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Abstract—Compounds 1–6 were designed as multisubstrate inhibitors of glucosamine synthase. These compounds are also useful
probes for measuring the distances between the two active sites in the multidomain protein. Our data suggest that the two binding
pockets are in close proximity to each other. # 2002 Elsevier Science Ltd. All rights reserved.

Inhibition of the chitin biosynthetic enzyme, glucos-
amine-6-phospate synthase (EC.2.6.1.16: l-glutamine:d-
fructose 6-phosphate amidotransferase, GFAT) is a
promising approach to the development of novel anti-
fungal agents targeting the cell wall.1�3 This enzyme is a
multidomain protein belonging to the N-terminal
nucleophile (Ntn) family of glutamine amido-
transferases and crystal structures for individual
domains have been published.4�6 The best known inhib-
itors of GFAT possess reactive functionalities that chal-
lenge their clinical utility and illustrate the need for new
molecules.1,7�16 In this study we present compounds 1–6
that possess structural moieties for binding to both active
sites on the enzyme.

Badet et al. synthesized and studied a series of bisub-
strate analogues against glucosamine synthase from
Escherichia coli.17 However, none of these compounds
exhibited significant inhibition up to 3 mM. This was
attributed to the high flexibility of these analogues pre-
venting correct orientation required for binding, and
conformational changes that may be occurring in the
protein on binding of its substrates.

The search for new potent antifungal drugs has intensi-
fied in the last decade. The advent of AIDS as well as
novel procedures in organ transplantation and cancer
chemotherapy has created new populations of patients

prone to secondary fungal infections. The toxicities and/
or poor bioavailabilities associated with current anti-
fungal agents only compound this problem. Newer
strains of fungi have also been isolated clinically, which
show resistance to current drugs. These factors have
prompted a search for unexplored targets in these
organisms that may be exploited to develop novel anti-
fungal agents.

The experimental antifungal agents, N3-(4-methoxy-
fumaroyl)-(S)-2,3-diaminopropanoic acid (FMDP),
nikkomycins and polyoxins, all of which target the fun-
gal cell wall, require incorporation into peptides for
inhibition of intact cells.14,18�23 The use of peptide car-
riers facilitates transport of the warhead into the target
cells. Though this complicates their formulation into
oral dosage forms, current developments in pharma-
ceutical formulation may still facilitate their use clini-
cally. All the compounds investigated in this study also
need peptide carriers for transport but they serve as
leads for more potent agents.

Structures of a related Ntn amidotransferase PRPP
amidotransfaerase (GPATase) indicate that activation
of this enzyme results in the formation of a 20-Å tunnel
that connects the two active sites.24,25 This tunnel is
created by the ordering of a flexible loop in the C-term-
inal domain, which closes over the space between the
active sites, effectively sequestering both sites from bulk
solvent. Similar tunnels are known to exist in the Triad
amidotransferases like carbamoyl phosphate synthase
(CPS), guanosine monophosphate synthetase (GMPS)
and anthranilate synthase (AS).26�28 Though it would
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be reasonable to expect such a tunnel to exist in GFAT,
a crystal structure of the complete multidomain protein
is not available. Hence, we decided on a chemical probe
approach to determine this interdomain distance. Two
possible orientations for substrate binding exist at the
active site such that the bound fructose-6-phosphate
and glutamine are either parallel or orthogonal to each
other. Based on the observation that glucosamine syn-
thase does not accept molecular ammonia as a nitrogen
source for amide transfer, it would be necessary for the
glutamine amide and C-2 of bound fructosamine to be
in close proximity. Both orientations satisfy this
requirement for efficient transfer of nascent ammonia.
Unlike any other amidotransferase, glucosamine syn-
thase does not accept exogenous ammonia as its nitro-
gen source.29 Hence it is possible that these domains
may be close to each other in the native quaternary
structure of the enzyme. Inhibitory properties of com-
pounds AP3 (1), AP4 (2), AP5 (3), AP6 (4), AP7 (5),
and CGS19755 (6) (Fig. 1) would help to establish the
orientation of substrate binding and also the approx-
imate distance between the phosphate binding site and
the amino acid binding site.

Candida albicans or Saccharomyces cerevisiae was cul-
tured in 2-L batches in YEPD medium at 37 �C. Cells
were harvested from an overnight culture by cen-
trifugation (3000 � g, 15 min) at 4 �C and washed twice
with distilled water. A typical 2-L batch yielded 60 g of
cells. The cells were suspended in Buffer A (50 mM
potassium phosphate (pH 6.5), 1 mM dithiotreitol
(DTT), 1 mM EDTA, 0.5M sucrose) such that the
mixture contained 1 part packed wet cells to 2 parts of
the homogenization medium. The cell suspension was
homogenized in a Bead-Beater (Biospec Ltd) chamber
using pre-chilled glass beads (0.5 mm) for 30 s intervals
with 1 min cooling on ice for a total homogenization
time of 3 min. The crushed cell suspension was pipetted
off using a sterile pipette and then centrifuged (10,000 �
g, 15 min) at 4 �C. The supernatant (cell-free extract)
Buffer A extract was assayed for protein content using
the commercial bradford assay kit (Bio-Rad). Proteins
in the buffer A extract were salted out over 20 min by
addition of 1.5 mL of protamine sulfate (1% w/v) to
every 75 mg of protein in the buffer A extract with vig-
orous stirring. Thereafter, the suspension was cen-
trifuged (10,000 � g, 15 min) at 4 �C, the precipitate was
washed twice with buffer A and then mixed with 30 mL
of buffer B (0.1M pyrophosphate (pH 6.5), 1 mM DTT,
1 mM EDTA, 0.5M sucrose). This suspension was stir-
red for 4–5 h at 4 �C followed by centrifugation (10,000
� g, 15 min). The supernatant after centrifugation,
termed the pyrophosphate extract (buffer B extract) was
then concentrated to one third its volume using an
Amicon model 1080 ultrafiltration cell and a Diaflo
XM50 membrane (cut-off limit 50,000MW) at 4 �C.
This concentrated buffer B extract was used for the
activity assays and inhibition assays.

Compounds 1–5 were purchased from Research Bio-
chemicals International (Natick, MA) while compound
6 was a generous gift from the Pharmaceuticals Divi-
sion, CIBA-GEIGY Corporation (Summit, NJ).

The protocol for the glucosamine synthase activity
assay is a modified Elson–Morgan procedure as repor-
ted by Roseman et al.30 Briefly, a 0.5 mL reaction mix-
ture containing 15 mM d-fructose-6-phosphate, 10 mM
l-glutamine in incubation buffer (25 mM potassium
phosphate buffer (pH 6.5), 1 mM DTT, 1 mM EDTA)
and 1 mg enzyme was incubated for 30 min at 30 �C.
Reactions were terminated in a boiling water bath for 3
min to denature the enzyme. The protein precipitate was
removed by centrifugation (10,000 rpm, 3 min) and a
0.4 mL aliquot of the supernatant was used to assay for
glucosamine-6-phosphate. To the supernatant was
added 50 mL of saturated bicarbonate, stirred followed
by addition of 50 mL of freshly prepared cold 5% acetic
anhydride. The reaction tubes were stirred vigorously
for 3 min and then transferred to a boiling water bath
for 3 min to destroy any excess acetic anhydride. After
cooling to room temperature, 100 mL of sodium borate
was added, the contents mixed for 3 min and heated for
3 min in a boiling water bath. After this mixture was
cooled to room temperature, 3 mL of diluted Erlich’s
reagent was added to each tube and the tubes then
incubated for 20 min at 37 �C. The absorbance at 585
nm was measured. Glucosamine standards were inclu-
ded along with the complete reaction mixtures that were
boiled at zero time. A unit of activity is defined as the
amount of enzyme (mg) catalyzing the synthesis of 1.0
mmol of glucosamine-6-phosphate per 30 min.

From the data for 50% inhibitory concentration IC50

shown in Table 1, was found to be the most potent inhi-
bitor of glucosamine synthase from C. albicans. The
correlation between the distance from the a-carbon of
the amino acid to the phosphonate phosphorus (Ca-P

Figure 1. Multisubstrate analogue inhibitors of glucosamine synthase.

Table 1. Inhibitory potencies for compounds 1–6 against C. albicans

GFAT

Compd IC50, mMa Ca-P distance (Å)b

1 0.01 2.87
2 10 4.25
3 210 5.38
4 250 6.73
5 270 7.94
6 0.4 4.83

aValues are average of three experiments, errors were calculated to be
not more than 10% in all cases.
bCa-P indicates distance between the carbon alpha to the carboxylic
acid, and the phosphonate phosphorus. These distances were calcu-
lated using the minimizer supplied in Alchemy III.
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distance) indicates that the shorter the chain length, the
better the inhibitory activity of the compound. Also
since 6, a structural analogue of 3, showed a higher
potency than 2, it may be assumed that the rigid nature
of the molecule facilitates better binding by 6. This is
also in keeping with the finding that the glutamine-
binding site can tolerate bulky groups, and in our case,
the hydrophobic nature of the piperidine ring enhances
binding to this site. Our data also indicates that the
distance between the phosphate binding site and the
amino acid binding site is �3 Å in C. albicans GFAT.

Recently, a study using anhydro-1,2-hexitol 6-phos-
phates suggested that the two substrate binding
domains in E. coli GFAT were in close proximity.31

This, along with data obtained from studies reported by
Milewski et al. and Badet et al. indicates that the bind-
ing sites in the enzyme are as shown in Figure 2.12,32

Synthesis of future multisubstrate inhibitors that could
also possibly bind to the Lys residue through Schiff base
formation may help determination of distances between
the Lys in the isomerase active site and the glutaminase
active site.

The fact that racemic 1 showed a 3-fold higher potency
than FMDP in C. albicans is exciting. However 1 did
not inhibit glucosamine synthase isolated from S. cere-
visiae at concentrations <10 mM. This is not surprising,
since significant differences exist between the enzyme
proteins from S. cerevisiae and C. albicans.33 The Can-
dida protein is larger in size than the Saccharomyces
enzyme and sequence alignments indicate regions that
are highly different between both species. Glucosamine
synthase from Candida was also more sensitive to
FMDP and UDP-N-acetyl glucosamine than the Sac-
charomyces enzyme.34

The unstable nature of the partially purified enzyme
extract did not allow us to determine a K i

app for these
compounds. Hence, it cannot be stated whether the
inhibition is truly multisubstrate or selectively competi-
tive with respect to either substrate. A recently pub-
lished purification protocol affords a stable
homogeneously purified enzyme from the recently
developed clone.35 Further experiments with this

enzyme would allow a thorough characterization of the
inhibition.

Compound 1 was found to be the most potent inhibitor
in the series for the Candida enzyme with 5 being the
least potent. This finding is supported by Badet’s results
wherein he reported that the longer compounds have
IC50s>3 mM. The finding that racemic 1 was a inhib-
itor in the nanomolar range and approximately three
orders more potent than FMDP the best known inhib-
itor of glucosamine synthase highlights this class of
compounds as useful probes of GFAT activity. The
data from these studies stimulates further characteriza-
tion of the aminophosphonate class of molecules for
future antifungal drug design.
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