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Abstract—Results of an in silico screening of a freely accessible database encompassing 50,000 commercial compounds on bacterial
glucosamine-6P synthase (Glms) are described. Each product was docked with the GOLD software in a region of 20 A surrounding
the sugar binding site and ranked according to its score. Among the 14 best-scored molecules, three molecules exhibited good exper-
imental inhibition properties (ICso = 70 pM) giving a high hit rate (H.R.: 0.23). Interestingly, these molecules are predicted to inter-
act with a protein region that forms a pocket at the interface between the two enzyme monomers, opening the route to dimerization

inhibitors.
© 2007 Elsevier Ltd. All rights reserved.

Glucosamine-6P synthase (GImS) is a dimeric enzyme
that belongs to the family of glutamine-dependent amid-
otransferases and catalyses the first committed step of
hexosamine metabolism.! It irreversibly converts b-fruc-
tose-6P into D-glucosamine-6P by using L-glutamine as
a nitrogen source. The end product of this pathway,
UDP-N-acetylglucosamine-6P, is an essential building
block of bacterial and fungal cell walls. In mammalian
cells, the equivalent protein (Gfat) is a tetrameric
enzyme playing the role of a glucose sensor with crucial
implications in the vascular complications of type II dia-
betes.?2 Therefore, GImS and Gfat are considered as
pharmacological targets and they have been intensively
studied over the last decade. Based on biochemical
and structural analyses, it has been demonstrated that
the monomer of GImS is composed of two independent
domains,?>> namely the glutaminase and the synthase
domains that are linked to each other by a hinge region
of ~40 amino acid residues. The glutaminase domain
catalyses the hydrolysis of L-glutamine into L-glutamate
and ammonia (glutaminase site). The ammonia formed
is then transferred through an 18 A length channel® to
the synthase domain which converts bound p-fructose-
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6P into D-glucosamine-6P (synthase site). Dimerization
of the enzyme appears to be crucial for the closure of
the sugar active site and the formation of the channel.®
The amino acid sequences of Glms and Gfat share
40% identity, a value that increases to 80% in the func-
tional regions (active sites, channel). The region that
covers the active sites of Glms can therefore be consid-
ered as a good model for the study of Gfat. So far, most
of the compounds reported to inhibit GImS and Gfat
are amino acids or sugar derivatives directed towards
one of the enzyme active sites.”-8 More recently, natural
products such as amitrole’ or aaptamine'® or ana-
logues'""'? were also identified although the precise
mode of action remains to be clarified. Two crystallo-
graphic structures describing the enzyme in a complex
with D-fructose-6P and with both p-fructose-6P and
6-diazo-5-oxo-L-norleucine (DON), an affinity label
bound to Cys; of the glutaminase site, were recently
obtained'. These structures resolved at 2.05 and
2.35 A, respectively, considerably improved the accura-
cy of the data previously reported at 3.1 A,° allowing
in particular the observation of water molecules in the
enzyme active sites. We used the recent structures of
the dimeric Glms to perform docking calculations.'*

A prerequisite to any virtual screening experiment is the
validation step. The docking protocol was therefore
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tested on a set of 33 molecules for which the experimen-
tal K; was previously determined.'> We first observed
that docking into the empty water-free Glms structure
led to unreliable results with no correlation between
experimental K; and calculated scores. This problem
was eventually solved by including water molecules from
crystallographic data. As reported in the initial X-ray
structures of the isolated synthase domain (PDB:
IMOQ, IMOR and 1MOS),'¢ up to 11 water molecules
connecting the ligand and the protein through hydro-
gen-bonding could be identified. This number varies
according to the ability of the inhibitors to displace
one or more of these water molecules. As an example,
Figure la shows the water molecules that can be
observed in the 2-deoxy-2-amino-D-glucitol-6P:enzyme
complex. !¢

After screening the effect of removing different water
molecules on the docking of this subset of inhibitors,
five of them corresponding to those that are strictly
conserved among all the available enzyme X-ray struc-
tures turned out to be important (Fig. 1b). An addi-
tional argument came from the results of a 5ns
molecular dynamics simulation performed on the
Glms monomer where the fructose-6P site is fully
accessible to the solvent and which confirmed their
important residence time (data not shown). Accord-
ingly, these water molecules were included in the
docking calculations.

Using these ‘hydrated’ conditions all the ligands of
known crystallographic structures were successfully
replaced (Rmsd <1 A) by the GOLD docking protocol
(data not shown). Moreover, for each compound, the
solution corresponding to the crystallographic model
was found among the three best proposed by GOLD.
The scores of the docking procedure for these 33 com-
pounds are reported in Table 1, together with their
experimental Kis.!'®

The correlation between the GOLD score values and the
experimental K;s (Fig. 2) shows that the GOLD score is
a good indicator of activity for this series of compounds
with a remarkable Kendall rank correlation coeflicient
of t=34 (p<5.1074.77

1967

Table 1. Experimental Kj(s) and scores of the 33 compounds of the

docking validation set

Compounds K Score
(uM)
Oxime of p-arabinose-5P 14 74.72
2-Amino-2-deoxy-p-glucitol-6P 25 73.16
2-Acetylamino-2-deoxy-p-glucitol-6P 28 74.95
2-Chloroacetylamino-2-deoxy-D-glucitol-6P 58 80.94
2-Amino-2-deoxy-6-phospho-p-gluconate 90 76.62
Oxime of D-glucosamine-6P 180  77.25
2-Hydroximo-6-deoxy-6-phosphono-p-fructose 200  77.36
N-iodoacetyl-p-glucosamine-6P* 220  61.62
Oxime of 5-methylphosphono-p-arabinose 360 67.28
5-Phosphonomethyl-p-arabinohydroxymolactone 370 6l1.11
2-Ethylamino-2-deoxy-p-glucitol-6P 500  77.23
Oxime of D-glucose-6P 580  74.79
2-Amino-2-deoxy-6-phosphonomethyl-p-glucitol-6P 650  65.59
1-Amino-1-deoxy-D-glucitol-6P 750  72.54
D-glucosamine-6P* 760  66.64
5-Phosphonomethyl-p-arabinolactone 1140  60.52
1,2-Anhydrohexitol-6P 1400 67.24
D-Glucitol-6 P 2400 71.01
6-D-Phosphogluconate 2500 76.91
6-Deoxyphosphono-p-fructose” 2500 61.97
D-Ribose-5P 3200 65.95
D-Arabinose-5P 8300 65.98
3-Amino-p-fructose-6P* 5000 63.27
2-Deoxy-p-glucitol-6P 15000 71.28

*For cyclic compounds both the o and the  anomers were docked;

only the best was conserved for analysis.
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Figure 2. The relation between the scores and the experimental K;s of

the 33 compounds of the docking validation set.

Figure 1. The role of water molecules in the binding of Glms ligands. (a) 2-deoxy-2-amino-p-glucitol-6P:enzyme complex'® and (b) the five water

molecules included for the docking calculations.



Table 2. Percentage of Glms activity inhibition by the compounds selected among the hits of the virtual screening

Structure % inhibition (Score)

Structure

% inhibition (Score) Structure

% inhibition (Score)
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Enzyme activity was determined at 100 uM; ND: Not Determined (precipitation of the compound preventing analysis). Under the same conditions, the reference compound 2-amino-2-deoxy-p-glucitol-6P
(score = 73.2) gave 85% inhibition (ICs5y = 56 uM). The structures of amitrole (ICso = 100 uM) and aaptamine (ICsy = 120 uM) are included for comparison purposes.
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Following validation of the docking protocol, a bank of
50,000 commercially available compounds was screened
in silico. The ligands from the databank were ranked
according to their scores. After statistical analysis'® of
the whole scores distribution, 14 of the best scored mol-
ecules (corresponding to a score > mean (scor-
e) +3*SD. (p>99.9%)), which were predicted to be
directed towards either the fructose-6P binding site or
the interface between the two monomers of Glms, were
tested (Table 2).'°

Tested compounds were considered as ‘active’ when dis-
playing an effect on activity at 100 uM, in the range of
that exhibited by 2-amino-2-deoxy-D-glucitol-6P, one
of the best known inhibitors of Glms (ICsy = 56 uM)
and belonging to the validation set.

Three molecules (1, 2 and 10) were found to significantly
inhibit GImS giving an ICsy of 70 pM, with no clear
structural relationship with known inhibitors, including
amitrole or aaptamine (see Table 2). Interestingly, these
three molecules were predicted to bind at the interface
between the two monomers of Glms. Compounds 1
and 2, that share a common scaffold, were docked at
exactly the same position forming H-bonds with resi-
dues GIY301, Tyl'304, Leu484, Ly5487, Glu495, Ala496 and
Tyrse7; from one monomer and with residues Gluygs,
Alaggs, Alageg and Lyssg; from the second monomer
(Fig. 3a).

Compounds 3, 4 and 8 which also share a common
scaffold were predicted to interact within the same

Figure 3. Models of compounds 1, 2 (a) and 10 (b) docked at the
interface of the two Glms monomers (ribbons in green and blue,
respectively).

region, with an equivalent score, but were found inac-
tive at the tested concentration of 100 uM, except for
compound 8 for which an ICsy of 250 uM was mea-
sured. At the moment it is too early to rationalize
these differences and obtain a clear structure activity
relationship. Further studies taking into account the
flexibility of the intersubunit site shall help refining
our model.

Compound 10 was predicted to interact within the same
region with residues Gluygs and Alaygs of both mono-
mers (Fig. 3b). Although we cannot exclude the possibil-
ity that this predicted interaction is favoured by the
inclusion of water molecules in the active site, it could
constitute an issue for the design of compounds that al-
ter the dimerization process.

Unfortunately, the poor water solubility of the com-
pounds prevented further experimentation to prove this
new mechanism of inhibition. Efforts are actually in pro-
gress to design related compounds with an increased
aqueous solubility to circumvent this problem.

In this work, we used the recent X-ray structures of bac-
terial glucosamine-6P synthase to dock a database of
50,000 commercially available compounds in the region
around its active site. Among the best hits, 14 molecules
were finally tested as putative inhibitors of Glms, and
three displayed significant inhibitory properties giving
a remarkable hit rate of 0.23. Interestingly, these three
compounds were predicted to bind at the interface
between the two Glms monomers, in a deep pocket
located near the synthase site. These molecules display
completely original structures as compared to the natu-
ral substrate and known inhibitors. We demonstrate
here the possibility of rapidly discovering Glms ligands
with new scaffolds by using a basic virtual screening
strategy which takes into account the presence of crucial
water molecules. This new feature may be relevant for
the design of Glms inhibitors preventing or disrupting
the association of its monomers, a strategy which pres-
ently remains difficult.
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