated CLM variants and a VCM analog

bearing both a handle for chemical diversification

and a rare amino sugar are also reported.

The calG1 gene was amplified from the

genomic DNA of the CLM producer, Micro-

monospora echinospora, and overexpressed in

Escherichia coli, and the recombinant CalG1

was purified to homogeneity (fig. S1) (7, 8).

Incubation of the aglycon 1 with the surrogate

substrate thymidine diphosphate (TDP)-b-L-
rhamnose (Fig. 1A) in the presence of CalG1
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Fig. 1. In vitro CalG1-catalyzed reactions. (A) The CalG1-catalyzed transfer of
unnatural sugars to the acceptor 1. The TDP-sugars corresponding to glycosides
2c to 2j were enzymatically generated as previously described, TDP-b-L-
rhamnose (for 2a) was prepared via chemical synthesis, and TDP-a-D-glucose
(for 2b) was obtained from a commercial source. (B) CalG1-catalyzed reverse
glycosyltransfer and sugar exchange reactions. In the first step, the terminal
3¶-O-methylrhamnose unit of 2 (CLM a3

I, 1 of 10 CLMs produced by
M. echinospora) was transferred to TDP, yielding 1 and TDP-3-O-methyl-b-L-
rhamose [3, see also (C) and (D)]. The subsequent sugar exchange involved the
transfer of unnatural sugars (from exogenous NDP-sugars) to 1 to give
compounds 2a to 2j. (C) Anion-exchange HPLC of CalG1-catalyzed 3 formation:

(i) control with 50 mM 2 and 100 mM TDP [see also (D), ii] and (ii) 50 mM 2,
100 mM TDP, and CalG1 [see also (D), iii]. The new peak at 13 min. was isolated
and identified as 3 by MS/MS (fig. S5). AU, absorbance units. (D) Reverse-phase
HPLC of CalG1-catalyzed reactions: (i) 50 mM 1, 300 mM TDP-b-L-rhamnose,
and CalG1; (ii) reverse glycosyltransfer control with 50 mM 2 and 100 mM TDP
[see also (C), i]; (iii) 50 mM 2, 100 mM TDP, and CalG1 [see also (C), ii]; (iv) 50
mM 2, 300 mM TDP-3-deoxy-a-D-glucose, and CalG1 (sugar exchange); and (v)
50 mM 1, 300 mM TDP-3-deoxy-a-D-glucose, and CalG1. All CalG1 assays were
performed in a total volume of 100 ml in tris-HCl buffer (10 mM, pH 0 7.5)
containing 1 mM of MgCl2 and 10 mM CalG1 with incubation at 30-C for 3 to
12 hours. HPLC parameters are described in the Materials and Methods.
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led to the formation of a new product (Fig. 1D,

i), characterized as 2a by liquid chromatography–

mass spectrometry (LC-MS). Consistent with

CalG1 as the requisite rhamnosyltransferase in

CLM biosynthesis, no product was observed when

CalG1 was replaced with other GTs in this assay.

Also, substitution of TDP-a-L-rhamnose for TDP-

b-L-rhamnose in the CalG1 assay yielded no

product, consistent with CalG1 functioning as a

stereospecific inverting GT. A diverse library of

22 TDP sugars (Materials and Methods) was used

to probe the NDP-sugar specificity of CalG1 (Fig.

1A and fig. S2). Nine additional TDP-sugar

substrates were converted to their corresponding

CLM glycosides, 2b to 2j (Fig. 1A), in percent

conversions of 27 to 62% (fig. S3). LC coupled to

tandem MS (LC-MS/MS) of products 2b and 2d

revealed fragmentation patterns consistent with

attachment of the sugar to the aromatic ring of the

substrate and were highly consistent with the

fragmentation of naturally occurring standard

CLM variants a
3
I (2) and g

1
I (5) (Fig. 2 and fig.

S4). Cumulatively, these studies designated CalG1

as the CLM rhamnosyltransferase, capable of

flexibility toward diverse TDP-D- and TDP-L-sugar

donors.

In an experiment designed to further ver-

ify the regiospecificity of CalG1, CLM a
3
I (2)

(Fig. 1B) and TDP-3-deoxy-a-D-glucose were

co-incubated with CalG1 under standard

conditions. Because the CalG1 glycosylation

site in 2 is occupied by 3¶-O-methylrhamnose

(Fig. 1B), no reaction was expected. However,

two new products were observed, subsequently

identified by LC-MS as 1 and the correspond-

ing 3-deoxyglucoside, 2c (Fig. 1D, iv and v).

Analysis of control reactions led to the conclu-

sion that this transformation involved a TDP-

dependent reverse glycosyltransfer. Specifically,

co-incubation of 2 with TDP yielded 1 only in

the presence of CalG1 (Fig. 1D, ii and iii, and

fig. S5A), and analysis of the same Breverse[
reaction by anion-exchange high performance

liquid chromatography (HPLC) (Fig. 1C) un-

veiled the production of TDP-3-O-methyl-b-L-
rhamnose (3) (Fig. 1B and fig. S5) in substantial

quantity, which was absent in the control assay.

Thus, CalG1 efficiently excised the native CLM

3¶-O-methylrhamnosyl unit in the presence of

TDP (to provide 1 and TDP sugar 3) and, in the

presence of a slight excess of exogenous TDP-3-

deoxyglucose, ultimately catalyzed the formation

of 2c. Such CalG1-catalyzed in situ Bsugar
exchange[ might offer an expeditious method

for substituting the CLM 3¶-O-methylrhamnose

with other natural or unnatural sugars. To test this

idea, we assayed CLM derivatives (Fig. 2) a
3
I (2),

b
1
I (4), g

1
I (5), and d

1
I (6); dimethy hydrazide

(DMH) Nac g (7), g
2
I (8), and Nac e (9); and

Bfragment III[ (10) (9) in CalG1-catalyzed

reactions with the 10 established CalG1 TDP-

sugar substrates. In every case, the desired sugar-

exchanged product was observed by HPLC (figs.

S6 and S10) with an average sugar exchange

conversion of 60% for the eight CLM aglycons

in the presence of purified TDP-a-D-glucose or

TDP-b-L-rhamnose. Notably, this simple set of

assays led to the CalG1-catalyzed production of

a CLM library exceeding 70 members (2a to 2j,

4a to 4j, 5a to 5j, 6a to 6j, 7a to 7j, 8a to 8j, 9a

to 9j, and 10a and 10b) (figs. S7 and S8) and

thereby highlights the combinatorial power of

GT-catalyzed sugar exchange.

Given that GT-catalyzed sugar exchange ac-

tivity proceeds via an establishedNDP-sugar inter-

mediate, we hypothesized that GTs could also be

used to harvest an exotic sugar from one natural-

product scaffold and transfer it to a different

Fig. 2. Strategy for the construction of a CLM library by CalG1-catalyzed
sugar exchange. The general strategy involved the CalG1-mediated exchange
of the natural 3¶-O-methylrhamnose (highlighted in red) in CLMs a3

I (2), b1
I

(4), g1
I (5), and d1

I (6) and DMH Nac g (7), g2
I (8), and Nac e (9) with

sugars supplied via the 10 established CalG1 NDP-sugar substrates (fig.
S2A). In addition, fragment III (10) was also converted to the rhamnoside
and glucoside to cumulatively provide 72 diversely functionalized CLM
derivatives. For this study, CLMs 2 and 4, 5, and 6 are natural metabolites,
whereas 7, 8, 9, and 10 are chemically modified CLM derivatives. A typical

CalG1 sugar exchange reaction contained 50 mM aglycon (2 and 4 to 10),
300 mM NDP sugar, and 10 mM CalG1 in a total volume of 100 ml in tris-
HCl buffer (10 mM, pH 0 7.5) containing 1 mM of MgCl2 at 30-C for 3
hours. HPLC parameters are described in the Materials and Methods, and
chromatograms for representative reactions are provided in fig. S6. The
structures of all library members are illustrated in fig. S7, and conversion
rates are provided in figs. S8 and S10. It should also be noted that CalG4
can excise the aminopentosyl units (highlighted in blue) from 4, 5, 6, and 8
for sugar or aglycon exchange.
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aglycon in a single reaction. This permutation of

GT catalysis would avoid the often-complex

synthesis of highly functionalized NDP-sugars

(10). The assays designed to test this idea

contained CalG1, a putative 3¶-O-methylrhamnose

donor—4, 5, 6, 7, 8, or 10 (Fig. 2)—TDP, and the

representative acceptor 1. In each case, the simul-

taneous excision and in situ transfer of 3¶-O-

methylrhamnose from each respective donor

to 1 was observed, yielding the expected 3¶-O-

methylrhamnosylated product 2 (fig. S9). In

comparison, controls lacking either CalG1 or

TDP gave only starting materials. Thus, in situ

aglycon exchange reactions can extend the po-

tential diversity accessible by CalG1.

The reversibility of the CalG1-catalyzed sugar

exchange and aglycon exchange transformations

described above raised the question as to whether

other GT systems would exhibit similar behavior.

Thus, three additional GT-catalyzed reactions

were examined for reversibility: those of CalG4

(the putative CLM aminopentosyltransferase),

GtfD, and GtfE (the VCM vancosaminyl- and

glucosyltransferase, respectively) (7, 11–13).

CalG4 was produced in a similar fashion as

CalG1 (fig. S1) (7, 8). In the presence of TDP,

CalG4 catalyzed the excision of the aminopen-

tose sugar moiety (Fig. 2, highlighted in blue)

from sugar donor CLM derivatives 4, 5, 6, and 8

(fig. S11). CalG4 also catalyzed in situ aglycon

exchange, transferring the excised aminopentoses

from donors 4, 5, 6, and 8 to the exogenous

aglycon acceptor 1 in the presence of TDP with

conversions ranging from 19 to 69% (fig. S12).

In comparison, controls lacking TDP (even in

the presence of alternative NDPs) or CalG4 gave

only starting materials. Besides identifying

CalG4 as the aminopentosyltransferase involved

in CLM biosynthesis, these results confirm that,

in contrast to the previously proposed uridine

diphosphate (UDP) sugar pathways (14), CLM

aminopentose biosynthesis proceeds via a TDP-

sugar pathway. Additionally, this study demon-

strates that the reversibility of GT catalysis is not

unique to the CalG1 reaction.

To extend these studies beyond enediyne

scaffolds, we overexpressed and purified the

VCM GTs GtfD and GtfE as previously de-

scribed (11). Similar to the CLM GTs, GtfD

catalyzed the excision of L-vancosamine from

the parent sugar donor VCM (11) to form pseu-

doaglycon 13 (Fig. 3A). In a separate aglycon

exchange reaction, GtfD catalyzed the transfer of

L-vancosamine from 11 to the unnatural acceptor

14 (13) to give 15, a VCM analog containing

both a sugar-appended azido handle for chemo-

selective ligation and a vancosaminyl moiety

(27% conversion) (Fig. 3A and fig. S13). Like-

wise, the glucosyltransferase GtfE could also

catalyze sugar excision from both 13 and the

unnatural sugar donor 14. Consistent with an

equilibrium only moderately favoring the glyco-

side product in the GtfE-catalyzed reaction, the

equilibrium constant (K
eq
) was determined to be

4.5 (fig. S14). GtfE could also participate in

aglycon exchange, as revealed by the GtfE-

catalyzed generation of unnatural NDP-sugar 16

for CalG1-catalyzed glycosyltransfer to the

enediyne acceptor 1 in a tandem, one-pot, GtfE-

CalG1-catalyzed aglycon exchange reaction

(Fig. 3B). With an overall conversion of 48%,

this transformation highlights the potential of

two-GT systems to mediate aglycon exchange

between compounds from different natural pro-

duct classes (fig. S15).

The exploitation of GT-catalyzed reaction

reversibility may facilitate the use of glyco-

sylation as a tool to modulate the activity of

Fig. 3. VCM GT-catalyzed re-
verse and aglycon exchange
reactions. (A) GtfD-catalyzed
aglycon exchange reaction to
provide 2¶-vancosaminyl-6¶-
azidoglucosyl-VCM (15). The
TDP-b-L-vancosamine (12) for
this reaction was generated in
situ by a GtfD-catalyzed reverse
glycosyltransfer and subsequent-
ly transferred to the unnatural
6-azidoglucose–containing de-
rivative 14 to give compound
15 in 27% conversion (fig.
S13). The reaction was per-
formed in a total volume of
100 ml in tricine-NaOH buffer
[75 mM Tricine, pH 0 9.0, 2.5
mM MgCl2, 2.5 mM tris (2-
carboxy ethel)-phosphine, and
1 mg/ml bovine serum albumin
(BSA)] containing 100 mM 11,
100 mM 14, 1 mM TDP, and 12
mM GtfD. (B) A two-component
GT-catalyzed aglycon exchange
reaction using two diverse nat-
ural product scaffolds. In this
one-pot reaction, TDP-6-azido-a-
D-glucose (16, provided by GtfE-
catalyzed reverse glycosyltransfer
from sugar donor 14) served as
the NDP-sugar donor for the
CalG1-mediated attachment of 6-
azidoglucose to CLM 1, yielding
2f in 48% conversion (fig. S14).
A typical reaction contained 100
mM 14, 50 mM 1, 100 mM TDP,
10 mM GtfE, and 10 mM CalG1 in a total volume of 100 ml in tris-HCl buffer (10 mM, pH 0 7.5) containing 1 mM of MgCl2 at 30-C for 3 hours. For Fig. 3,
detailed assay and HPLC parameters and chromatograms are provided in the Materials and Methods.
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therapeutically important natural products (5).

For example, before this work, only two methods

for differentially glycosylating CLMs were

available: pathway engineering and total synthe-

sis. Whereas the former has proven to be a

powerful derivatization tool for certain natural

products (15), the stringent genetic limitations

of the CLM-producing M. echinospora has ren-

dered this approach impractical (7). Alter-

natively, reworking previously reported CLM

syntheses to provide efficient divergent routes

to the 970 CLM analogs reported herein is also

likely impracticable (16–18). With respect to

rare NDP-sugars, the demonstrated in situ gen-

eration of TDP-b-L-vancosamine (12) (Fig. 3A)

herein is an advance over reported synthetic

methods that required seven linear steps to

achieve an overall yield of less than 7%,

originating from the same starting material,

VCM (10). The CLM-derived TDP-3-O-methyl-

b-L-rhamnose (3) (Fig. 1B) and the three TDP-

N-alkylaminopentoses (derived from donors 4,

5, 6, and 8) (Fig. 2 and fig. S11) have not been

previously synthesized, and therefore direct com-

parisons to other synthetic routes are not pos-

sible (19–21).

Although Glaser and Brown described the

reversibility of the native chitin synthetase re-

action in one of the first reports of in vitro GT

activity (22), the perception of GT catalysis has

remained one of unidirectionality, transforming

NDP-sugar and aglycon substrates into glycoside

products (Fig. 4A) (23–28). In contrast, this study

uncovered reversibility in reactions catalyzed by

both previously uncharacterized GTs (CalG1 and

CalG4) and well-studied GTs (GtfD and GtfE)

(11–13). Consistent with an equilibrium only

moderately favoring glycoside formation (K
eq

0
4.5 for GtfE), these model GT-catalyzed reac-

tions could be modulated via simple adjustments

in relative substrate concentrations.Glycosyltrans-

fer reversibility could be exploited to synthesize

valuable rare NDP-sugars (Fig. 4B), exchange

one sugar on a core scaffold for another (Fig.

4C), or transfer sugars from one scaffold to

another (Fig. 4D), suggesting GT catalysis to be

of greater versatility and utility than was pre-

viously appreciated.
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Fig. 4. Schematic of glycosyltransferase catalysis. (A) The classical GT-catalyzed sugar transfer from an NDP-
sugar donor to an acceptor to form a glycosidic bond. Although the acceptor nucleophile in these reactions
is most often oxygen (X0O), GTs are also known to catalyze the formation of N-, S- and even C-glycosidic
bonds. (B) NDP-sugar synthesis via reverse glycosyltransfer. (C) The GT-catalyzed sugar exchange reaction to
exchange native natural product sugar appendages with alternative sugars supplied as exogenous NDP-
sugars. (D) A generalized scheme for an aglycon exchange reaction wherein a sugar is excised from one
natural product (as an NDP-sugar) and subsequently attached to a distinct aglycon acceptor. In this reaction,
the interchange of aglycons from a single natural product class is generally accomplished via one GT,
whereas the interchange of aglycons from different compound classes requires multiple GTs.
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