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N3-(4-Methoxyfumaroyl)-L-2,3-diaminopropanoic acid (FMDP) and 2-amino-2-
deoxy-D-glucitol-6-phosphate (ADGP) are strong inhibitors of the essential fungal en-
zyme, glucosamine-6-phosphate synthase, but their antifungal activity is poor, due to
slow penetration of these agents through the cytoplasmic membrane.

In the present studies we have exploited the possibility of enhancement of ADGP and
FMDP antifungal activity by improving their transport properties. It has been found
that membrane-permeabilising polyene macrolides amphotericin B (AMB) and its
N-methyl-N-fructosyl methyl ester derivative (MF-AME), at subinhibitory concentra-
tions, facilitate diffusion of ADGP through the fungal cell membrane, thus allowing a
decrease of its minimal inhibitory concentration (MIC). Synergistic effects have been
observed for combinations of ADGP with AMB or MF-AME. Fractional inhibitory con-
centration (FIC) indexes, determined against a number of Candida spp., have been in
the 0.18-0.81 range. Weak antifungal synergistic effects have been found for combi-
nations of FMDP with AMB or MF-AME.
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ADGP can be easily encapsulated into unilamellar lipid vesicles. Liposomal prepara-
tions of ADGP demonstrated stronger antifungal activity against some fungal strains

than free ADGP.

Chitin, an important constituent of cell wall
of most human pathogenic fungi, is absent
from mammalian hosts. Glucosamine-6-phos-
phate (GlcN-6-P) synthase, an enzyme
catalysing the first decisive step in the chitin
biosynthesis pathway, has been proposed a
promising target for antifungal chemotherapy
[1]. The reaction catalysed by the enzyme is
complex and involves ammonia transfer from
L-glutamine amide to D-fructose-6-phosphate
and subsequent ketose/aldose isomerisation
of the resulting fructoseimine-6-phosphate to
GleN-6-P [2]. A number of specific GlcN-6-P
synthase inhibitors are known. Most of them
either are analogues of the enzyme substrate,
L-glutamine, or mimic the structure of the pu-
tative transition state cis-enolamine. A
glutamine analogue, N3-(4-methoxyfumaro
yD-L-2,3-diaminopropanoic acid (FMDP), is a
strong inactivator of fungal GlcN-6-P synthase
[3] but a poor antifungal agent due to its slow
uptake into fungal cells [4]. On the other
hand, oligopeptide agents incorporating
FMDP show relatively high antifungal activ-
ity, both in vitro and in vivo [5, 6]. Unfortu-
nately, FMDP-peptides are rapidly degraded
by serum peptidases [7]. Moreover, fungi can
easily develop a phenotypic resistance to such
peptides [8], due to the fact that peptide
permeases are not essential for fungal growth
[9]. Conversion of FMDP into its acetoxy-
methyl ester gave a lipophilic ‘pro-drug’, with
the antifungal activity a little higher than that
of the parent compound, but still unsatisfac-
tory [4].

2-Amino-2-deoxy-D-glucitol-6-P (ADGP) was
reported to be a transition state analogue in-
hibitor of bacterial GleN-6-P synthase [10]. No
data on its inhibitory potential against the
fungal enzyme and antifungal activity have
been available so far. Nevertheless, free diffu-
sion of ADGP through the cell membrane
seems very unlikely due to the presence in its

structure of the charged phosphate and amino
groups.

One of the possibilities of enhancement of ef-
fectiveness of antimicrobial compounds is a
combination therapy. The phenomenon of
synergism often enables a reduction of effec-
tive doses of chemotherapeutic agents. The
only example of this approach in antifungal
chemotherapy that has been applied in clini-
cal practice is a combination of 5-fluorocyto-
sine (5-FC) and amphotericin B (AMB) [11]. It
was shown that subinhibitory doses of AMB
facilitated diffusion of 5-FC through the fun-
gal cell membrane [12]. Another possibility of
efficient delivery into cells of non-diffusible
compounds is their encapsulation into lipidic
vesicles. Liposomal preparations are usually
constructed in order to reduce toxicity of
antimicrobial agents, and improve their
bio-availability and targeted delivery into par-
ticular organs and tissues of mammalian
hosts [13]. Liposomal amphotericin B could
serve as a good example of a successful appli-
cation of this approach in antifungal chemo-
therapy [14].

In the present communication we report the
results of our recent studies on antifungal ac-
tivity in vitro of combinations of GlcN-6-P
synthase inhibitors with polyene macrolides
and of their liposomal preparations.

MATERIALS AND METHODS

Micro-organisms. Clinical isolates of
Candida glabrata, Candida kruzei, Candida
parapsilosis, Candida famata and Candida
humicola were provided by the Department of
Medical Microbiology, Medical Academy of
Gdansk. Those strains and Candida albicans
ATCC 10261, Candida albicans ATCC 26278
and Saccharomyces cerevisiae ATCC 9763 were
stored on Sabouraud Agar slants.
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Chemicals. Amphotericin B was from
Sigma. FMDP, ADGP and MF-AME were syn-
thesised at the Technical University of
Gdansk by Dr. R. Andruszkiewicz and Dr.
J. Grzybowska. All other chemicals were of
the highest grade commercially available.

Susceptibility testing. Antifungal activity
was determined by the serial two-fold dilution
method in 96-well microtiter plates. The tests
were performed in RPMI 1640 medium con-
taining 2% glucose and buffered to pH 7.0
with 0.165 M Mops, strictly according to rec-
ommendations given by the National Commit-
tee for Clinical Laboratory Standards
(NCCLS) [15]. The inoculum size was 103
cells/ml. Plates were incubated at 30°C for 24
h and the results were read visually. Minimal
inhibitory concentration (MIC) was defined as
the lowest drug concentration preventing visi-
ble growth. For assessment of the fungicidal
activity, 50-ul samples of solutions/suspen-
sions were collected from each microtiter well
after MIC determination. Collected samples
were diluted 10% X with sterile saline and
0.1-ml aliquots were spread with a sterile glass
rod on the surface of Sabouraud Agar plates.
Plates were incubated for 24 h at 30°C and col-
onies were counted. Minimal fungicidal con-
centration (MFC) was defined as the lowest
drug concentration preventing formation of
fungal colonies and MFCgy as the lowest con-
centration causing 90% reduction of colony
number in comparison to control.

Determination of the combined anti-
fungal effect. Serial two-fold dilutions of the
antifungal agents tested were prepared in
microtiter plates, so that each well contained
a unique combination of two agents. Their
concentrations were chosen to encompass the
MIC for the strains to be tested. Plates were
inoculated with 10° cells/ml from overnight
cultures. After 24 h incubation at 37°C, plates
were examined and fractional inhibitory con-
centration (FIC) indexes were calculated as
follows: FIC index = (MIC of agent 1 in combi-
nation)/(MIC of agent 1 alone) + (MIC of
agent 2 in combination)/(MIC of agent 2

alone). The FIC index for each row of dilutions
was calculated and the greatest deviation
from 1.0 used to characterise the interaction
between agents.

Determination of ADGP transport rate.
C. albicans ATCC 26278 cells, growing expo-
nentially in RPMI medium, were harvested by
centrifugation (3000 X g, 5 min), washed with
50 mM Tris/HCl buffer, pH 7.0, and sus-
pended in the same buffer containing 1% glu-
cose, or 1% glucose and 100 uM NaNjs, or no
additives, to a final cell density corresponding
to Aggo = 1.0. The cell suspension was incu-
bated at 30°C. After 10 min, ADGP dissolved
in a minimal amount of buffer was added to
give the required final concentration. At that
moment and at 5-min intervals thereafter,
2-ml samples of the cell suspensions were
withdrawn and immediately filtered through
the Whatman GF/A filters. Portions (1 ml) of
the collected filtrates were combined with
1.25-ml aliquots of a solution containing 4%
NagB40O7 - 10 HyO and 0.8 mg/ml of 2,4,6-tri-
nitrobenzenesulfonate (TNBS). The resulting
mixtures were incubated at 37°C for 30 min.
The Ay9g values of the mixtures were mea-
sured and ADGP concentration in filtrates
was read from appropriate standard curve.
Data were plotted as nanomoles of ADGP
taken up by 1 mg (dry weight) of cells versus
time. The initial uptake velocities were deter-
mined from the slopes of the linear part of the
curves originating at 0.0 point.

Preparation of liposomes. A mixture of
0.3 ml of 100 mM dimyristoyl phospha-
tidylcholine (DMPC), 0.24 ml of 100 mM cho-
lesterol and 0.06 ml of 100 mM stearylamine
solutions in chloroform was further diluted
with chloroform to a final volume of 3 ml. The
lipid solution was combined with diethyl ether
(3 ml) and 2 ml of the 40 mM ADGP solution
in saline or with 2 ml of saline. The mixture
was sonified to form emulsion and the solvent
was removed by evaporation under reduced
pressure. The residue was carefully sus-
pended in a small volume of sterile saline and
liposomes were separated from free ADGP by
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gel filtration through small disposable PD-10
columns developed with saline. Fractions of 1
ml were collected and concentrations of
ADGP and DMPC were determined in 50-ul
samples withdrawn from each fraction. Frac-
tions emerging near the void volume, contain-
ing the highest concentration of ADGP and
DMPC, were combined.

Determination of DMPC concentration.
Samples of fractions collected from the PD-10
column were diluted to 1 ml with saline and
combined with 1 ml of methanol. The mixture
was vortexed for 2 min, 1.5 ml of chloroform
was added and vortexing was continued for
another 3 min. The chloroform layer was care-
fully collected to a fresh test-tube and com-
bined with 1 ml of 0.1 M ferric thiocyanate so-
lution. The mixture was vortexed for 3 min
and then left for several minutes for phase
separation. The organic layer was collected
and A4gg was measured. DMPC concentration
was read from the standard curve prepared
for DMPC solutions in the 0-500 ug/ml
range.

Determination of ADGP conceniration.
Samples of fractions collected from the PD-10
column were diluted to 1 ml with saline con-
taining 2% Triton X-100. Concentration of
ADGP was determined by the TNBS method,
essentially as described above.

Enzyme purification. C. albicans GlcN-6-P
synthase was purified to near homogeneity ac-
cording to the procedure described previously
[16].

Determination of GlcN-6-P synthase ac-
tivity. Enzymatic activity was determined by
the modified Elson-Morgan procedure [17].
Reactions were carried out in 25 mM phos-
phate buffer, pH 6.8, containing 1 mM EDTA
and 1 mM dithiothreitol. D-Fructose-6-phos-
phate and L-glutamine concentrations were ei-
ther fixed (7.5 mM and 10 mM, respectively,
for determination of general activity and of
concentrations inhibiting 50% of enzymatic
activity, IC5o) or variable (0.5-7.5 mM and
0.625-10 mM, respectively, for determina-
tions of inhibition constants, K;. K; values

were then determined from the secondary
plots of apparent Michaelis constants vs. in-
hibitor concentration, derived from Line-
weaver-Burk plots.

Determination of GlcN-6-P synthase ac-
tivity in situ. C. albicans cells, incubated for
60 min in 50 mM Tris/HCl buffer, pH 7.0, con-
taining 2% glucose, in the presence or absence
of antifungal agents, were harvested and sus-
pended in 8.5 ml portions of 0.1 M imidazole/
HCI buffer, pH 7.0, containing 0.2 M KCl and
0.1 M MgCly, at cell density 1.2-1.6 x 10°
cells/ml. Aliquots (1.5 ml) composed of tolu-
ene/ethanol/Triton X-100, (5:20:2, by vol.),
were added to the cell suspensions and the
mixtures were vortexed for 5 min at room
temperature. The cells were washed three
times with 50 mM potassium phosphate
buffer, pH 6.8, containing 1 mM EDTA and 1
mM dithiothreitol and suspended in the same
buffer at 10% cells/ml. L-Glutamine and
Fru-6-P were added to the final concentrations
of 7.5 mM and 10 mM, respectively, and the
suspensions were incubated for 30 min at
37°C. Cells were removed by centrifugation
and GlcN-6-P concentration was assayed in
the supernatant by the modified Elson-Mor-
gan procedure.

Other methods. Protein was determined by
the Bradford procedure [18] with bovine se-
rum albumin as a standard. Cells were
counted in a Biirker chamber.

RESULTS AND DISCUSSION

The inhibitors of GlcN-6-P synthase studied
in this work differ markedly as far as their
chemical structure is concerned. FMDP, a
glutamine analogue, was previously found to
inactivate C. albicans GlecN-6-P synthase in a
time- and concentration-dependent manner
[3]. The molecular mechanism of inactivation
involves formation of a covalent bond with the
N-terminal catalytic cysteinyl residue of the
enzyme [19]. Inhibition by 50% of pure
C. albicans GlcN-6-P synthase activity (ICs) is
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observed at 4 uM (1.1 ug/ml) FMDP [3]. On
the other hand, 2-amino-2-deoxy-D-glucitol-6-P
(ADGP) was reported to be an inhibitor of bac-
terial GlcN-6-P synthase [10]. We have found
that this compound inhibits homogeneous
C. albicans enzyme with IC5y of 230 uM
(567.5 ug/ml). The inhibition is competitive
with respect to Fru-6-P and non-competitive
with respect to L-glutamine with K; values of
35 uM and 130 uM, respectively.

Both FMDP and ADGP are poor antifungal
agents. Their antifungal activity in vitro, de-
termined by a serial dilution method in RPMI
1640 medium, was very low. MIC values were
generally in the mg/ml range, despite the fact
that the inhibitory potency of these com-
pounds vs. their intracellular target is much
higher. MIC for FMDP was 0.625 mg/ml
against C. albicans and S. cerevisiae, 1.25
mg/ml against C. glabrata and 2.5 mg/ml
against other Candida spp. For ADGP, MIC
values ranged from 2.5 to 5.0 mg/ml. One of
the possible reasons for such a difference be-
tween the potential to inhibit the enzyme and
the antifungal activity could be a slow uptake
of either compound by fungal cells. We have
previously found that FMDP is taken up by
C. albicans cells by an active transport system,
preferably by the glutamine/asparagine
transporter. Maximal uptake velocity is not
higher than 5 nmol/min per mg dry weight
and the FMDP concentration half-saturating
the uptake system is 240 uM [4]. Presence of
nutrient amino acids in the RPMI medium ob-
viously reduces FMDP uptake due to the com-
petition for permease(s).

In the present work we studied the uptake of
ADGP by C. albicans cells and found ADGP to
be very slowly accumulated by these cells. The
initial uptake velocity determined for cell sus-
pension containing ADGP, 5 mg X ml~!
(20 mM), was as low as 1.1 + 0.2 nmol/min per
mg dry weight. When initial uptake velocities
were plotted against ADGP concentration, a
hyperbolic curve was obtained (not shown),
suggesting a carrier-mediated transport.
From the double-reciprocal plot shown in Fig.

1 the kinetic parameters of ADGP uptake
were determined, assuming a “Michaelis-
Menten-like” kinetics model. The maximal up-
take velocity was 6.6 nmol/min per mg dry
weight and the ADGP concentration half-sa-
turating the carrier system was 22.6 mM. One
may therefore conclude that ADGP exhibits
extremely low affinity to the carrier binding
site(s).

Data presented in the inset to Fig. 1 show
that presence of sodium azide, 100 M, in the
buffer system practically stopped ADGP up-

Uptake rate
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0 . 0.2 ‘ 0.4 . 0.6 . 0.8. 1.0
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1/v (nmol/min per dry weight)_1

Figure 1. Kinetic analysis of ADGP uptake by C.
albicans cells.

ADGP at different concentrations was added to the fun-
gal cell suspensions incubated at 30°C in buffer solution
containing 2% glucose. Samples of the suspensions
were collected at time intervals, cells were harvested by
filtration and ADGP concentration was determined in
the filtrates. Data were plotted against time to deter-
mine the initial uptake velocities. Inset, influence of 2%
glucose and 100 uM sodium azide on ADGP (5 mg/ml)
initial uptake velocity. Values are the means of three in-
dependent determinations +S.D.

take. A similar effect was observed for 1 mM
sodium arsenate (not shown). This result
clearly indicates that the ADGP carrier is met-
abolic energy-dependent. On the other hand,
presence/absence of 2% glucose had no effect
on ADGP uptake. It should be noted, however,
that in our experiments actively metabolising
cells, transferred to the buffer system and in-
cubated there for a relatively short time were
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used. The lack of effect of glucose on ADGP
uptake should not be therefore interpreted as
evidence against the active transport mecha-
nism but rather as suggesting glucose and
ADGP uptake to be mediated by different car-
riers. Further studies are necessary to iden-
tify the actual ADGP carrier.

Assuming that the inefficient uptake could
be a factor determining the poor antifungal
activity of ADGP and FMDP, we have taken
two approaches to facilitate their entry into
fungal cells. One of them was a combined ac-
tion of the inhibitors with membrane-active
antifungal agents, AMB or MF-AME. Both
agents demonstrate high antifungal activity
in vitro. Amphotericin B is a well- known
antifungal agent used routinely in clinics for
the treatment of disseminated mycoses. This
antibiotic binds to ergosterol and forms chan-
nels in the fungal cell membrane [20].
MF-AME is a structural derivative of AMB de-
veloped at the Technical University of
Gdansk, showing a much better chemo-
therapeutic index than the original antibiotic
[21].

We used the checkerboard serial dilution
microplate method to study the antifungal ef-
fect of combinations of GlcN-6-P synthase in-
hibitors with AMB or MF-AME. The results of
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these experiments were plotted as isobolo-
grams. Two representative graphs are shown
in Fig. 2 a and b. The values of fractional in-
hibitory concentrations (FIC) calculated for
each experiment, as described in the Mate-
rials and Methods section, have been summa-
rised in Table 1. FIC indexes are generally ac-
cepted quantitative measures of the extent of
interaction between two agents used in combi-
nation. The effect of interaction is considered
synergistic when FIC < 1, additive for FIC =1,
and antagonistic when FIC > 1. Data shown in
Table 1 indicate that synergism was observed
for combinations of ADGP with AMB or
MF-AME against all the fungal strains tested,
with FIC indexes ranging between 0.18 and
0.81. Much weaker synergism, with numerous
examples of an additive effect or even antago-
nism, was noted for the combinations of
FMDP and AMB or MF-AME.

There are three basic mechanisms of syner-
gistic activity of chemotherapeutic agents: (a)
increase by one agent of the permeability of
the cell wall and cell membrane to the second
agent; (b) inhibition by one agent of enzymes
capable of degrading the second agent and (c)
double blocking by the two components of suc-
cessive steps in the metabolic sequence [22].
There is little doubt that strong synergism ob-
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Figure 2. Inhibition of GlcN-6-P synthase activity in situ in C. albicans cells: (a) effect of ADGP, AMB and
their combination; (b) effect of FMDP, AMB or their combination.

C. albicans cells incubated for 60 min in the presence or absence of antifungal agents were harvested, suspended in
the imidazole/HCI buffer and treated with the toluene/ethanol/Triton X-100 mixture to make the cell membrane
more permeable. Cells were then washed with phosphate buffer, suspended in fresh buffer and GlcN-6-P substrates
were added. After 30 min incubation, cells were harvested and GlcN-6-P concentration was assayed in the
supernatant. Values are the means of three independent determinations +S.D.
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Table 1. FIC indexes found for combinations of antifungal agents.

For experimental details see Materials and Methods.

AMB MF-AME AMB MF-AME

ADGP ADGP FMDP FMDP
C. albicans ATCC 26278 0.51 0.18 1.2 0.87
C. albicans ATCC 10261 0.33 0.42 0.78 0.82
S. cerevisiae ATCC 9763 0.29 0.48 1.0 0.98
C. glabrata 0.78 0.81 0.83 0.85
C. kruzei 0.69 0.58 1.0 0.78
C. parapsilosis 0.56 0.47 0.95 1.2
C. famata 0.73 0.58 0.96 1.0
C. humicola 0.72 0.64 0.81 0.90

served for the combination of ADGP with
AMB or MF-AME can be best explained by
mechanism (a). ADGP alone very poorly pene-
trates the cell membrane and even small per-
turbations in the membrane structure caused
by AMB/MF-AME should facilitate penetra-
tion. This assumption was confirmed by the
experiment in which GlcN-6-P synthase activ-
ity was measured under in situ conditions.
C. albicans cells were treated for 60 min with
antifungal agents, processed as described in
Materials and Methods and GleN-6-P activity
was determined (Fig. 3a). ADGP (5 mg/ml)
alone inhibited the enzyme activity by 78%,
while at 10-fold lower concentration inhibi-
tion was negligible. The enzyme inhibition

0 Sl C. albicans ATCC 26278

0.6'\ '

04} \
0.21 \.

12 3 4 8
[ADGP] mg/ml

FIC = 0.51

[AMB}] pg/ml

caused by ADGP at 0.5 mg/ml, was substan-
tially enhanced in the presence of AMB at
0.1 ug/ml.

On the other hand, enhancement of GleN-6-P
synthase inhibitory potency of FMDP by AMB
was much smaller (Fig. 3b), thus confirming
the tendency noted from comparison of FIC
indexes. Weaker amplification of the FMDP
effect by AMB and MF-AME provides another
evidence confirming that membrane alter-
ations do not always facilitate uptake of
poorly diffusible substances. It was previously
shown, for example, that inhibition of ergos-
terol biosynthesis by azole antifungals had no
effect on the rate of transport of a peptidic
antifungal agent nikkomycin into the

b C. glabrata

0 N\ FIC =0.85

075

0.50

[MF-AME] pg/ml

025}

071 0‘.2 0‘.3 Ol.4 0I‘5 0.6
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Figure 3. Exemplary isobolograms representing effects of combined action of (a) ADGP with AMB and

(b) FMDP with MF-AME.

Antifungal activities of drug combinations were determined by the checkerboard serial dilution technique in the
RPMI 1640 medium. FIC was calculated as described in Materials and Methods. Dotted lines represent the hypo-

thetical additive effect.
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C. albicans cells [23]. It is therefore noticeable
that FMDP’s affinity to its carrier, reflected
by the half-saturating concentration, is about
three orders of magnitude lower than that of
ADGP. Thus, although the maximal uptake ve-
locities of the two agents are similar, FMDP is
transported much faster than ADGP at low
concentrations.

Taking another approach, we have elabo-
rated a procedure of encapsulation of ADGP

sual end-point detection. Antifungal activity
was therefore assessed by determination of
minimal fungicidal concentrations (MFC and
MFCgyy).

Data presented in Table 2 show that
liposomal preparations of ADGP had a
slightly higher fungicidal effect than ADGP
alone. The most notable reduction of MFC
was found for C. albicans and S. cerevisiae. Un-
loaded liposomes did not affect fungal growth

Table 2. Fungicidal activity of ADGP and its liposomal preparations.

For experimental details see Materials and Methods.

ADGP Liposomal ADGP

Strain MFC MFCy, MFC MFCy,

(mg/ml) (mg/ml) (mg/ml) (mg/ml)
C. albicans ATCC10261 10 10 5 0.625
C. albicans ATCC 26278 10 5 1.25 0.625
C. krusei 10 10 5 5
C. famata >10 10 >10 >10
C. glabrata 10 5 5 2.5
C. parapsilosis 5 2.5 5 2.5
C. humicola 5 5 1.25 0.625
S. cerevisiae ATCC 9763 5 1.25 0.625

and FMDP into liposomes. Dimirystoyl-
phosphatidylcholine (DMPC), cholesterol and
stearylamine (molar ratio 5:4:1) were used to
prepare unilamellar vesicles containing these
agents. Liposomes were obtained by soni-
cation of the lipids/agent mixture and puri-
fied by gel filtration, as described in Materials
and Methods. The efficiency of encapsulation
was high, so that about 90% of ADGP or
FMDP molecules present in the mixtures were
entrapped into liposomes. The ADGP/lipid
molar ratio of the final preparations was in
the 0.22-0.32 range.

Antifungal activity of liposomal ADGP was
compared to that of ADGP alone by the serial
dilution microtiter method in RPMI 1640 me-
dium. Since the presence of liposomes made
the growth medium turbid, it was difficult to
determine the growth inhibitory effect by vi-

and viability. These results suggest that
liposomal encapsulation of poorly diffusible,
weak antifungal agents may improve their
antifungal in vitro activity.

We are fully aware of the fact that the possi-
bility of further development of the combina-
tions and liposomal preparations tested by us
is rather unlikely. Their antifungal activity is
still too low to be of any practical value. Never-
theless, we have demonstrated that augmen-
tation of antifungal potential of GlcN-6-P
synthase inhibitors is possible and the pro-
posed approaches may afford -effective
antifungal preparations, provided stronger in-
hibitors of GIcN-6-P synthase are found.

Skilful technical assistance of Mrs. Ewa
Ortel is fully appreciated.
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