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Abstract: Glycosyltransferases involved in the biosynthesis of bacterial secondary metabolites may be
useful for the generation of sugar-modified analogues of bioactive natural products. Some glycosyltrans-
ferases have relaxed substrate specificity, and it has been assumed that promiscuity is a feature of the
class. As part of a program to explore the synthetic utility of these enzymes, we have analyzed the substrate
selectivity of glycosyltransferases that attach similar 2-deoxy-L-sugars to glycopeptide aglycons of the
vancomycin-type, using purified enzymes and chemically synthesized TDP â-2-deoxy-L-sugar analogues.
We show that while some of these glycopeptide glycosyltransferases are promiscuous, others tolerate
only minor modifications in the substrates they will handle. For example, the glycosyltransferases GtfC
and GtfD, which transfer 4-epi-L-vancosamine and L-vancosamine to C-2 of the glucose unit of vancomycin
pseudoaglycon and chloroorienticin B, respectively, show moderately relaxed donor substrate specificities
for the glycosylation of their natural aglycons. In contrast, GtfA, a transferase attaching 4-epi-L-vancosamine
to a benzylic position, only utilizes donors that are closely related to its natural TDP sugar substrate. Our
data also show that the spectrum of donors utilized by a given enzyme can depend on whether the natural
acceptor or an analogue is used, and that GtfD is the most versatile enzyme for the synthesis of vancomycin
analogues.

Introduction

The glycopeptide antibiotic vancomycin (Figure 1) has gained
prominence as the antibiotic of last resort for the treatment of
life-threatening infections by methicillin-resistant Gram-positive
bacteria. With the global emergence of vancomycin-resistant
enterococci (VRE)1,2 and, more recently, vancomycin-resistant
Staphylococcus aureus(VRSA),1,3 the development of novel
glycopeptides with improved activity against resistant strains
has become a major research focus. In 1988, researchers at Eli
Lilly showed that glycopeptides containing lipophilic substit-
uents on the carbohydrate moiety have significant activity
against vancomycin-resistant strains.4 As a result of these
studies, the semisynthetic glycopeptide oritavancin (Figure 1),
a derivative of the glycopeptide chloroeremomycin, was put into
human clinical trials.1,5

Due to the complexity of the glycopeptide class of natural
products, early investigations of glycopeptide derivatives in-
volved exploring substituent changes on sites that could be
modified easily.4 Because this precluded studies on glycopeptide
derivatives containing unnatural sugars, our laboratory6 and the
Nicolaou group7 have reported chemical glycosylation strategies
to attach unnatural sugars to the vancomycin aglycon. In 1999,
we showed that a lipidated vancomycin analogue containing
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Figure 1. Glycopeptide antibiotics.
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daunosamine was more active against some resistant bacterial
strains than the corresponding vancosamine derivative.8 We also
suggested that glycopeptide derivatives, such as oritavancin,
possess a second mechanism of action that is different from
vancomycin,8 which prevents maturation of the bacterial cell
wall by binding to the terminalD-alanyl-D-alanine moiety of
peptidoglycan precursors, thereby inhibiting the enzymes in-
volved in the final stages of peptidoglycan synthesis. More
recently, we could indeed show that lipidated glycopeptides
interfere with peptidoglycan synthesis by direct inhibition of
the major transglycosylases ofEscherichia coli9 andS. aureus.10

These findings provided the impetus for exploring additional
carbohydrate derivatives to examine the influence of structural
changes in the lipid-disaccharide portion on antibiotic activity
and on the ability to inhibit the transglycosylase enzymes. Since
chemical glycosylation strategies do not enable rapid exploration
of significant numbers of glycopeptide derivatives because of
the number of synthetic steps necessary,11 we became interested
in exploring enzymatic approaches to generate glycopeptides.

Recent investigations have shown that some glycosyltrans-
ferases have a relaxed substrate selectivity,12 suggesting that
these enzymes may be useful for the chemoenzymatic synthesis
of antibiotic analogues containing unnatural carbohydrates.
Some of these studies have explored the glycosylation of
unnatural aglycon substrates,13 whereas other studies focused
on variations in the sugar substrate structure.14,15For example,
investigations of GtfE, which transfersD-glucose to the central
4-hydroxyphenylglycine of vancomycin aglycon, have shown
that this enzyme transfers a range of unnatural deoxy and amino
sugar derivatives to both the vancomycin and teicoplanin
aglycons, making it possible to prepare a number of different

glycopeptide analogues rapidly.15c,d,16 We wanted to know
whether the relaxed substrate selectivity of GtfE was typical of
the class because, then, the use of these glycosyltransferases in
combination with either chemically17 or enzymatically18,19

synthesized nucleotide diphosphate (NDP) sugar donors would
allow the generation of a large number of sugar-modified
analogues in a straightforward way.20 Accordingly, we decided
to compare the donor substrate selectivity of three structurally
related glycopeptide glycosyltransferases that attach similar
2-deoxy-L-sugars to glucosylated vancomycin aglycons. In the
biosynthesis of chloroeremomycin, GtfA transfers 4-epi-L-
vancosamine to the benzylic hydroxyl of amino acid 7 of the
vancomycin pseudoaglycon1 to produce chloroorienticin B
(2).21 GtfC then transfers 4-epi-L-vancosamine to the glucose
C-2 hydroxyl of compound2.21 GtfD, on the other hand, is part
of the vancomycin biosynthetic cluster and transfersL-van-
cosamine to the glucose C-2 hydroxyl of pseudoaglycon1
(Figure 2).15e

We report here the first comprehensive in vitro study of
purified glycosyltransferases involved in the biosynthesis of
bacterial secondary metabolites that transfer 2-deoxy-L-sugars.
The glycopeptide glycosyltransferases GtfC and GtfD show a
moderately relaxed substrate selectivity for the glycosylation
of their natural aglycons, whereas GtfA and, in addition, GtfC
with vancomycin pseudoaglycon1 as acceptor only utilize
donors that are closely related to their natural NDP sugar
substrate. This difference in promiscuity indicates that in order
to fully exploit the synthetic utility of glycosyltransferases
involved in the biosynthesis of other bioactive natural products,
a detailed analysis of the specific enzymes will be necessary.

Results

Synthesis of TDP Sugar Donors.In preliminary studies, we
were able to show that GtfD can transfer 4-epi-L-vancosamine
instead of its natural substrate,L-vancosamine, to vancomycin
pseudoaglycon1, and that the glucosylated aglycon of the
glycopeptide teicoplanin can also serve as a substrate.15e A
detailed study of the substrate specificity of GtfD, as well as of
GtfA and C, was hampered by the synthetically challenging
access to the requiredâ-2-deoxy glycosyl thymidine diphosphate
(TDP) donors. We have recently developed a chemical route
to synthesizeâ-2-deoxy glycosyl phosphates from 2-deoxy
glycosyl chlorides using the phosphate donor tetrabutylammo-
nium dihydrogenphosphate.22 The glycosyl phosphates are then
converted to the desired TDP sugar donors with thymidine 5′-
monophosphomorpholidate (TMP morpholidate)17a and then
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deprotected (Scheme 1).23 In a shorter approach, the 2-deoxy
glycosyl chlorides can be coupled directly with the tetrabuty-
lammonium salt of TDP.17c Although the stereoselectivities
obtained are lower for the shorter route, it is still possible to
obtain sufficient amounts of the desiredâ-isomer after HPLC
separation to characterize the enzymes.

To test the substrate specificity of GtfA, C, and D, we
prepared a range of potential TDP 2-deoxy sugar substrates
(Figure 3), following the approaches outlined above (see ref
22 and Supporting Information). The TDP sugars were stable
under all reaction conditions and could be stored at-20 °C
without decomposition for a prolonged period of time (weeks
to months). The set of TDP 2-deoxy sugars included the natural
substrates (TDPL-vancosamine (3) and TDP 4-epi-L-van-
cosamine (4)) and the corresponding 3-desmethyl derivatives
(TDPL-daunosamine (5) and TDPL-acosamine (6)). In addition,

we changed the location of the amino group to position C-4
(TDP 4-amino-2-deoxy-L-fucose (7) and TDP 4-amino-2-deoxy-
L-rhamnose (8)), exchanged the amino for a hydroxy group
(TDP 2-deoxyL-fucose (9) and TDP 2-deoxyL-rhamnose (10)),
added a 6-hydroxy group (TDP 2-deoxyL-glucose (11)), or
changed the stereochemistry of the C-3 amino group (TDP
L-ristosamine (12)).

Characterization of the Substrate Specificity of GtfA,
GtfC, and GtfD. All three enzymes were tested for their ability
to transfer the various TDP sugars to the vancomycin pseudoa-
glycon 1 (Scheme 2) in order to evaluate their possible use as
tools for the chemoenzymatic synthesis of novel vancomycin
derivatives carrying unnatural 2-deoxy sugars. The results
obtained for these transfers are summarized in Table 1. These
data show that bothepi-vancosaminyl transferases GtfA and C
were able to transferL-acosamine in addition to their natural
substrate, that is, they tolerated the removal of the 3-C-methyl
group (entry 4). Additional modifications, for example, a change
of stereochemistry at C-4, led to a dramatic decrease of transfer
efficiency (entries 1 and 3). Of all other substrates used, only
2-deoxy L-glucose (GtfA and C) andL-vancosamine,L-
daunosamine, and 2-deoxyL-rhamnose (GtfC) were transferred,
albeit in trace quantities.

For the glycosylation of vancomycin pseudoaglycon1, GtfD
showed the most relaxed substrate specificity. Besides its natural
substrate,L-vancosamine, it also transferred 4-epi-L-van-
cosamine,L-daunosamine, andL-acosamine with good turnover,
that is, both the removal of the C-3-methyl group and the
inversion of stereochemistry at C-4 were tolerated (entries 2-4).
In addition, 2-deoxyL-glucose, 2-deoxyL-rhamnose, and
L-ristosamine were transferred in trace amounts, whereas for
substrates containing an amino group at C-4, no product was
observed.

The natural aglycon substrate for GtfC is chloroorienticin B
(2) (see Figure 2),21 which contains theepi-vancosamine
sugar already attached to the benzylic position. To determine
if GtfC shows a broader donor substrate selectivity when its

(23) So far, there have been no reports regarding nucleotidyltransferases that
acceptâ-configured 2-deoxy-L-glycosyl phosphates as substrates.

Figure 2. Action of the glycosyltransferases GtfA, GtfC, and GtfD involved in the biosynthesis of glycopeptide antibiotics.

Scheme 1. Synthetic Strategy toward TDP â-2-Deoxy Sugars
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natural aglycon is used, we prepared quantities of chloro-
orienticin B (2) by a large-scale transfer of 4-epi-L-vancosamine
to aglycon1 using GtfA. The transfers to chloroorienticin B
(2) revealed that, in this case, GtfC shows a substrate specificity
similar to that of GtfD (Table 1). The enzyme accepted a range
of structural changes to its natural substrate, 4-epi-L-van-
cosamine, for example, removal of the C-3-Me, the presence
of an axial 3-amino group, and inversion at C-4 and hydroxyl
groups at C-3 and C-6.

Kinetic Characterization of the Successful Transfers.To
compare the efficiency of the different enzymes to transfer both
their natural and non-natural TDP substrates, we undertook a
kinetic characterization of the robust transfers.

GtfA transfersL-acosamine (entry 4) with akcatof 0.18 min-1,
about 10-fold slower than that of the natural substrate, 4-epi-

L-vancosamine (2.3 min-1, entry 2). The overall catalytic
efficiency, however, decreases only about 2-fold for the un-
natural substrate because of substantially lowerKm for L-
acosamine (38 versus 218µM). The only other TDP sugar
accepted by GtfA, 2-deoxy-L-glucose, was transferred in trace
quantities with akcat < 0.001 min-1 (entry 6).

Using the unnatural substrate vancomycin aglycon1 as the
acceptor substrate, GtfC transferred its natural substrate, 4-epi-
L-vancosamine, with akcat of 9.7 min-1 (entry 2). Removal of
the 3-C-methyl group in the sugar donor (TDPL-acosamine (6))
led to a 1000-fold decrease of thekcat value (<0.01 min-1, entry
4), and thekcat values for other substrates for which transfer
was observed (TDP sugars3, 5, 10, and11) were even lower
(<0.001 min-1, entries 1, 3, 5-7).GtfC shows a dramatically
higher catalytic efficiency for its natural aglycon substrate,
chloroorienticin B (2). This is reflected in theKm value (4µM)
for this aglycon, which is more than 200-fold lower than that
for vancomycin pseudoaglycon1 (Km ) 923µM). GtfC transfers
its natural substrate, 4-epi-L-vancosamine, to aglycon2 with a
kcat of 41 min-1 and aKm of 199µM (entry 2). The removal of
the 3-C-methyl group in the sugar substrate (TDPL-acosamine
(6)) is well tolerated and actually leads to an increase of catalytic
efficiency because the 3-fold reduction ofkcat is compensated
by the lowerKm value for this NDP sugar (entry 4).

A change of stereochemistry at C-4 (TDPL-vancosamine (3)
and TDPL-daunosamine (5)), on the other hand, leads to a larger
decrease ofkcat (ca. 100-fold) and overall catalytic efficiency
(entries 1 and 3). In addition, other TDP substrates, such as
TDP 2-deoxy-L-rhamnose (10), TDP 2-deoxy-L-glucose (11),
and TDP L-ristosamine (12), were also transferred with a
comparable decrease of the turnover rate (entries 5-7).

In contrast to GtfC, the vancosaminyl transferase GtfD
transfers the TDP sugars with differing stereochemistry at C-4,
TDP L-vancosamine (3) and TDP 4-epi-L-vancosamine (4), with
almost the samekcat (128 and 135 min-1, respectively, entries
1 and 2) and with a 6-fold increase ofKm for the unnatural
substrate4 (38 versus 232µM). For this enzyme, however, the
removal of the C-3 methyl group has a more pronounced effect
on kcat (500- and 50-fold decrease forL-daunosamine and
L-acosamine, respectively, entries 3 and 4), whereas almost the
sameKm values are observed. The transfers that were detected
by HPLC for the TDP sugars10-12occurred with akcat <0.001
min-1 (entries 5-7).

Discussion

In recent years, there has been an increasing interest in the
development of novel glycopeptide antibiotics due to the
emergence of resistance to vancomycin. Research showed that
changes in the carbohydrate portion of lipid-containing vanco-
mycin derivatives can have a significant effect on activity against
both glycopeptide sensitive and resistant bacteria,4,8 which makes

Figure 3. TDP sugar substrates used to study the specificity of GtfA, C, and D.

Scheme 2. Glycosylation of Vancomycin Pseudoaglycon 1 with
GtfA, C, and D

Table 1. Results of the Transfers Using TDP Sugars 3-12a

GtfA GtfC GtfD

entry TDP sugar (aglycon 1) (aglycon 1) (aglycon 2) (aglycon 1)

1 3 - trace + +
2 4 + + + +
3 5 - trace + +
4 6 + + + +
5 7 - - - -
6 8 - - - -
7 9 - - - -
8 10 - trace + trace
9 11 trace trace + trace

10 12 - - + trace

a (+): transfer observed by HPLC; (trace): transfer observed by HPLC,
but with kcat < 0.01 min-1; (-): no transfer observed by HPLC.
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an efficient synthetic access to such derivatives crucial for the
development of analogues with even better activity.

A chemoenzymatic approach could enable the rapid genera-
tion of a large number of novel glycopeptides that contain
changes in the carbohydrate portion, and the glycosyltransferase
GtfE has shown promise in this regard.15c-e To determine
whether promiscuity is a general quality of glycosyltransferases
involved in the biosynthesis of glycopeptide antibiotics, we
undertook the first systematic evaluation of the synthetic utility
of three glycopeptide glycosyltransferases, GtfA, GtfC, and
GtfD, which transfer similar 2-deoxy-L-sugars (4-epi-L-van-
cosamine orL-vancosamine, respectively, see Figure 2).

Our results for the transfers of a variety of TDP substrate
analogues22 to the natural aglycon acceptors show that the three
enzymes differ markedly with respect to their promiscuity
toward these substrates. Whereas GtfA accepted only one other
TDP sugar besides its natural substrate, both GtfC and GtfD
are comparably promiscuous and were able to transfer a number
of 2-deoxy sugar analogues of the natural substratesL-epi-
vancosamine andL-vancosamine, respectively.

For GtfA and GtfC, the substrate specificity can change
substantially when unnatural acceptor substrates were glyco-
sylated, which reduces the synthetic utility of these enzymes.
We have reported earlier that GtfA transfers even its natural
sugar substrate 4-epi-L-vancosamine to two alternate substrates,
the fully deglycosylated vancomycin aglycon and epivancomy-

cin (vancomycin carrying 4-epi-L-vancosamine instead ofL-
vancosamine), with catalytic turnovers (kcat < 0.05 min-1) that
are too slow to be synthetically useful.21 Our results from the
present study demonstrate that GtfC also shows a significant
decrease in its ability to transfer 4-epi-L-vancosamine to the
unnatural acceptor, vancomycin pseudoaglycon1, compared to
the natural substrate, aglycon2. More importantly, GtfC was
also considerably less promiscuous toward unnatural sugar
substrates in the transfers to aglycon1, which limits the use of
GtfC as a tool for the chemoenzymatic synthesis of glycopeptide
analogues.

GtfD, on the other hand, is more promising in this context
because of its ability to transfer 2-deoxy sugars, such as
L-vancosamine, 4-epi-L-vancosamine, andL-daunosamine, to
vancomycin pseudoaglycons with modifications in the glucose
portion15dand to different teicoplanin aglycons.15e,16,24The latter
observation is especially significant because the chemical
glycosylation approach is so far limited to the vancomycin
system.

Finally, it is interesting to note that the differences in substrate
specificities described above for the three enzymes correlate
with their turnover rates for their natural substrate pairs, that
is, the faster enzymes, GtfC and GtfD, also proved to be the
most promiscuous ones. This result is in agreement with our

(24) Kruger, R.; Lu, W.; Oberthu¨r, M.; Tao, J.; Kahne, D.; Walsh, C. T.Chem.
Biol. 2005, 12, 121-130.

Scheme 3. Synthesis of Chloroorienticin B (2) and Glycosylation with GtfC

Table 2. Kinetic Data for the Successful Transfersa

entry TDP sugar
GtfA

(aglycon 1)
GtfC

(aglycon 1)
GtfC

(aglycon 2)
GtfD

(aglycon 1)

1 3 - kcat < 0.001 kcat ) 0.6
Km ) 31
kcat/Km ) 0.02

kcat ) 128
Km ) 38
kcat/Km ) 3.4

2 4 kcat ) 2.3
Km) 218
kcat/Km ) 0.01

kcat ) 9.7 kcat ) 41
Km ) 199
kcat/Km ) 0.21

kcat ) 135
Km ) 232
kcat/Km ) 0.58

3 5 - kcat < 0.001 kcat ) 0.24
Km ) 88
kcat/Km ) 3 × 10-3

kcat ) 0.28
Km ) 43
kcat/Km ) 0.007

4 6 kcat ) 0.18
Km ) 38
kcat/Km ) 5 × 10-3

kcat < 0.01 kcat ) 14
Km ) 15
kcat/Km ) 0.9

kcat ) 2.4
Km ) 36
kcat/Km ) 0.07

5 10 - kcat < 0.001 kcat ) 0.5
Km ) 34
kcat/ Km ) 0.01

kcat < 0.001

6 11 kcat < 0.001 kcat < 0.001 kcat ) 0.04
Km ) 90
kcat/Km ) 4 × 10-4

kcat < 0.001

7 12 - - kcat ) 0.25
Km ) 100
kcat/Km ) 2 × 10-3

kcat < 0.001

a The kinetic data for the transfers of the natural substrate pairs are shown in bold.kcat [min-1], Km [µM], kcat/Km [µM-1 min-1]. (-): no transfer (see
Table 1).
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earlier results regarding the promiscuity of the two glucosyl-
transferases involved in the biosynthesis of chloroeremomycin
and vancomycin, in which case the faster GtfE showed also
the more relaxed substrate specificity compared to that of the
slower GtfB.15d,eIf this holds true for other glycosyltransferases
involved in the biosynthesis of bacterial secondary metabolites,
this result might aid the search for other synthetically useful
enzymes because, then, the turnover rate for the natural donor-
acceptor pair could serve as an indicator for enzyme promiscuity.

Conclusion

This first systematic study of a subgroup of glycosyltrans-
ferases that transfer 2-deoxy-L-sugars to natural product aglycons
shows that these enzymes can differ rather dramatically in terms
of their substrate specificity. The rather high promiscuity of
enzymes studied earlier, for example, GtfE, does not seem to
be a general quality of glycosyltransferases per se. It follows
that to further expand the repertoire of synthetically useful
glycosyltransferases, a detailed study of other enzymes will be
necessary. The set of TDP 2-deoxy-L-sugar analogues obtained
through chemical synthesis, however, will facilitate the screening
of such glycosyltransferases.

For the generation of vancomycin analogues carrying un-
natural sugars, GtfD is the most promising enzyme and can be
used to attach 2-deoxy sugars that are structurally related to
the natural sugar substrateL-vancosamine, for example, 4-epi-
L-vancosamine,L-daunosamine, andL-acosamine. We are cur-
rently using both GtfD and GtfE as reagents in the synthesis of
lipidated glycopeptide analogues to study the influence of
modifications in the carbohydrate portion on biological activity.

Experimental Section

Synthesis of TDP Sugars 3-12. TDP â-L-vancosamine (3), TDP
4-epi-â-L-vancosamine (4), TDP â-L-daunosamine (5), TDP â-L-
acosamine (6), and TDP 2-deoxy-â-L-fucose (9) were synthesized as

previously described.22 The synthesis of TDP sugars7, 8, and10-12
is described in the Supporting Information.

Chemoenzymatic Synthesis of Chloroorienticin B (2).Vancomycin
pseudoaglycon1, obtained from vancomycin by acid degradation
(trifluoroacetic acid/H2O 9:1, room temperature, 8 h) and HPLC
purification, was enzymatically glycosylated with TDP 4-epi-L-van-
cosamine (4) using the chloroeremomycin biosynthetic glycosyltrans-
ferase GtfA to yield the doubly glycosylated chloroorienticin B (2).21

The reaction conditions were as follows: 75 mM Tris (pH) 7.0), 8
mM MgCl2, 2.5 mM TCEP, 1 mg/mL BSA, 10% (v/v) DMSO, 500
µM TDP 4-epi-L-vancosamine (4), 500µM vancomycin pseudoaglycon
1, 5 µM GtfA. The reaction was monitored by HPLC, and additional
aliquots of GtfA were added twice daily until the reaction proceeded
to 50% completion (up to 3 days). Glycopeptide2 was purified by
preparative HPLC (Vydac C18 column, 0-30% acetonitrile, 0.1% TFA
in 25 min) and was verified by LCMS.

Kinetic Analysis of GtfA, GtfC, and GtfD. The glycosyltrans-
ferases GtfA, GtfC, and GtfD were expressed and purified as previously
described.15e,21The enzymes were tested for activity against TDP sugars
3-12 using a previously reported HPLC-based assay.15e In GtfA and
GtfD assays, vancomycin pseudoaglycon1 was used as the glycopeptide
acceptor scaffold, while chloroorienticin B (2) was used in GtfC assays
as we have previously shown that chloroorienticin B is the preferred
substrate for GtfC.21 Kinetic parameters for GtfA using sugar TDP
4-epi-L-vancosamine (4) have been previously reported,21 and the same
methodology was used to generate kinetic parameters for sugars that
demonstrated suitable activity.
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