
Available online at www.sciencedirect.com
Bioorganic & Medicinal Chemistry Letters 17 (2007) 6602–6606
Rational design of N-alkyl derivatives of
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Abstract—N-Alkyl and N,N-dialkyl derivatives of 2-amino-2-deoxy-DD-glucitol-6P (ADGP) were synthesized and found to inhibit
growth of human pathogenic fungi (MICs in the 0.08–0.625 mg mL�1 range for the most active compounds). It was thus shown
that N-alkylation of ADGP provides novel inhibitors of a fungal enzyme, glucosamine-6P synthase, exhibiting higher antifungal
activity than the parent compound, due to the increased lipophilicity and better uptake by fungal cells.
� 2007 Elsevier Ltd. All rights reserved.
Emerging challenge of systemic fungal infections, espe-
cially in immunocompromised patients, and a limited
repertoire of effective antifungals stimulate a quest for
novel targets and drug candidates. Enzymes involved
in biosynthesis of the fungal cell wall components are
of a special interest in this respect. Glucosamine-6P
(GlcN-6P) synthase catalyzes the first committed step
in the biosynthetic pathway leading to the formation
of UDP-GlcNAc, a sugar nucleotide precursor provid-
ing DD-glucosamine for the formation of chitin and man-
noproteins.1 The enzyme was proposed as a target for
antifungal chemotherapy2 and a search for its selective
inhibitors as potential antifungals has been continued.
So far, two main groups of such compounds were iden-
tified: LL-glutamine analogs and mimics of a putative cis-
enolamine transition state intermediate but none of
them demonstrated high antifungal activity, due to the
inefficient uptake by the fungal cells. On the other hand,
some of the LL-glutamine analogs, namely N-acyl deriva-
tives of LL-2,3-diaminopropanoic acid, gave rise to oligo-
peptides exhibiting high antifungal in vitro and in vivo
activity3 but poor serum stability and unfavorable phar-
macokinetic properties.4
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2-Amino-2-deoxy-DD-glucitol-6P (ADGP) and 2-amino-
2-deoxy-DD-mannitol-6P (ADMP) are known as the
strongest inhibitors of fungal GlcN-6P synthase, belong-
ing to the second group, with inhibitory constants at
micromolar level.5,6 Our previous studies showed that
N-acylation of the 2-amino group and/or esterification
of the phosphate increased lipophilicity of the ADGP
molecule and facilitated uptake of the inhibitor into fun-
gal cells.7 Unfortunately, N-acylation of ADGP
strongly decreased GlcN-6P synthase-inhibitory poten-
tial of this molecule, thus suggesting that presence of
the 2-amino group, positively charged at physiological
conditions, may be of crucial importance for high en-
zyme-inhibitory activity.6 On the other hand, dimethyl
and diethyl esters of ADGP demonstrated improved
antifungal in vitro activity,7 but were unstable in human
serum, one may therefore predict their poor in vivo
efficiency.

Taking into account the above-mentioned results we
reasoned that N-alkylation of ADGP should afford
derivatives demonstrating substantially higher anti-
fungal in vitro activity than the parent molecule and
high stability in serum, provided their GlcN-6P syn-
thase-inhibitory potential is not diminished, relative to
ADGP. In the first stage of our project we performed
in silico docking simulations. Structures of N-mono-
alkyl- (C2–C6) and N,N-dialkyl- (C2–C6) derivatives of
ADGP were docked into an active site of the hexose-
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Scheme 1. Synthesis of N,N-dialkyl derivatives of ADGP.
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phosphate isomerase domain (ISOM) of Candida albi-
cans GlcN-6P synthase.8 Inspection of the structures
of resulting enzyme: ligand complexes clearly showed
that the ligands can easily accommodate at the active
site, and all favorable ligand: active site residues interac-
tions—noted in the known crystal structure of the bac-
terial GlcN-6P synthase:ADGP complex9—can be
preserved. Figure 1 shows that presence of alkyl substit-
uents does not disturb ligand binding, as the alkyl
chain(s) can either fit near the hydrophobic entrance
to the ISOM binding pocket—shielded by Val709 and
Val501 residues—or even protrude out of the pocket.
Unfortunately, a three-dimensional structure of the
whole fungal GlcN-6P synthase is not known, so that
one cannot predict how the N-alkyl chains may interact
with the remaining part of the enzyme, namely the glu-
tamine amide hydrolyzing domain (GAH) and the puta-
tive interdomain linker. However, taking into account
the known structure of bacterial GlcN-6P synthase10

and some sequence homology between the prokaryotic
and eukaryotic version of the enzyme monomer sub-
units, it seems possible that the N-alkyl substituents
may also participate in the favorable interactions with
residues constituting the hydrophobic intramolecular
channel connecting active centers of ISOM and GAH.
Evidence supporting presence of such channel in C. albi-
cans enzyme has been shown recently.11

Results of the docking simulations suggested that N-al-
kyl derivatives of ADGP should at least preserve the en-
zyme-inhibitory potential of ADGP and encouraged us
to elaborate synthetic procedures for unequivocal syn-
thesis of N-alkyl and N,N-dialkyl derivatives of ADGP.
N,N-Dialkyl derivatives of ADGP were synthesized by
reductive alkylation involving the reaction of ADGP 2
with a suitable aldehyde in the presence of NaCNBH3

in the mixture of CH3CN–H2O � 3:1 (Scheme 1).12 In
Figure 1. N,N-Dipropyl- (top) and N-hexyl-ADGP (bottom) docked

into an active site of the ISOM domain of C. albicans GlcN-6P

synthase. Red wire model represents a reference ADGP conformation,

based on the geometry of its complex with a bacterial enzyme (1 mos).
our previous studies we showed that reductive alkyl-
ation of DD-glucosamine under such conditions leads to
the formation of N-alkyl and N,N-dialkyl derivatives
of DD-glucosamine.13 Now we found that the reductive
alkylation of ADGP 2, obtained from GlcN-6P 1 by
the method of Bearne,14 afforded unequivocally the
respective N,N-dialkyl derivatives, provided at least a
threefold molar excess of aldehyde with respect to 2
was used. Thus, the procedure shown in Scheme 1 was
applied for the preparation of N,N-dialkyl ADGP deriv-
atives 3–5.

N-Monoalkyl derivatives of ADGP were synthesized by
the two-step procedure15 shown in Scheme 2, starting
from 1, N-acylated in the first step with a respective car-
boxylic acid anhydride. Subsequently, the resulting N-
acyl-GlcN-6P was treated with LiBH4 in THF. Under
these conditions both an amide and an aldehyde groups
were reduced, thus affording N-monoalkyl ADGP deriv-
atives 6–8. Identity of compounds 3–8 was confirmed by
IR, 1H NMR, and MS.16

ADGP 2 and its N-alkyl and N,N-dialkyl derivatives 3–8
were tested for physicochemical and biological proper-
ties, including apparent lipophilicity, enzyme-inhibitory
potential, uptake by fungal cells, and antifungal
in vitro activity. Affinity of the examined compounds
to the artificial biological membrane immobilized on
the bed of the IAM PC DD2 column, especially de-
signed for investigation of low and moderately lipophilic
compounds, was quantified and retention parameters
k0

IAM were determined as a measure of apparent lipophil-
icity.17 Benzene and GlcN-6P, taken as reference com-
pounds, demonstrated the k0

IAM values 0.8893 and
�0.7583, respectively. Data shown in Table 1 indicate
that ADGP exhibited the k0

IAM value close to 0.0 and
all the mono and dialkyl derivatives of ADGP demon-
strated higher k0

IAM values than the parent compound.
As expected, the affinity to the immobilized artificial
membrane depended on length and number of N-alkyl
Scheme 2. Synthesis of N-monoalkyl derivatives of ADGP.



Table 1. Data characterizing lipophilicity, uptake by C. albicans cells,

and inhibition of C. albicans GlcN-6P synthase by ADGP and its N-

alkyl derivatives

Compound Lipophilicity

log k0
IAM

Initial

uptake ratea

(nmol/min/mg

dry weight)

Inhibition of

GlcN-6P synthasea

IC50 (lM) Ki (lM)

2 �0.0437 1.1 (±0.2) 230 (±15) 35 (±4)

3 0.3895 3.9 (±0.6) 40 (±8) 8 (±1)

4 0.4625 4.7 (±0.5) 52 (±6) 10 (±2)

5 0.5190 5.0 (±0.8) 82 (±8) 12 (±3)

6 0.2283 2.9 (±0.4) 180 (±9) 26 (±5)

7 0.3567 3.4 (±0.2) 115 (±7) 20 (±3)

8 0.4222 4.8 (±0.6) 290 (±21) 49 (±6)

a Values are means of three experiments, standard deviation is given in

parentheses.
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substituents. However, all the compounds 3–8 could be
considered as moderately lipophilic and thus potentially
able to cross the real cell membrane by free diffusion.
This assumption was confirmed by the results of deter-
mination of initial uptake rates of compounds 2–8 by
C. albicans cells, shown in Table 1. The rates, deter-
mined under conditions described previously,7 were
much higher for N-alkyl ADGP derivatives, in compar-
ison to that of ADGP. Kinetic studies on the uptake of
N-alkyl derivatives of ADGP provided evidence for its
passive character, including a linear dependence of up-
take rates on initial compound concentration and lack
of any effect of metabolic inhibitors, such as NaN3 (de-
tailed results not shown). It is worth mentioning there-
fore that N-acyl ADGP derivatives were effectively
taken up by C. albicans cells by a passive transport
mechanism, while the ADGP molecule was slowly accu-
mulated by the way of an unidentified active transport
system.7 The novel N-alkyl ADGP derivatives 3–8 thus
closely resemble their N-acyl counterparts in terms of
lipophilicity and uptake properties.

Compounds 2–8 were tested for their GlcN-6P synthase-
and phosphoglucose isomerase-inhibitory activities.18

Both these enzymes utilize DD-fructose-6-phosphate as a
substrate and catalyze ketose–aldose isomerization,
according to the very similar mechanisms involving,
respectively, cis-enolamine or cis-endiol intermediate.
N-alkyl ADGP derivatives 3–8 appeared relatively
strong inhibitors of C. albicans GlcN-6P synthase, as
under in vitro conditions, 50% inhibition of enzyme
activity (IC50) was observed in the 40–290 lM range.
Data shown in Table 1 reveal that the inhibitory poten-
tial in terms of the IC50 values of nearly all the N-alkyl
derivatives, except the N-hexyl-ADGP 8, was even high-
er than that of ADGP. Especially low IC50 values were
found for N,N-dialkyl compounds 3–5. This is in con-
trast to the inhibitory potential of N-acyl ADGP deriv-
atives, for which we previously found the IC50 values in
the 6–19 mM range.6 Good inhibitory potential of com-
pounds 3–8 thus confirmed the suggestion resulting
from the docking simulations described above. Inhibi-
tion of C. albicans GlcN-6P synthase by ADGP and
its N-alkyl derivatives was competitive in respect to DD-
Fru-6P and non-competitive in respect to LL-Gln. The or-
der of inhibitory potential reflected by Ki values deter-
mined from kinetic data was similar to that found for
the IC50 data. Interestingly, Floquet et al. reported re-
cently that Ki values of ADGP, N-acetyl-ADGP and
N-ethyl-ADGP toward Escherichia coli GlcN-6P syn-
thase were 25, 28, and 500 lM, respectively, so that in
the case of the bacterial enzyme, N-acetyl-ADGP was
as effective as ADGP, while N-ethyl-ADGP was much
poorer.19 It seems therefore possible that despite the
close sequence homology between E. coli and C. albicans
ISOM domains and conservation of all residues impor-
tant for catalytic activity, there could be a difference in
spatial arrangements of catalytic residues of bacterial
and fungal enzyme versions, especially in the region con-
taining residues interacting with the 2-amino group of
ADGP and its derivatives. None of the studied com-
pounds at concentrations up to 20 mM inhibited activity
of yeast phosphoglucose isomerase, thus confirming the
previously suggested structural requirements for effec-
tive transition state analog inhibitors of this enzyme.6

Compounds 2–8 were tested for their antifungal in vitro
activity against 3 strains of human pathogenic yeast
from the genus Candida and 2 recombinant strains of
Saccharomyces cerevisiae: AD and ADCDR1. The AD
cells are sensitive to antifungals, due to the deletion of
the seven genes encoding main drug exporting mem-
brane proteins of S. cerevisiae,20 while the ADCDR1
cells were constructed by transformation of AD with a
plasmid containing a gene encoding Cdr1p, the main
drug exporter of C. albicans.21 Minimum inhibitory con-
centration (MIC) values determined by a serial dilution
microplate method22 for compounds 2–8 and a well-
known antifungal drug fluconazole as a reference are
summarized in Table 2.

Antifungal activity of ADGP (2) is very poor, since a
growth inhibitory effect was observed at concentrations
as high as 5–10 mg mL�1. MIC values determined for N-
alkyl ADGP derivatives 3–8 were generally an order or
even nearly two orders of magnitude lower and the
lowest values 0.08–0.625 mg mL�1 were observed for
N,N-dialkyl compounds 3 and 4. Presence of 10 mM
N-acetyl-DD-glucosamine in the growth medium com-
pletely abolished the antifungal activity of investigated
compounds, thus indicating that GlcN-6P synthase is
their primary target in fungal cells. Comparison of the
MIC values determined against the recombinant S. cere-
visiae cells AD and ADCDR1 clearly indicates that
presence of the Cdr1p, mediating multidrug resistance,
does not affect antifungal activity of both ADGP and
its N-alkyl derivatives, while strongly decreases that of
fluconazole. This result suggests that ADGP and its
derivatives are probably not extruded from yeast cells
by the Cdr1p drug transporter.

Compounds 2–8 were stable in human serum, as no
products of their possible degradation were detected
by HPLC23 upon their incubation for 72 h at 37 �C in
5% human serum (details not shown).

According to our best knowledge, N-alkyl derivatives of
ADGP constitute the first reported example of N-alkyl-



Table 2. Antifungal in vitro activity of ADGP and its N-alkyl derivatives

Compound MIC (mg mL�1)

Candida albicans Candida glabrata Candida tropicalis Saccharomyces cerevisiae AD Saccharomyces cerevisiae ADCDR1

2 5 10 10 5 5

3 0.31 0.625 0.625 0.31 0.31

4 0.16 0.625 0.625 0.08 0.16

5 0.312 1.25 2.5 1.25 1.25

6 1.25 2.5 2.5 2.5 2.5

7 0.625 1.25 1.25 1.25 1.25

8 0.625 0.625 0.31 0.31 0.31

FLUCa 0.008 0.016 0.016 0.004 0.032

a FLUC, fluconazole.
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ated aminohexitol phosphates demonstrating antimicro-
bial activity. In the literature, there are also very few
examples of structurally related N-alkylated amino sug-
ars exhibiting any type of biological activity.24,25 Struc-
tures of our novel compounds have been rationally
designed, taking into account results of in silico docking
simulations and predictions concerning expected
improvement of the uptake parameters upon introduc-
tion of alkyl substituents at the 2-amino group of
ADGP. This approach has appeared successful,
although the antifungal activity of the obtained com-
pounds is not high enough to consider them true drug
candidates.
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