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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 -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 /_"
/ O O o

The glycopeptide antibiotic vancomycin (Figure 1) has gained va”%iruoo” HoﬁNa'HOo“
prominence as the antibiotic of last resort for the treatment of "o " 615 oH
life-threatening infections by methicillin-resistant Gram-positive N"'z
bacteria. With the global emergence of vancomycin-resistant o & 8
enterococci (VRE)?2 and, more recently, vancomycin-resistant &N Q\;/[ OJ@H
Staphylococcus aureuUd/RSA),12 the development of novel " N ” j )KH/ o N
glycopeptides with improved activity against resistant strains S Q 0 Q OH H,
has become a major research focus. In 1988, researchers at Eli  Ho o
Lilly showed that glycopeptides containing lipophilic substit- Vancomycin Oritavancin
uents on the carbohydrate moiety have significant activity Figure 1. Glycopeptide antibiotics.
against vancomycin-resistant strafnés a result of these
studies, the semisynthetic glycopeptide oritavancin (Figure 1),
a derivative of the glycopeptide chloroeremomycin, was put into
human clinical trialg:>

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* Because this precluded studies on glycopeptide

* Harvard Untoersi dgrivatives containing unnatural sugars, our Iaborétanjj the '
s Harvard Medical échool. Nicolaou group have reported chemical glycosylation strategies
(1) Kahne, D.; Leimkuhler, C.; Lu, W.; Walsh, C. Them. Re. 2005 105, to attach unnatural sugars to the vancomycin aglycon. In 1999,
425-448, we showed that a lipidated vancomycin analogue containing

(2) (a) Cetinkaya, C.; Falk, P.; Mayhall, C. Glin. Microbiol. Rev. 200Q 13,
686—707. (b) Walsh, C. T.; Fisher, S. L.; Park, I. S.; Prahalad, M.; Wu, Z.

Chem. Biol.1996 3, 21—-28. (6) (a) Ge, M.; Thompson, C.; Kahne, D.Am. Chem. So¢998§ 120, 11014~
(3) Fridkin, S. K. et alN. Engl. J. Med2003 348 1342-1347. 11015. (b) Thompson, C.; Ge, M.; Kahne, . Am. Chem. Sod.999
(4) (a) Nagarajan, R.; Schabel, A. A.; Occolowitz, J. L.; Counter, F. T.; Oft, 121, 1237-1244.
J. L.J. Antibiot.1988 41, 1430-1438. (b) Nagarajan, R.; Schabel, A. A,; 7 (a) Nicolaou, K. C.; Mitchell, H. J.; Jain, N. F.; Winssinger, N.; Hughes,
Occolowitz, J. L.; Counter, F. T.; Ott, J. L.; Felty-Duckworth, A. Nl Bando, TAngew Chem., Int. Ed999 38, 240—244 (b) Nlcolaou
Antibiot. 1989 42, 63—72. K C Cho, S. Y.; Hughes, R.; Winssinger, N.; Smethurst, C.; Lablschlnskl
(5) Allen, N. E.; Nicas, T. I[FEMS Microbiol. Re. 2003 26, 511-532. H.; Endermann, RChem.—Eur. J. 2001, 7, 3798—3823.
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daunosamine was more active against some resistant bacteriajlycopeptide analogues rapid£916 We wanted to know
strains than the corresponding vancosamine derivatiVe.also whether the relaxed substrate selectivity of GtfE was typical of
suggested that glycopeptide derivatives, such as oritavancin,the class because, then, the use of these glycosyltransferases in
possess a second mechanism of action that is different fromcombination with either chemically or enzymatically?-1°
vancomycir which prevents maturation of the bacterial cell synthesized nucleotide diphosphate (NDP) sugar donors would
wall by binding to the terminab-alanylp-alanine moiety of ~ allow the generation of a large number of sugar-modified
peptidoglycan precursors, thereby inhibiting the enzymes in- analogues in a straightforward wé/Accordingly, we decided
volved in the final stages of peptidoglycan synthesis. More t0 compare the donor substrate selectivity of three structurally
recently, we could indeed show that lipidated glycopeptides related glycopeptide glycosyltransferases that attach similar
interfere with peptidoglycan synthesis by direct inhibition of 2-deoxyt-sugars to glucosylated vancomycin aglycons. In the
the major transglycosylasesB$cherichia cofl andS. aureus® biosynthesis of chloroeremomycin, GtfA transferseph.-
These findings provided the impetus for exploring additional Yancosamine to the benzylic hydroxyl of amino acid 7 of the
carbohydrate derivatives to examine the influence of structural Y&ncemycin pseudoaglycoh to produce chloroorienticin B
changes in the lipietdisaccharide portion on antibiotic activity (2).# GHC then transfers €piL-vancosamine to the g!ucose
and on the ability to inhibit the transglycosylase enzymes. Since C-2 hydroxyl of cqmpgund.21 G,th' on the other hand, is part
chemical glycosylation strategies do not enable rapid exploration of the vancomycin biosynthetic cluster and transferean-

of significant numbers of glycopeptide derivatives because of cosamine 1&22 the glucose C-2 hydroxyl of pseudoaglydon
the number of synthetic steps necessame became interested (Figure 2):

in exploring enzvmatic aporoaches to aenerate alvcopentides We report here the first comprehensive in vitro study of
P g y PP 9 glycopep ‘purified glycosyltransferases involved in the biosynthesis of

Recent investigations have shown that some glycosyltrans-jy; cterial secondary metabolites that transfer 2-dessygars.
ferases have a relaxed substrate seIecth%t;uggestmg that ‘The glycopeptide glycosyltransferases GtfC and GtfD show a
these enzymes may be useful for the chemoenzymatic synthesignoderately relaxed substrate selectivity for the glycosylation
of antibiotic analogues containing unnatural carbohydrates. of their natural aglycons, whereas GtfA and, in addition, GtfC
Some of these studies have explored the glycosylation of \yjth vancomycin pseudoaglycoh as acceptor only utilize
unnatural aglycon substrateswhereas other studies focused donors that are closely related to their natural NDP sugar
on variations in the sugar substrate structdréFor example,  substrate. This difference in promiscuity indicates that in order
investigations of GtfE, which transfersglucose to the central to fully exploit the synthetic utility of glycosyltransferases
4-hydroxyphenylglycine of vancomycin aglycon, have shown involved in the biosynthesis of other bioactive natural products,
that this enzyme transfers a range of unnatural deoxy and aminoa detailed analysis of the specific enzymes will be necessary.
sugar derivatives to both the vancomycin and teicoplanin

aglycons, making it possible to prepare a number of different Results

Synthesis of TDP Sugar Donorsln preliminary studies, we
were able to show that GtfD can transfeegiL-vancosamine
instead of its natural substrateyancosamine, to vancomycin
pseudoaglycorl, and that the glucosylated aglycon of the
glycopeptide teicoplanin can also serve as a substrat.
detailed study of the substrate specificity of GtfD, as well as of
GtfA and C, was hampered by the synthetically challenging
access to the requirgi2-deoxy glycosyl thymidine diphosphate
(TDP) donors. We have recently developed a chemical route
to synthesizes-2-deoxy glycosyl phosphates from 2-deoxy
glycosyl chlorides using the phosphate donor tetrabutylammo-
nium dihydrogenphosphaté The glycosyl phosphates are then
converted to the desired TDP sugar donors with thymidine 5
monophosphomorpholidate (TMP morpholidatg)and then

(8) Ge, M.; Chen, Z.; Onishi, H. R.; Kohler, J.; Silver, L. L.; Kerns, R.;
Fukuzawa, S.; Thompson, C.; Kahne, Sciencel999 284 507-511.
(9) Chen, L.; Walker, D.; Sun, B.; Hu, Y.; Walker, S.; Kahne,®oc. Natl.

Acad. Sci. U.S.A2003 100, 5658-5663.

(10) Leimkuhler, C.; Chen, L.; Barrett, D.; Panzone, G.; Sun, B.; Falcone, B.;
Oberthu, M.; Donadio, S.; Walker, S.; Kahne, D. Am. Chem. So2005
127, 3250-3251.

(11) Leimkuhler, C.; Chen, Z.; Kruger, R. G.; ObéithM.; Lu, W.; Walsh, C.
T.; Kahne, D.Tetrahedron: Asymmetr§005 16, 599-603.

(12) For recent reviews, see: (a) Walsh, C.ChemBioChen2002 3, 124—
134. (b) Mendez, C.; Salas, J. Arends Biotech2001, 19, 449-456.

(13) (a) Minami, A.; Uchida, R.; Eguchi, T.; Kakinuma, B. Am. Chem. Soc.
2005 127, 6148-6149. (b) Li, S.-m.; Heide, LCurr. Med. Chem2005
12, 419-427. (c) Freel Meyers, C. L.; ObeithuM.; Heide, L.; Kahne,
D.; Walsh, C. T Biochemistry2004 43, 15022-15036. (d) Eusiguio, A.
E.; Gust, B.; Li, S.-m.; Pelzer, S.; Wohlleben, W.; Chater, K. F.; Heide, L.
Chem. Biol.2004 11, 1561-1572. (e) Rohr, J. et aChem. Biol.2004
11, 547-555. (f) Freel Meyers, C. L.; OberthuM.; Anderson, J. W.;
Kahne, D.; Walsh, C. TBiochemistry2003 42, 4179-4189. (g) Tang,
L.; McDaniel, R.Chem. Biol.2001, 8, 547—555.

(14) For recent examples of syntheses of carbohydrate analogues of bacteriat
secondary metabolites using an in vivo approach, see: (8zP#,; (16) Dong, S. D.; OberthuM.; Losey, H. C.; Anderson, J. W.; Eggert, U. S.;
Lombag F.; Zhu, L.; Gibson, M.; Braa, A. F.; Rohr, J.; Salas, J. A.; Mdez, Peczuh, M. W.; Walsh, C. T.; Kahne, D. Am. Chem. SoQ002 124
C.Chem. Commur2005 1604-1606. (b) Melanon, C. E., Ill; Takahashi, 9064—-9065.
H.; Liu, H.-w. J. Am. Chem. SoQ004 126, 16726-16727. (c) Lombp (17) (a) Wittmann, V.; Wong, C.-H]J. Org. Chem1997, 62, 2144-2147. (b)
F.; Gibson, M.; Greenwell, L.; Bfamg A. F.; Rohr, J.; Salas, J. A.; Mdez, Fang, X.; Gibbs, B. S.; Coward, J. Bioorg. Med. Chem. Lettl995 5,
C. Chem. Biol.2004 11, 1709-1718. (d) Hoffmeister, D.; Diger, G.; 2701-2706. (c) Arlt, M.; Hindsgaul, OJ. Org. Chem1995 60, 14—15.
Ichinose, K.; Rohr, J.; Bechthold, A. Am. Chem. So2003 125, 4678— (18) Syntheses of NDP sugars using multienzyme systems: (a) Chen, H.;
4679. (e) Rodriguez, L.; Aguirrezabalaga, I.; Allende, N.; BraA. F.; Thomas, M. G.; Hubbard, B. K.; Losey, H. C.; Walsh, C. T.; Burkart, M.
Méndez, C.; Salas, J. AChem. Biol.2002 9, 721-729. (f) Borisova, S. D. Proc. Natl. Acad. Sci. U.S.200Q 97, 11942-11947. (b) Amann, S.;
A.; Zhao, L.; Sherman, D. H.; Liu, H.-wOrg. Lett.1999 1, 133-136. Dréger, G.; Rupprath, C.; Kirschning, A.; Elling, Carbohydr. Res2001,
(15) Examples for the chemoenzymatic synthesis of analogues using purified 335 23-32.

glycosyltransferases: (a) Lu, W.; Leimkuhler, C.; Obérthd.; Kahne,
D.; Walsh, C. T.Biochemistry2004 43, 4548-4558. (b) Albermann, C.;
Soriano, A.; Jiang, J.; Volimer, H.; Biggins, J. B.; Barton, W. A.; Lesniak,
J.; Nikolov, D. B.; Thorson, J. SOrg. Lett.2003 5, 933-936. (c) Fu, X.;
Albermann, C.; Jiang, J.; Liao, J.; Zhang, C.; Thorson, J&. Biotechnol.
2003 21, 1467-1469. (d) Losey, H. C.; Jiang, J.; Biggins, J. B.; Obérthu
M.; Ye, X.-Y.; Dong, S. D.; Kahne, D.; Thorson, J. S.; Walsh, CChem.
Biol. 2002 9, 1305-1314. (e) Losey, H. C.; Peczuh, M. W.; Chen, Z,;
Eggert, U. S.; Dong, S. D.; Pelczer, |.; Kahne, D.; Walsh, @ibchemistry
2001, 40, 4745-4755.
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(19) Enzymatic synthesis of NDP sugars using nucleotidyltransferases: (a)
Wong, C.-H.; Halcomb, R. L.; Ichikawa, Y.; Kajimoto, Angew. Chem.,
Int. Ed. Engl.1995 34, 521-546. (b) Jiang, J.; Albermann, C.; Thorson,
J. S.ChemBioChen2003 4, 443-446. (c) Mizanur, R. M.; Zea, C. J.;
Pohl, N. L.J. Am. Chem. So2004 126, 15993-15998.

(20) Yang, J.; Hoffmeister, D.; Liu, L.; Fu, X.; Thorson, J. Bioorg. Med.
Chem.2004 12, 1577-1584.

(21) Lu, W.; Oberttig, M.; Leimkuhler, C.; Tao, J.; Kahne, D.; Walsh, C. T.
Proc. Natl. Acad. Sci. U.S.2004 101, 4390-4395.

(22) Oberthin, M.; Leimkuhler, C.; Kahne, DOrg. Lett.2004 6, 2873-2876.
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Figure 2. Action of the glycosyltransferases GtfA, GtfC, and GtfD involved in the biosynthesis of glycopeptide antibiotics.

Scheme 1. Synthetic Strategy toward TDP -2-Deoxy Sugars
Cl BuyNH,PO,

11

P-

/r*oj . /r*ogo* \ OH

R/ ) R/ ) OH
2-deoxy 2-deoxy

1. TDP BuyN salt 1. TMP morpholidate
2. HPLC separation 2. HPLC separation
o

3. deprotection 3. deprotection

| NH
0 o L L
oot o 0
R OH OH
2-deoxy w
HO
%,—/

TDP

deprotected (Scheme 23In a shorter approach, the 2-deoxy
glycosyl chlorides can be coupled directly with the tetrabuty-
lammonium salt of TDP7¢ Although the stereoselectivities

obtained are lower for the shorter route, it is still possible to

obtain sufficient amounts of the desirgeisomer 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 substrate
(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-20 °C

without decomposition for a prolonged period of time (weeks
to months). The set of TDP 2-deoxy sugars included the natural

substrates (TDP.-vancosamine 3) and TDP 4epiL-van-

cosamine 4)) and the corresponding 3-desmethyl derivatives

(TDP L-daunosamined) and TDPL-acosamine)). In addition,

(23) So far, there have been no reports regarding nucleotidyltransferases that;

acceptp-configured 2-deoxy-glycosyl phosphates as substrates.

S

we changed the location of the amino group to position C-4
(TDP 4-amino-2-deoxy-fucose {) and TDP 4-amino-2-deoxy-
L-rhamnose §)), exchanged the amino for a hydroxy group
(TDP 2-deoxyL-fucose 0) and TDP 2-deoxy-rhamnoseX0)),
added a 6-hydroxy group (TDP 2-deoxyglucose 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-
glycon1 (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 botepivancosaminyl transferases GtfA and C
were able to transfer-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) and.-vancosamine,L-
daunosamine, and 2-deoxyrhamnose (GtfC) were transferred,
albeit in trace quantities.

For the glycosylation of vancomycin pseudoaglydoitfD
showed the most relaxed substrate specificity. Besides its natural
substrate, L-vancosamine, it also transferred eft+L-van-
cosaminel.-daunosamine, andacosamine with good turnover,
that is, both the removal of the C-3-methyl group and the
inversion of stereochemistry at C-4 were tolerated (entrie$)2
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§ which contains theepivancosamine
sugar already attached to the benzylic position. To determine
if GtfC shows a broader donor substrate selectivity when its

J. AM. CHEM. SOC. = VOL. 127, NO. 30, 2005 10749
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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

0@3;1

TDP sugars
3-12

thC or

. A ° "
HN_ H o H o} HN H A O H o]
HO. 0. o}
0 ¢S lon g E’?&OH NH;
HO— OH HO— OH
Table 1. Results of the Transfers Using TDP Sugars 3—122
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 ket < 0.01 mim%; (—): no transfer observed by HPLC.
natural aglycon is used, we prepared quantities of chloro-
orienticin B ) by a large-scale transfer ofepi-L-vancosamine
to aglyconl using GtfA. The transfers to chloroorienticin B

L-vancosamine (2.3 mid, entry 2). The overall catalytic
efficiency, however, decreases only about 2-fold for the un-
natural substrate because of substantially lowgr for L-
acosamine (38 versus 218V). The only other TDP sugar
accepted by GtfA, 2-deoxy-glucose, was transferred in trace
guantities with ak.a: < 0.001 mirr? (entry 6).

Using the unnatural substrate vancomycin aglytas the
acceptor substrate, GtfC transferred its natural substrapi- 4-
L-vancosamine, with & of 9.7 mirr? (entry 2). Removal of
the 3-C-methyl group in the sugar donor (TDRcosaminef))
led to a 1000-fold decrease of tkg;value (<0.01 mirr?, entry
4), and thekg, values for other substrates for which transfer
was observed (TDP sugaBs5, 10, and11) were even lower
(<0.001 mirr, entries 1, 3, 57).GtfC shows a dramatically
higher catalytic efficiency for its natural aglycon substrate,
chloroorienticin B R). This is reflected in th&, value (4uM)
for this aglycon, which is more than 200-fold lower than that
for vancomycin pseudoaglycdnKm, = 923uM). GtfC transfers
its natural substrate, dpi-L-vancosamine, to aglycahwith a
Keat Of 41 mint and aK, of 199uM (entry 2). The removal of
the 3-C-methyl group in the sugar substrate (TiIB&cosamine
(6)) is well tolerated and actually leads to an increase of catalytic
efficiency because the 3-fold reduction kef; is compensated
by the lowerK, value for this NDP sugar (entry 4).

A change of stereochemistry at C-4 (TDRancosamine3)
and TDPL-daunosamines)), on the other hand, leads to a larger
decrease ok.y (ca. 100-fold) and overall catalytic efficiency
(entries 1 and 3). In addition, other TDP substrates, such as
TDP 2-deoxyt-rhamnose 10), TDP 2-deoxye-glucose 11),
and TDP L-ristosamine 12), were also transferred with a
comparable decrease of the turnover rate (entri€g)5

In contrast to GtfC, the vancosaminyl transferase GtfD
transfers the TDP sugars with differing stereochemistry at C-4,
TDPL-vancosamined) and TDP 4epkL-vancosamined), with
almost the samé&, (128 and 135 min?, respectively, entries
1 and 2) and with a 6-fold increase &%, for the unnatural
substrated (38 versus 232M). For this enzyme, however, the
removal of the C-3 methyl group has a more pronounced effect
on kear (500- and 50-fold decrease fardaunosamine and

(2) revealed that, in this case, GtfC shows a substrate specificity L.-acosamine, respectively, entries 3 and 4), whereas almost the
similar to that of GtfD (Table 1). The enzyme accepted a range sameK, values are observed. The transfers that were detected

of structural changes to its natural substrategp#t-van-

by HPLC for the TDP sugark0—12 occurred with &g, <0.001

cosamine, for example, removal of the C-3-Me, the presence min~! (entries 5-7).

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 TransfersTo
compare the efficiency of the different enzymes to transfer both

Discussion

In recent years, there has been an increasing interest in the
development of novel glycopeptide antibiotics due to the

their natural and non-natural TDP substrates, we undertook aemergence of resistance to vancomycin. Research showed that

kinetic characterization of the robust transfers.
GtfA transfers_-acosamine (entry 4) withka,;of 0.18 mirr?,
about 10-fold slower than that of the natural substratepié-

10750 J. AM. CHEM. SOC. = VOL. 127, NO. 30, 2005

changes in the carbohydrate portion of lipid-containing vanco-
mycin derivatives can have a significant effect on activity against
both glycopeptide sensitive and resistant bacteéhahich makes
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Scheme 3. Synthesis of Chloroorienticin B (2) and Glycosylation with GtfC
OH
HO RDL;'._E.\'HO
Ho-].O OH 0—].o OH
NH, o NH, o
Hom o. HO 1o o. o. Cl
N 0, Cl Q Cl 0l
Vancomycin GtfA g GHC o] B
pseudoaglycon —4"' Oﬁn N \%N \FL 3.12 0, -NA-..,H N H N .ﬁ,,
1 udN HA o gx H i uN H oM H
E’Qou 0 ¢ %10y NHz
HO— OH HO™= OH
Chlorocrienticin B (2)
Table 2. Kinetic Data for the Successful Transfers?
GtfA GtfC GtfC GtiD
entry TDP sugar (aglycon 1) (aglycon 1) (aglycon 2) (aglycon 1)
1 3 - keat < 0.001 keat= 0.6 Keat = 128
Km=31 Km =38
kealKm = 0.02 KealKm = 3.4
2 4 Keat = 2.3 Keat= 9.7 Keat = 41 Keat= 135
Km= 218 Km =199 Km =232
KeaKm = 0.01 Kea/Km = 0.21 KealKm = 0.58
3 5 - keat < 0.001 keat=0.24 Keat=0.28
Km =88 Km =43
KealKm =3 x 1073 kealKm = 0.007
4 6 kcatz 0.18 kca( <0.01 kceu: 14 kca[: 2.4
Km =38 Km=15 Km = 36
KealKm =5 x 108 kealKm = 0.9 KealKm = 0.07
5 10 - keat < 0.001 keat= 0.5 keat < 0.001
Km=34
keal Km=0.01
6 11 keat < 0.001 keat < 0.001 Keat= 0.04 keat < 0.001
Km =90
KeafKm =4 x 1074
7 12 — - keat=0.25 keat < 0.001
Km = 100

KealKm =2 x 1073

a The kinetic data for the transfers of the natural substrate pairs are shown irkkglohin=], Km [uM], KealKm [¢M~2min~1]. (=): no transfer (see
Table 1).

an efficient synthetic access to such derivatives crucial for the cin (vancomycin carrying £prL-vancosamine instead af
development of analogues with even better activity. vancosamine), with catalytic turnovetg4 < 0.05 mirr?) that

A chemoenzymatic approach could enable the rapid genera-are too slow to be synthetically usefdlOur results from the
tion of a large number of novel glycopeptides that contain present study demonstrate that GtfC also shows a significant
changes in the carbohydrate portion, and the glycosyltransferasedecrease in its ability to transferepiL-vancosamine to the
GtfE has shown promise in this regdfd-¢ To determine unnatural acceptor, vancomycin pseudoaglytortompared to
whether promiscuity is a general quality of glycosyltransferases the natural substrate, aglyc@ More importantly, GtfC was
involved in the biosynthesis of glycopeptide antibiotics, we also considerably less promiscuous toward unnatural sugar
undertook the first systematic evaluation of the synthetic utility substrates in the transfers to aglychrwhich limits the use of
of three glycopeptide glycosyltransferases, GtfA, GtfC, and GtfC as a tool for the chemoenzymatic synthesis of glycopeptide
GtfD, which transfer similar 2-deoxy-sugars (4epkL-van- analogues.
cosamine or-vancosamine, respectively, see Figure 2). GtfD, on the other hand, is more promising in this context

Our results for the transfers of a variety of TDP substrate because of its ability to transfer 2-deoxy sugars, such as
analogue® to the natural aglycon acceptors show that the three L-vancosamine, #piL-vancosamine, and-daunosamine, to
enzymes differ markedly with respect to their promiscuity vancomycin pseudoaglycons with modifications in the glucose
toward these substrates. Whereas GtfA accepted only one otheportiont*and to different teicoplanin aglyco%:1624The latter
TDP sugar besides its natural substrate, both GtfC and GtfD observation is especially significant because the chemical
are comparably promiscuous and were able to transfer a numbeglycosylation approach is so far limited to the vancomycin
of 2-deoxy sugar analogues of the natural substratepi system.
vancosamine and-vancosamine, respectively. Finally, it is interesting to note that the differences in substrate

For GtfA and GtfC, the substrate specificity can change specificities described above for the three enzymes correlate
substantially when unnatural acceptor substrates were glyco-with their turnover rates for their natural substrate pairs, that
sylated, which reduces the synthetic utility of these enzymes. is, the faster enzymes, GtfC and GtfD, also proved to be the
We have reported earlier that GtfA transfers even its natural most promiscuous ones. This result is in agreement with our
sugar substrate dpiL-vancosamine to two alternate substrates,
the fully deglycosylated vancomycin aglycon and epivancomy-

(24) Kruger, R.; Lu, W.; OberthuM.; Tao, J.; Kahne, D.; Walsh, C. Them.
Biol. 2005 12, 121—-130.
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earlier results regarding the promiscuity of the two glucosyl- previously describe#. The synthesis of TDP suga¥s 8, and10—12
transferases involved in the biosynthesis of chloroeremomycin is described in the Supporting Information.

and vancomycin, in which case the faster GtfE showed also Chemoenzymatic Synthesis of Chloroorienticin B (2)Vancomycin
the more relaxed substrate specificity compared to that of the Pseudoaglyconl, obtained from vancomycin by acid degradation
slower GtfB15¢elf this holds true for other glycosyltransferases ~ (trifluoroacetic acid/HO 9:1, room temperature, 8 h) and HPLC
involved in the biosynthesis of bacterial secondary metabolites, purification, was enzymatically glycosylated with TDPegrL-van-
this result might aid the search for other synthetically useful cosamine 4) using the chioroeremomycin biosynthetic glycosyltrans-

ferase GtfA to yield the doubly glycosylated chloroorienticin 3.3
enzymes because, then, the turnover rate for the natural €lonor 1.4 reaction conditions were as follows: 75 mM Tris (pH7.0), 8

acceptor pair could serve as an indicator for enzyme promiscuity. jym mgcl,, 2.5 mM TCEP, 1 mg/mL BSA, 10% (v/iv) DMSO, 500
Conclusion uM TDP 4-eptL-vancosamined), 500uM vancomycin pseudoaglycon
1, 5 uM GtfA. The reaction was monitored by HPLC, and additional

This first systematic study of a subgroup of glycosyltrans- aliquots of GtfA were added twice daily until the reaction proceeded
ferases that transfer 2-deoxysugars to natural product aglycons to 50% completion (up to 3 days). Glycopeptidevas purified by
shows that these enzymes can differ rather dramatically in termspreparative HPLC (Vydac fgcolumn, 6-30% acetonitrile, 0.1% TFA
of their substrate specificity. The rather high promiscuity of in 25 min) and was verified by LCMS.
enzymes studied earlier, for example, GtfE, does not seem to Kinetic Analysis of GtfA, GtfC, and GtfD. The glycosyltrans-
be a general quality of glycosyltransferases per se. It follows ferasgs GtfA, GtfC, and GtfD were expressed e_m_d purifi_ed as previously
that to further expand the repertoire of synthetically useful descrlbe_d?eﬂThe enzymes were tested for activity against TDP sugars
glycosyltransferases, a detailed study of other enzymes will be 3-12 using a previously reported HPLC-based as§&jn GtfA and

. GtfD assays, vancomycin pseudoaglydomas used as the glycopeptide
necessary. The set of TDP 2-deaxgugar analogues obtained acceptor scaffold, while chloroorienticin B)(was used in GtfC assays

through chemical synthesis, however, will facilitate the screening 4 e have previously shown that chioroorienticin B is the preferred
of such glycosyltransferases. substrate for GtfC! Kinetic parameters for GtfA using sugar TDP
For the generation of vancomycin analogues carrying un- 4-epiL-vancosamine4) have been previously reportdtand the same
natural sugars, GtfD is the most promising enzyme and can bemethodology was used to generate kinetic parameters for sugars that
used to attach 2-deoxy sugars that are structurally related todemonstrated suitable activity.
the natural sugar substrateszancosamine, for example,epi .
L-vancosaming,-daunosamine, andacos:amine. Wg a'ripcur- Acknowledgment. This work was supported by NIH Grant
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modifications in the carbohydrate portion on biological activity. 33 and 13e: experimental procedures and compound character-

Experimental Section ization for the synthesis TDP sugars 8, and 10—-12. This
material is available free of charge via the Internet at

Synthesis of TDP Sugars 312. TDP j-L-vancosamine3), TDP http://pubs.acs.org

4-epif-L-vancosamine 4), TDP f(-L-daunosamine 5), TDP fS-L-
acosamine®), and TDP 2-deoxy-L-fucose @) were synthesized as  JA052945S
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