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Abstract—Lipopolysaccharides (LPS), otherwise termed ‘endotoxins’, are outer-membrane constituents of Gram-negative bacteria
and play a key role in the pathogenesis of ‘septic shock’, a major cause of mortality in the critically ill patient. We have shown that
the pharmacophore necessary for optimal recognition and neutralization of LPS by small molecules requires an interaction between
two protonatable positive charges separated by a distance of ~14 A, which corresponds to the distance between two anionic phos-
phates on the glycolipid component of LPS called lipid A. The in silico binding of a diverse set of compounds with bis-amino, -am-
idino, -guanidino, and -aminoguanidino functionalities, identified as potential lead scaffolds in a high-throughput screen, with lipid
A was explored using molecular docking simulations. A weighted expression for binding affinity was trained relative to experimental
EDs, measurements, attaining a correlation of R*=10.66. Our docking results showed that the electrostatic interaction between
ligands and lipid A phosphates dominates the expression and varies little across the series, and other ligand-receptor interactions
seem to play a secondary role in governing the observed variations in the relative ligand binding affinity. Further, it appears that the
ligand internal energy plays the primary role in differentiating between compound binding affinities which also correlated well with
experimental EDs, data (R = 0.77). Application of this strategy would be useful in the de novo design of highly active endotoxin-
sequestering agents.

© 2005 Elsevier Ltd. All rights reserved.

Gram-negative sepsis is a serious and common clinical
problem, and is the primary cause of mortality in the
intensive care unit worldwide! accounting for some
200,000 fatalities in the US annually.> Mortality due
to septic shock has essentially remained unchanged at
about 45%,3 reflecting the absence of specific therapy
targeting underlying host-response mechanisms. The
primary trigger in the pathogenesis of the Gram-nega-
tive septic shock syndrome is endotoxin, a constituent
of the outer-membrane of all Gram-negative bacteria.
Otherwise referred to as lipopolysaccharides (LPS),
endotoxins consist of a polysaccharide portion and a
glycolipid called lipid A. The structurally highly con-
served lipid A* (Fig. 1) is the toxic moiety of LPS’
and sequestration of LPS by molecules designed to bind
lipid A is a logical and attractive target for drug devel-
opment.®®
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The bis-anionic, amphiphilic nature of lipid A enables it
to interact with a variety of bis-cationic hydrophobic li-
gands. In our ongoing efforts to develop small molecules
that would specifically bind lipid A, we have converged
on linear cationic amphipathic molecules possessing ter-
minal, protonatable cationic groups positioned so as to
be able to simultaneously interact with the glycosidic
phosphates on lipid A,% % as well as appropriately posi-
tioned apolar moieties to enable hydrophobic interac-
tions with the polyacyl domain of lipid A. Noteworthy
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Figure 1. Structure of lipid A, the toxic center of LPS.
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examples of such molecules displaying potent in vitro
and in vivo LPS-sequestering properties are acyl-poly-
amines.®1°

Hypothesizing that a judicious pre-selection of bis-cat-
ionic compounds fulfilling the primary pharmacophore
criterion of an N < N distance of ~14 A, and bearing
multiple H-bond donor/acceptor atoms on the scaffold
would increase the probability of generating high-affini-
ty binders with novel scaffolds, we had performed
searches in three-dimensional structure databases which
yielded about ~4000 commercially available com-
pounds. Employing a fluorescent probe displacement
high-throughput screening method,!? approximately
400 such compounds were screened in an effort to vali-
date the method by which high-affinity endotoxin bind-
ers can be identified.'* These compounds were chosen
for screening based on their commercial availability.
We now seek to address the question if high-affinity
binders could be predicted computationally, for if this
could be accomplished within reasonable error, very
large numbers of computationally generated structures
could be pre-screened in silico, prior to selective synthe-
ses of novel lead scaffolds. Using a subset of 54 com-
pounds as a training set (see Supplementary data), we
report here the application of molecular docking
methods. The results indicate that such an approach
may indeed be feasible.

The application of in silico molecular design has become
an increasingly vital component of modern drug discov-
ery and development. Conventional drug design focuses
on predicting molecular interactions with sterically
delimited concave protein receptor sites. However, inter-
actions with the convex surface of lipid A present unique
challenges due to a greatly increased solvent exposed
molecular area, and a much larger spread of translation-
al, rotational, and conformational freedoms of the bind-
ing ligand due to the relative absence of firm steric
boundaries.

A 3D structure search of commercial compound li-
braries identified over 4000 molecules with an N-N dis-
tance of 15.0 £3.0 A apart. These molecules were
screened using a high-throughput fluorescence displace-
ment assay, using BODIPY cadaverine (BC) (5-(((4-(4,
4-difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-indacene-3-
yl)phenoxy)acetyl)-amino) pentylamine HCI) as the dis-
placement probe.!*!4 Concentrations of the molecules
causing 50% effective displacement of BC from LPS
(EDsq values) provided the LPS binding affinity of these
molecules. From this high-throughput screen, 54 mole-
cules were selected from the highest affinity binders to
perform in silico docking studies.

Each of the 54 molecules studied herein was computa-
tionally docked onto the crystal structure of lipid A
via the dock module within MOE, '3 using default in vac-
uo settings. Hydrogen atoms were added to the lipid A
crystal structure,'® and the receptor region was specified
via the docking box utility to include the entire back-
bone region plus part of the acyl chains. Twenty-five
different poses were generated for each molecule and

scored according to electrostatic and van der Waals
interaction terms evaluated according to the MMFF94
force field.!” The tabu algorithm'® was used for confor-
mation searching, optimizing the efficiency of the pro-
cess by imposing restrictions on revisiting space
previously explored in prior steps, thus increasing con-
formational diversity. Structures for the top scoring
pose of each ligand have been merged into a single PDB
format file available for download at http://www.msg.
ku.edu/~msg/BMCL_9624/LipidA+ligands.pdb.

For the sake of brevity, the binding mode of the simplest
of ligands tested (NCI10400) will be described (Fig. 2).
NCI10400 binds to LPS by interaction with lipid A
phosphate groups, whose P < P distance is 13 A. The
AM1" energy-minimized conformation of NCI10400
yield a N < N separation of 13.7 A, a distance slightly
longer than the 13.0 A of the lipid A P« P distance.
However, when bound to lipid A, the NCI10400 is
found to yield a N < N distance 12.3 A—very close to
the shortest O < O distance (12.6 A) spanning the two
phosphate groups, and slightly shorter than the previ-
ously determined pharmacophore distance of 14 A.7 A
detailed search of over 100 poses for NCI10400 yielded
a distributed sample of binding conformations, most of
which displayed simultaneous interactions of NCI10400
with both phosphate groups. The root-mean-square-
deviation (RMSD) in atomic positions relative to the
highest ranked conformation ranged from 0 to 4 A.
The resulting conformations appeared to cluster with a
bimodal distribution into two classes, the first of which
had relatively small RMSD values (0-1.3 A), while the
latter two clusters had RMSD values larger than
1.76 A (Fig. 3). Analysis of these classes revealed that
in the first class the ligands bound to both phosphates,
whereas in the second, the ligands interacted with only
one phosphate (data not shown). Given that experimen-
tal evidence has been obtained for the requirement of
simultaneous ionic H-bond (‘salt-bridge’) interactions
of both protonated cationic groups with the lipid A
phosphates,'?> members of the latter class were omitted
from further consideration.

Figure 2. Binding conformation of NCI10400 to lipid A. Ionic
H-bonds between the ligand amines and lipid A phosphates are shown
in yellow.
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Figure 3. Bimodal distribution of RMSD values of 100 docked
conformers of NCI10400. Only the low RMSD conformers (blue bars)
show simultaneous ionic H-bonds with the lipid A phosphates as
shown in Figure 2.

Given this correlation between experimental results and
computational data of the bidentate model, poses result-
ing from conformational searches among the remaining
53 molecules studied were selectively filtered so as to
identify those structures binding to both phosphate
groups. Interestingly, we did not uncover any examples
in the training set exhibiting H-bonding interactions
with the other sites on the lipid A backbone.

Although our predicted enthalpic scores correlated well
with experimental EDs, data (R =0.82), (Fig. 4), the
constituent individual ligand-receptor electrostatic and
van der Waals interactions, as is evident from the corre-
lation matrix examining (Fig. 5), do not correlate well.
Specifically coefficients relative to experiment are only
0.05 and —0.01, respectively. What this collectively indi-
cates is that: (a) the main electrostatic interaction
between ligands and lipid A phosphates dominates
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Figure 4. Correlation of experimental and predicted ED5, values.
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Figure 5. Correlation matrix of log(EDsg) versus the total docking
score, electrostatic, van der Waals, and internal ligand components of
the score. The density of cell shading reflects the strength of
correlation.

the expression and varies little across the series, (b) the
other ligand-receptor interactions seem to play a little
role in governing the observed variations in the relative
ligand efficacy. In fact, it appears that the ligand energy
(R=0.77) plays the primary role in differentiating the
various efficacies. Statistically reweighting these compo-
nents via regression analysis did not improve the corre-
lation between the calculation and the experimental
value, giving the same R* = 0.66.

In conclusion, exploring the LPS binding modes of a set
of 54 primary and secondary bis-amino compounds via
molecular docking simulations has allowed us to verify
that the binding mode is dominated by interaction with
the phosphate groups. We have also determined that
within a relatively diverse set of compounds, the ligand
internal energy appears to be the primary factor in
distinguishing variations in binding efficacy from one
ligand to another. This may suggest that the conforma-
tional strain induced in forcing the ligand to adhere to a
bidentate binding mode may be key to the process. Giv-
en a fundamental scaffold that exhibits both a strong
bidentate overlap with the lipid A phosphate groups
and minimal intra-ligand strain, we believe it would be
beneficial to explore further the placement of potential
hydrogen bonding donors/acceptors capable of exploit-
ing two available acceptors within the lipid A head-
group, as well as hydrophobic groups suitable for
interacting with the acyl chains. A candidate for such
a scaffold is the molecule NCI22905, which exhibits both
an optimal EDs, among this set of compounds as well as
the best in silico docking score.
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