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Abstract. Galactofuranose-containing glycoconjugates
are present in numerous microbes, many of which are
pathogenic for humans. Metabolic aspects of the mono-
saccharide have proven difficult to elucidate, because
galactofuranose metabolites and glycoconjugates are rel-
atively unstable during analyses. Recent advances in bio-
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chemical and genetic approaches, however, have facili-
tated a better understanding of galactofuranose metabo-
lism. This review summarizes our current information on
its metabolism and a few selected glycoconjugates con-
taining this furanose.
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Introduction

Pathogenic microorganisms have been targeted by effec-
tive antimicrobial therapies for decades, yet despite the
presence of an impressive array of antibiotics [1], in re-
cent years the search for new antimicrobial therapies has
become increasingly important. Of great concern is the
surge in antibiotic resistance among many important hu-
man pathogens [1, 2]. One notable example is that of My-
cobacterium tuberculosis, which despite several decades
of successful chemotherapeutic treatment has reemerged
through multidrug resistance to once again become one
of the leading causes of death, with an annual mortality
rate of approximately 3 million [3]. In addition, certain
other devastating diseases still lack effective treatments
or vaccines. Leishmaniasis, caused by the sand fly-medi-
ated transmission of various species of the protozoan par-
asite Leishmania, is a major health threat worldwide, with
an estimated 12 million cases, and approximately 350
million people at risk in 88 countries [4]. Traditionally,
the standard leishmaniasis treatment has consisted of po-
tentially dangerous, difficult-to-administer antimony-
based compounds, with alternative treatments posing
similar difficulties of toxicity and effectiveness [5]. In ad-
dition, unresponsiveness to pentavalent antimonial com-
pounds is a rising concern in endemic areas [6]. These is-
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sues collectively reinforce the critical need for new ratio-
nal approaches to antimicrobial drug design.
The search for molecules unique to pathogenic microor-
ganisms has led to one potential chemotherapeutic target,
the sugar galactofuranose (Galf). In the pyranoic config-
uration, galactose is abundant in mammalian glycoconju-
gates. A conformational alteration in galactopyranose
(Galp) yields Galf (fig. 1), which is much less abundant,
having only been reported in microorganisms, such as
bacteria, protozoa and fungi [7]. Importantly, Galf has
been shown to be present in numerous structures consid-
ered to be essential for virulence in many pathogenic or-
ganisms. These include the lipopolysaccharide (LPS) O-
antigen of an increasing number of Gram-negative bacte-
ria, [8–13]; the T1-antigen polysaccharide of Salmonella
spp. [14] and extracellular or capsular polysaccharides of
a variety of both Gram-positive and Gram-negative bac-
teria [15–19]. In addition, Galf is a critical and abundant
component of the arabinogalactan of Mycobacterium spp.
[20]. Furthermore, Galf has been shown to be present in
surface glycoconjugate structures that are believed to
play important roles in the pathogenesis of some proto-
zoan parasites, such as the lipopeptidophosphoglycan
(LPPG), glycoinositolphospholipids (GIPLs), and certain
mucins of Trypanosoma cruzi [7, 21, 22], and the
lipophosphoglycan (LPG) of Leishmania spp. [23–25].
Galf is also a component of a variety of fungal cell surface
glycoconjugates and glycans [26–31]. Importantly, Galf
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has not been reported to exist in mammals; rather, Galf-
containing epitopes have been shown to be highly anti-
genic [21, 31, 32]. Thus, the metabolism of Galf has be-
come a very attractive candidate as a target for new an-
timicrobial drugs.

Galf metabolism

The pathway of Galf metabolism has long been a difficult
area to unravel due to the instability of Galf itself and a
lack of effective and appropriate molecular tools. The
uniqueness of Galf as a component of important surface
glycoconjugates of human pathogens, however, has in re-
cent years led to a renewed interest in its metabolism.
UDP-Galf derived from UDP-Galp was shown some time
ago to be the source of Galf within bacterial LPS [14, 33,
34], and more recently within Leishmania donovani LPG
[35] and Mycobacterium smegmatis arabinogalactan
[36]. UDP-Galp is converted to UDP-Galf by UDP-Galp
mutase, an enzyme which in recent years has been iso-
lated and its activity directly demonstrated in several mi-
croorganisms that synthesize important Galf-containing
surface glycoconjugates, including Escherichia coli [37],
Mycobacteria [36] and Klebsiella [38]. Galf is then trans-
ferred from UDP-Galf [14, 33] to the respective glyco-
conjugate molecules by specific galactofuranosyl trans-
ferases, as shown in figure 1 [39–41].

Target potential of Galf metabolism

For any microorganism, the likelihood that Galf metabo-
lism will be effectively targeted can be partially assessed
based on whether the Galf-containing surface glycocon-
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jugates of that organism are essential for the viability or
pathogenicity of the organism. LPS, which contains Galf
(fig. 2A), is well known as an important virulence factor
for many Gram-negative bacterial species, playing an im-
portant role in protection from destruction by the mam-
malian immune system [42], and is a key mediator of sep-
tic shock [43]. The cell wall of mycobacteria is essential
for viability [40, 44]. Mycobacterial arabinogalactan, a
polysaccharide largely comprised of Galf, covalently
links the highly impermeable mycolic acid outer layer of
the mycobacterial cell wall with the inner layer of pepti-
doglycan [20, 45–48] (fig. 2D). The metabolism of ara-
binan, which is directly linked to the Galf component of
arabinogalactan, is the target of the proven antituberculo-
sis drug ethambutanol [44, 49], illustrating the effective-
ness of targeting mycobacterial cell wall metabolism. In
Leishmania, LPG (fig. 2C) is the most abundant surface
glycoconjugate on the promastigote stage of the parasite,
and in vitro data have suggested that LPG may play im-
portant roles within the mammalian host and the sand fly
vector [50–57]. The fact that Leishmania expresses nu-
merous other glycoconjugates, such as GIPLs, pro-
teophosphoglycans (PPGs) and secreted acid phos-
phatase (sAP) [58], all of which share molecular domains
with LPG, however, has made the conclusive demonstra-
tion of the roles of LPG in the mammalian infection
process difficult.

Genetic, molecular and functional analysis

In recent years, several genetic loci involved in Galf me-
tabolism have been isolated and characterized in a num-
ber of pathogenic organisms, allowing investigation of
the requirements for these enzymes in the pathogenesis of

Figure 1. The conversion of UDP-Galp to UDP-Galf catalyzed by UDP-Galp mutase [37], followed by transfer of Galf from the nucleotide
sugar to the glycoconjugate structure by Galf transferase.
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Figure 2. Galf-containing glycoconjugate structures. (A) Escherichia coli K-12 LPS O-antigen repeating unit [42]; (B) Klebsiella pneu-
moniae O-antigen repeat unit galactan-I [39, 65, 67]; (C) Leishmania donovani LPG [56]; (D) Mycobacterial cell wall [40].



these organisms. Furthermore, the examination of the
structure and function of these potential drug targets on
the molecular level is an essential step in rational drug de-
sign. The remainder of this manuscript highlights recent
data that have emerged in these areas.

Gram-negative bacteria

E. coli and Klebsiella pneumoniae:
UDP-Galp mutase and Galf transferase
The gene encoding UDP-Galp mutase, Glf (EC 5.4.99.9),
was successfully identified and cloned from the E. coli K-
12 rfb region, which is involved in the biosynthesis of E.
coli LPS O-antigen (fig. 2A), and the purified protein
was shown to demonstrate UDP-Galp mutase activity by
the interconversion of UDP-Galp and UDP-Galf in vitro
(fig. 1) [37]. Biochemical characterization demonstrated
that Glf is a flavoprotein to which FAD is noncovalently
bound [37]. Subsequently, it was found that Glf was ac-
tive independent of the redox state of bound FAD; how-
ever, a change in the redox state of enzyme-bound FAD to
the reduced form enhances the catalytic efficiency of the
enzyme [59, 60]. This same study also reported that nei-
ther NADP+ nor NADPH is required for the reaction cat-
alyzed by Glf [59]. Concurrently, the crystal structure of
the E. coli mutase was resolved [61–63], and site-di-
rected mutagenesis showed that enzyme-bound FAD is
located within a cleft containing the active site of the mu-
tase [63]. In contrast to the previous report, however,
Sanders et al. [63], reported that the reduction of FAD is
absolutely required for the enzymatic activity of Glf, re-
sulting in the proposal that the substrate is transiently re-
duced during the reaction catalyzed by Glf. Further stud-
ies investigating the mechanism of catalysis by Glf
showed that the reaction is not initiated by the oxidation
of either the C2- or C3-OH of the sugar substrate, as syn-
thetic C2- and C3-fluorinated UDP-Galf analogues can
function as substrates for the reduced UDP-Galp mutase
[60]. Similar results were observed using C2- and C3-flu-
orinated UDP-Galp analogues as substrates for the K.
pneumoniae UDP-Galp mutase [64].
In K. pneumoniae, an analogous rfbA-F gene cluster is in-
volved in directing the synthesis of D-galactan I, which
comprises the O-antigen backbone structure of K. pneu-
moniae LPS (fig. 2B). Nomenclature changes recently
adopted are reflected in figure 2B, and will be used here
to avoid confusion [65]. Within this gene cluster, glfKPO1

(formerly rfbDKPO1) was recently cloned and its protein
product purified. Investigation of its activity in vitro
showed that, as for E. coli glf, glfKPO1 encodes K. pneu-
moniae UDP-Galp mutase (GlfKPO1), capable of intercon-
verting UDP-Galp and UDP-Galf [38]. In contrast to E.
coli Glf, however, GlfKPO1 was shown to absolutely re-
quire NADH or NADPH for activity, possibly reflecting

slight mechanistic differences between the organisms
[38]. Further characterization using positional isotope ex-
change (PIX) experimentation revealed that the mecha-
nism by which GlfKPO1 catalyzes the interconversion of
UDP-Galp and UDP-Galf involves the cleavage of the
anomeric C–O bond of the substrate [66], a result that
was similarly confirmed for E. coli Glf [60].
wbbO (formerly rfbFKPO1), also within the K. pneumoniae
rfbA-F gene cluster, was recently cloned, expressed in E.
coli K-12 strains, and shown in vitro to encode a product
exhibiting both galactopyranosyl and galactofuranosyl
transferase activities [67]. WbbOKPO1 was demonstrated
to be responsible for initiation of D-galactan I synthesis
by adding a single D-galactan I repeat unit, comprising
the disaccharide b-D-Galf-(1,3)-a-D-Galp, to the LPS
core following addition of the initial GlcNAc residue to
the lipid A core by WecA (formerly Rfe) (fig. 2B) [67]. A
subsequent study showed that the galactopyranosyl trans-
ferase activity of WbbOKPO1 participates only in the initial
step of D-galactan I synthesis, since it recognizes the ac-
ceptor molecule for the initial Galp residue as a GlcNAc
residue. The galactofuranosyl transferase activity of 
WbbOKPO1, however, can participate in extension of the 
D-galactan I polymer, since it recognizes Galp as the ac-
ceptor for b-D-Galf residues, resulting in formation of the 
b-D-Galf-(1,3)-a-D-Galp linkage [39]. A separate galac-
topyranosyl transferase, WbbM, then participates with
WbbO in extension of the D-galactan I polymer chain
(fig. 2B) [39].

Mycobacteria

The basic structure of the mycobacterial cell wall core is
shown in figure 2D [40]. The core consists of a highly
impermeable outer layer composed of mycolic acids
(C70– C90 lipids) and an inner peptidoglycan layer. These
two layers are connected by arabinogalactan, consisting
of galactofuran, a structural component comprised of al-
ternating b1,5- and b1,6-linked Galf residues (N ~ 15),
which is attached to the peptidoglycan via a disaccharide
linker; and arabinan, which is attached to the mycolic
acids (fig. 2D) [40]. The requirement for the integrity of
the mycobacterial cell wall arabinogalactan component
for the survival of M. tuberculosis is well known, as com-
ponents of the drug regiment widely used to treat tuber-
culosis, including ethambutanol, isoniazid and ethion-
amide, effectively target mycolic acid or arabinan synthe-
sis [36, 49, 68–70]. Arabinogalactan is rich in Galf
residues [71], which are clearly necessary for the in-
tegrity of the mycobacterial cell wall. Therefore, Galf me-
tabolism holds particularly good promise as a potential
target in the search for new antimycobacterial drugs.
Recently, Weston et al. [36], demonstrated that UDP-
Galp mutase activity is present in Mycobacterium smeg-
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matis, and that UDP-Galf derived from UDP-Galp is the
Galf donor in mycobacteria. This led to the identification,
cloning and expression of the M. smegmatis glf gene
(Rv3809c), encoding the UDP-Galp mutase (Glf), which
was shown to catalyze the interconversion of UDP-Galp
and UDP-Galf using in vitro assays [36]. The amino acid
sequence of M. smegmatis Glf is quite similar to E. coli
and K. pneumoniae Glf proteins, with 42.5 and 40.9%
identity at the amino acid level, respectively [36]. A sub-
sequent study described the synthesis of arabinogalactan
via the addition of Galf residues to a linker unit interme-
diate (polyprenyl-P-P-GlcNAc-Rha), using UDP-Galp as
the donor of UDP-Galf in the presence of Glf, followed
by transfer of Galf residues from UDP-Galf to the linker
by a specific galactofuranosyl transferase, identified as
the product of the M. tuberculosis gene Rv3808c [72].
Shortly thereafter, a new assay was developed that used
synthetic disaccharide neoglycolipid acceptors to demon-
strate that the product of the Rv3808c locus, designated
glfT, was a novel UDP-galactofuranosyl transferase that
exhibits dual functions by transferring Galf to the accep-
tor substrates via both 1Æ5 and 1Æ6 linkages, both of
which are present in the mycobacterial arabinogalactan
complexes [41]. Simultaneously, Pan et al. [40], gener-
ated a glf knockout mutant which could only be rescued
by the presence of plasmids expressing both glf and the
immediately downstream rv3808c, showing that both Glf
(Rv3809c) and GlfT (Rv3808c) are essential for the
growth of M. smegmatis. These studies demonstrate the
requirement of galactofuran biosynthesis for mycobacte-
rial growth, providing encouraging results for the target
potential of Galf metabolism in antimycobacterial ther-
apy.

Eukaryotic pathogens

Important eukaryotic pathogens include members of the
genus Trypanosoma, which are flagellate obligate para-
sites of a variety of hosts, ranging from insects to humans.
These organisms possess important surface glycoconju-
gate structures, many of which are modified by Galf, in-
cluding the LPPG and GIPLs of Trypanosoma cruzi and
the LPG of Leishmania spp. [7, 58, 73]. Other eukaryotic
pathogens expressing Galf-containing surface molecules
include certain mycopathogens, such as Paracoccidioides
braziliensis [31]. Only recent advances in Leishmania re-
search regarding the Galf-containing LPG will be high-
lighted here.

Leishmania spp.
The protozoan parasite Leishmania differs from the
aforementioned microorganisms in that its major Galf-
containing glycoconjugate LPG is expressed in a stage-

specific manner. The Leishmania life cycle and the prop-
erties of LPG have been reviewed elsewhere [50, 51, 56,
73–75]. LPG is expressed over the entire surface of the
sand fly-borne procyclic parasite, and has been impli-
cated as an important factor for promastigotes in the
binding to and release from sand fly midguts [76]. LPG is
abundant on the surface of the promastigote at the time of
transmission to the mammalian host during sand fly feed-
ing; however, shortly after transmission to the mam-
malian host, the parasite enters macrophages and dramat-
ically downregulates LPG expression.
Earlier studies were performed in which a bank of Leish-
mania mutants generated by chemical mutagenesis was
screened for the expression of defective LPG molecules
[35, 77–81]. One such L. donovani mutant, R2D2, was
found to synthesize LPG that was truncated at the Galf
residue within the core region (fig. 2C) [35]. Comple-
mentation by a single gene designated LPG1 restored
full-length LPG synthesis [81], leading to the proposal
that LPG1 encoded the Galf transferase [35, 56, 81].
While this mutant was generated by chemical mutagene-
sis, however, subsequent studies led to the generation and
investigation of targeted LPG1 knockout mutants in sev-
eral other species of Leishmania, specifically L. mexi-
cana [82] and L. major [83, 84]. Importantly, each of
these targeted mutants was defective only in LPG synthe-
sis, yet retained normal levels of all the other important
phosphoglycan-containing glycoconjugates.
These LPG1 mutants were examined to determine the
role of LPG on Leishmania promastigotes within the sand
fly vector. Both the L. donovani LPG1 – mutant R2D2
and the L. major LPG1 – knockout were only slightly de-
fective in their survival and replication within the sand fly
midgut, indicating that LPG does not play a major role in
protection from digestive enzymes within the sand fly
midgut. However, in agreement with their failure to bind
sand fly midgut epithelial cells in vitro, the ability of
these LPG-defective mutants to persist in the midgut of
the sand fly when the initial bloodmeal was excreted was
completely lost [84]. These data confirm that LPG plays
an essential role in binding of the parasites to the midgut
of the sand fly, a critical factor for transmission of Leish-
mania to the mammalian host during the natural disease
process.
Until recently, the proposed roles of LPG during the
mammalian infection had only been shown through in
vitro assays [50–57]. Recently, however, two indepen-
dent labs investigated the role of LPG during the mam-
malian infection using targeted LPG1 mutants. In one
study, an L. mexicana LPG1 knockout was examined for
its ability to infect macrophages and mice. In this study,
Ilg et al. [82], showed that there were minimal differences
between the LPG-deficient mutant and the wild-type par-
asites in their attachment to, uptake by and replication
within macrophages. Furthermore, the LPG-deficient

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Multi-author Review Article 263



parasites were as virulent as the wild-type L. mexicana, re-
sulting in disseminated disease and death in both BALB/c
(susceptible) and C57/BL6 (resistant) mice [82]. Concur-
rently, Spath et al. [83], reported that in contrast to the pre-
vious study, an L. major targeted LPG1 – knockout was
highly attenuated in BALB/c mice, with the restoration of
virulence upon reintroduction of LPG1. Furthermore, the
promastigote form of the LPG1 – knockout was shown to
be significantly impaired in its ability to survive within
macrophages; however, disruption of the LPG1 locus had
no effect on the ability of lesion-derived amastigotes to
survive within macrophages in vitro, which is an expected
result, as amastigotes are known to significantly downreg-
ulate surface LPG expression [83].
The differences in the reported results of these two stud-
ies may reflect species-specific variations, or differences
in techniques or protocols. While further studies regard-
ing the roles of LPG and Galf metabolism during mam-
malian infection are certainly warranted, the critical role
of LPG, and therefore Galf metabolism, in attachment of
Leishmania promastigotes to the sand fly midgut is with-
out dispute, confirming their importance in the patho-
genic life cycle of Leishmania [73, 84].

Conclusions

Although homologous Galf metabolism genes have been
identified and examined in several species of pathogenic
organisms, whether functions assigned to one enzyme
can be translated as common to all other pathogenic mi-
croorganisms known to possess Galf in their surface gly-
coconjugates remains an open question. The important
roles of the surface glycoconjugates containing Galf war-
rant continued exploration of the mechanisms of Galfme-
tabolism and their requirements for virulence. As investi-
gation of Galf metabolism continues to unfold on molec-
ular and genetic levels, we may begin to see common
elements that may be effectively exploited as targets
within a wide range of pathogenic microorganisms.
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