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Herein we highlight a method for assessing a carbohydrate
polymerase’s sequence speciﬁcity. Using the polymerase GlfT2,
we demonstrate the application of synthetic ﬂuorosugar
derivatives to probe polymerase ﬁdelity.
Carbohydrate polymerization is integral to Mycobacterium
tuberculosis (M. tb) cell wall biosynthesis. The cell wall contains
a chain of 20−40 galactofuranose (Galf) residues termed the
galactan, which is assembled largely through the polymerizing
activity of the galactofuranosyltransferase GlfT2. GlfT2 acts on
acceptor substrates bearing non-reducing Galf residues and
elaborates them using the donor sugar UDP-Galf (1, Figure 1).

ABSTRACT: Naturally occurring carbohydrate polymers
are ubiquitous. They are assembled by polymerizing
glycosyltransferases, which can generate polysaccharide
products with repeating sequence patterns. The ﬁdelity of
enzymes of this class is unknown. We report a method for
testing the ﬁdelity of carbohydrate polymerase pattern
deposition: we synthesized ﬂuorosugar donors and used
them as chain termination agents. The requisite nucleotide
ﬂuorosugars could be produced from a single intermediate
using the Jacobsen catalyst in a kinetically controlled
separation of diastereomers. The resulting ﬂuorosugar
donors were used by the galactofuranosyltransferase GlfT2
from Mycobacterium tuberculosis, and the data indicate that
this enzyme mediates the cell wall galactan production
through a sequence-speciﬁc polymerization.

P

olysaccharides exhibit great structural diversity. They vary
in length, from the thousands of monosaccharide units
found in cellulose1 and glycosaminoglycans2 to the hundreds
found in bacterial lipopolysaccharide chains3 to smaller
oligomers only tens of residues long.4 Frequently, these
polysaccharides are constructed from more than one type of
monosaccharide building block, alternating between two or
more sugars in a repeating pattern. Examples of the alternating
pattern are numerous. Hyaluronan, for instance, is a polymer
found in synovial ﬂuid containing alternating D-glucuronic acid
and D-N-acetylglucosamine (GlcNAc) residues.2 The bacterial
peptidoglycan alternates between GlcNAc and N-acetylmuramic acid residues,5 and repeating motifs are also a hallmark of
bacterial O-antigen structure.3,6 Agarose, the primary component of agar, is a polymer that alternates between D- and Lgalactopyranose derivatives.7 Additionally, some polymer
sequences alternate not by the identity of the monosaccharides,
but rather in the regiochemical linkages between identical
monosaccharides. For example, the Escherichia coli K92 capsular
polysaccharide consists of alternating NeuAc-α-(2,8)-NeuAc-α(2,9) sialic acid residues.8 That such a diverse array of linkage
patterns are manifest in Nature is remarkable when one
considers that carbohydrate polymerization is a templateindependent process. The increasing reports of bifunctional
glycosyltransferase activity, often in systems of medical
importance,9 demand renewed attention to the regulation of
pattern deposition.10 Moreover, while polysaccharides containing alternating repeats are pervasive, the ﬁdelity of the
carbohydrate polymerases that generate them is not known.
© 2012 American Chemical Society

Figure 1. (Left) Polymerase GlfT2 transfers the donor nucleotide
sugar UDP-Galf (1) to synthetic acceptor substrates to generate
galactan. An alternating Galf-β-(1,5)-Galf-β-(1,6) pattern is generated.
(Right) Donors 2 and 3, bearing F atoms in place of key hydroxyl
groups, can be used as chain termination agents to determine the
ﬁdelity of pattern generation for carbohydrate polymerases such as
GlfT2.

A pattern is generated wherein adjacent galactose monomers
are linked with alternating β-(1,5) and β-(1,6) regiochemistry.9−12 The Lowary group has provided evidence that GlfT2
generates regioisomeric linkages, but no direct scrutiny of
linkage ﬁdelity has been performed.12 We reasoned that this
system could serve as a model for studying pattern generation
in carbohydrate polymerases.
Our plan was to employ ﬂuorinated UDP-galactofuranose
analogues. Historically, ﬂuorosugar analogues have served as
versatile probes of glycosyltransferase mechanism. The
substitution of ﬂuorine in place of a hydroxyl group has several
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advantages. The electronegativity of ﬂuorine preserves the
conformational preference of carbohydrates, because it favors
gauche interactions. Speciﬁcally, modeling and spectroscopy of
2-ﬂuoroethanol and ethylene glycol demonstrate that the
conformation and even the hydroxyl proton orientation are
identical.13,14 This observation suggests that inductive eﬀects
on pKa and nucleophilicity can be approximated by ﬂuorine
substitution.15 Sterically, ﬂuorine’s size would be easily
accommodated. The location of the ﬂuorine on the sugar, in
turn, can have a dramatic impact on the glycosyltransferase
activity. For instance, the oxocarbenium transition states of
glycosylation reactions of ﬂuorosugar donors with substitution
at C2 are destabilized; therefore, ﬂuorosugars can be used as
competitive inhibitors.16 Metabolic precursors of ﬂuorosugars
can block glycan formation by disrupting nucleotide sugar
biosynthesis.17,18
We envisioned that ﬂuorosugars could serve in another
capacity. Speciﬁcally, we postulated that a glycosyl donor
bearing ﬂuorine at a site distal to the anomeric center should
act as a substrate for carbohydrate polymerases and incorporate
the ﬂuorinated sugar into a growing chain. For an enzyme like
GlfT2 that generates a carbohydrate sequence pattern, a F atom
positioned at the next glycosylation site would raise two
possibilities: The remaining (unsubstituted) hydroxyl group
could be glycosylated to generate a new glycosidic linkage with
the “wrong” regiochemistry, or the complex could dissociate,
terminating polymerization. Thus, the site of polymer
termination can be used as a measure of the enzyme’s ﬁdelity.
The observation of long chains bearing consecutive β-(1,6) or
β-(1,5) linkages would reveal GlfT2 to have low sequence
speciﬁcity. In contrast, the observation of abruptly terminated
galactan fragments would reveal GlfT2 to be highly sequencespeciﬁc.
To determine the ﬁdelity of GlfT2, we required access to 6ﬂuoro and 5-ﬂuoro Galf donors 2 and 3 (Figure 1). The
reported syntheses of Galf derivatives lack the ﬂexibility we
needed.19,20 Routes to compound 2 are not divergent, are lowyielding, and exhibit little selectivity for forming the biologically
active α anomer.19 A chemoenzymatic synthesis has been
described that aﬀords moderate yields.21,22 With regard to the
synthesis of ﬂuorosugar 3, we could ﬁnd no reported routes.
We sought to devise an eﬃcient and stereoselective chemical
synthesis of Galf derivatives in which ﬂuoro groups at either C5
or C6 would be installed through a common intermediate (4,
Figure 2).
Our desire to install ﬂuoride at particular positions within the
saccharide is the kind of challenge often encountered in
carbohydrate synthesis: It is diﬃcult to operate selectively on
speciﬁc hydroxyl groups within a saccharide. One can
diﬀerentiate the primary C6 hydroxyl group by its steric
environment and the C1 position by its oxidation state, but the
secondary C5 hydroxyl group has no obvious features that
distinguish it from hydroxyl groups at the C2 or C3 positions.
Approaches to dial in stereodeﬁned functionality at these
internal positions involve either de novo synthesis23 or strategic
combination of the reactivity of two positions.24,25 We
envisioned that a vinyl group precursor could lead to successful
diﬀerentiation of C5: the C2 and C3 positions could be
protected, while oxidation of the C5 and C6 positions would
result in intermediates wherein we could exploit steric
diﬀerences. The vinyl furanose precursor needed to test this
strategy could be readily accessed. Speciﬁcally, commercially
available α-D-methylgalactopyranoside could be converted to

Figure 2. (Top) Fluorosugars 2 and 3 can be accessed from a
common intermediate, vinyl furanose 4. (Bottom) Kinetically
controlled separation of epoxide diastereomers can be used as a
synthetic divergence point and as a method to isolate stereodeﬁned
isomers 8 and 9 en route to the synthetic targets,

iodosugar 5 in four steps (Supporting Information, Scheme S1)
using a strategy developed for methyl-D-mannopyranoside.26
Treatment of iodosugar 5 with n-butyllithium generated a
mixture of vinyl furanose anomers, and the predominant βmethylglycoside 6 can be isolated upon puriﬁcation.
Direct, regioselective, diastereoselective hydroxyﬂuorination
of alkenes remains at the synthetic frontier.27 Addition
reactions of this type, which are neither regio- nor stereoselective, produce complex mixtures of isomers that are often
diﬃcult to separate. Diastereoselective reactions such as
dihydroxylation or epoxidation of unactivated, monosubstituted
oleﬁns are challenging to optimize. Furthermore, because
nucleophilic ﬂuorination virtually always involves inversion of
stereochemistry, both C5 epimers are required to access 2 and
3. To circumvent the necessity to develop two reactions with
diﬀerent diastereoselectivities, we surmised that an advantageous solution would be to use a kinetically controlled
separation of diastereomers inspired by Jacobsen’s hydrolytic
kinetic resolution.28 In this scenario, an epoxide and its ringopened counterpart would each be stereodeﬁned intermediates
for the synthesis of targets 2 and 3, respectively. This strategy
was successful. Epoxidation of 6 gave a 1:1 diastereomeric
mixture of epoxy sugars 7. Separation using Jacobsen’s
cobalt(III) salen complex (10 mol%) allowed nearly
quantitative isolation of the epoxy-D-galactose 8 and the Laltrofuranose diol 9. This strategy provided a point of
divergence and addressed the regio- and stereochemical
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Figure 3. Fluorosugar donors disrupt the alternating linkage pattern and terminate polymerization. (A) GlfT2 can elongate acceptor 12 by one
residue when donor 2 is supplied (top), or by two residues when donor 3 is used (bottom). (B) MALDI-TOF traces show that chain termination is a
result of pattern disruption.

When UDP-Galf was replaced with 2, however, a distinct
termination of polymerization was observed in which the
enzyme added a single ﬂuorinated residue to the acceptor
(Figure 3B, top). An abrupt termination of polymerization
occurred just prior to construction of a “mistaken” linkage.
The failure of the ﬂuoroadduct 13 to be elongated eﬀectively
could have been driven by GlfT2’s reticence to deviate from the
alternating pattern or by its inability to act on a ﬂuorinated
acceptor. Fluorine is smaller than a hydroxyl group and it is less
polareither of these qualities might contribute to the
enzyme’s proclivity to add a single residue to aﬀord 13. We
therefore carried out an analogous elongation experiment with
5-ﬂuoro donor 3. Incubation of GlfT2 with donor 3 resulted in
the appearance of a +2 product (Figure 3B, bottom). This
result indicates that the intermediate +1 ﬂuorinated substrate
can be elongated so long as the alternating pattern is not
dirupted. The use of ﬂuorinated donors provides GlfT2 with an
optimal setting for elongation of a pattern-disrupted galactan.
Still, residual product peaks corresponding to the ﬁrst “mistake”
can be observed only in trace amounts for each experiment.
The results reveal that this enzyme, known to be notoriously
promiscuous with respect to acceptor speciﬁcity, is remarkably
chaste with regard to sequence speciﬁcity. Longer products
were not observed in either case (Figure S6).34 In both
experiments, chain termination occurred just prior to the
generation of a mistaken linkage, suggesting that the pattern of
alternating β-(1,5) and β-(1,6) glycosidic bonds is essential to
galactan biosynthesis. These results demonstrate that GlfT2
possesses a high degree of sequence speciﬁcity, and,
consequently, its bifunctional catalytic activities are interdependent for eﬀective galactan polymerization.
Precise regulation in the assembly of glycan sequence
suggests a conserved and advantageous physiological role for
galactan. Cell wall biosynthesis is indeed critical for M. tb
viability. Two ﬁrst-line antibiotics, isoniazid and ethambutol,
are known to disrupt the mycolic acid and arabinan elements,
respectively.35 Genetic knockout studies show that GlfT2 and
UGM, the latter of which generates UDP-Galf, are lethal to the
organism,36 and small molecules that bind UGM inhibit

challenges in a single transformation. Converting the products
to ﬂuorinated methylgalactofuranosides 10 and 11 was
straightforward. The epoxide was regioselectively opened with
hydroﬂuoric acid−triethylamine complex. Subsequent protecting group removal aﬀorded a 6F-Galf derivative. Alternatively,
the diol was subjected to a three-step sequence to provide 5FGalf 11. When the 1H NMR spectrum of benzoylated 11 was
compared to that of the analogous 2,3,6-tri-O-benzoyl-β-Dmethyl Galf, identical H4−H5 coupling constants were observed
(Figure S2). These results indicate that ﬂuorination took place
with inversion at the C5 stereocenter to generate 5-deoxy-5ﬂuoro-Galf (5F-Galf) methylglycoside. Installation of UDP was
then performed to generate target ﬂuorinated substrates 2 and
3 (Schemes S3 and S4).29−31
Fluorosugar donors in hand, we sought to test their activity
as chain termination agents of GlfT2-catalyzed polymerization.
Because GlfT2 is a bifunctional glycosyltransferase, we
hypothesize that incorporation of a 5- or 6-ﬂuorinated Galf
residue into a polymerizing chain would block further
propagation of the alternating pattern. If the enzyme generates
only the alternating pattern (i.e., is sequence-speciﬁc), chain
termination should occur when a F atom is positioned to
disrupt the required linkage. If the enzyme cannot err,
incubation of GlfT2 with acceptor 12 and 6-ﬂuoro donor 2
should result in the product of chain termination after one 6FGalf residue is added (13, Figure 3A, top). Likewise, incubation
with acceptor 12 and 5-ﬂuoro donor 3 should result in chain
termination after two 5F-Galf residues are added, generating
truncated chain 14 (Figure 3A, bottom). Taken together, the
pair of experimental outcomes indicates that chain termination
can serve as a measure of GlfT2 sequence ﬁdelity.
GlfT2-catalyzed polymerization was evaluated using an in
vitro assay.32 Recombinant His6-GlfT2 from M. tb was mixed at
room temperature with synthetic hexasaccharide33 acceptor 12
and a sugar nucleotide donor. After 20 h, the products were
analyzed by matrix-assisted laser desorption/ionization time-ofﬂight (MALDI-TOF) mass spectrometry. When GlfT2 was
exposed to 12 and the natural donor 1, the expected
distribution of polymeric products was observed (Figure S5).
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growth.37 The dependence of GlfT2 on constructing alternating
linkages suggests that chain termination agents could serve as
antibiotics.
The strategy we describe evokes the work of Frederick
Sanger,38 in which chain-terminating nucleosides are used to
rapidly and accurately sequence nucleic acid polymers. Here,
the concept is re-imagined to gain insight into another class of
biopolymer: the polysaccharide. In the case of polysaccharides,
the inﬂuence of electronic eﬀects on the conformation and the
acidity of the glycosyl acceptor prompted us to employ
ﬂuorosugars rather than deoxysugars.39 The eﬀectiveness of this
approach is illustrated by the ability of GlfT2 to use either
compound 2 or 3 to incorporate ﬂuorosugars into the
carbohydrate polymer. Chain termination occurred only when
GlfT2 was challenged to deviate from the alternating pattern of
regioisomers. The high ﬁdelity of GlfT2 is especially intriguing
given recent evidence indicating that the polymerase has but a
single active site.9
The synthetic strategy used to generate ﬂuorosugars 2 and 3,
which converts both products of a kinetic diastereoselective
hydrolysis to useful substrates, should be applicable to the
assembly of other ﬂuorinated carbohydrates. We anticipate that
ﬂuorosugars will serve as valuable probes of repeating motif
speciﬁcity in other carbohydrate polymerases. In addition,
ﬂuorine is a useful probe in NMR, so the ability to
enzymatically incorporate ﬂuorinated sugars can facilitate the
characterization of polysaccharide structure. Finally, we suggest
that ﬂuorosugar donors may be used to generate novel
ﬂuorinated carbohydrate-based materials.40
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