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Computational improvement of small-molecule
inhibitors of Bacillus anthracis protective antigen
activation through isostere-based substitutions.
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Abstract: There has recently been interest in the development of small-molecule
inhibitors of the oligomerization of Bacillus anthracis protective antigen for
therapeutic use. Some of the proposed lead compounds have, however,
unfavorable solubility in aqueous medium, which prevents their clinical use. In
this computational work, we have designed several hundreds of derivatives with
progressively higher hydro-solubility and tested their ability to dock the relevant
binding cavity. The highest-ranking docking hits were then subjected to 125 ns-
long simulations to ascertain the stability of the binding modes. Several of the
potential candidates performed quite disappointingly, but two molecules showed
very stable binding modes throughout the complete simulations. Besides the
identification of these two promising leads, these molecular dynamics simulations
allowed the discovery of several insights that shall prove useful in the further
improvement of these candidate towards higher potency and stability.

Keywords: anthrax; lead compounds; molecular dynamics; docking

1. Introduction

The toxicity of Bacillus anthracis towards animal cells depends on the action of
three proteins: a Zn* protease, an adenylcyclase and a transporting protein called
“protective antigen” due to its ability to elicit protective immunity against
anthrax(Young et al., 2007). Upon infection of a host, the N-terminal domain of the
protective antigen (Figure 1, panel A) is cleaved by a host-derived
protease(Gordon et al., 1997; Gordon & Klimpel, 1995; Klimpel et al., 1992) and the
remaining product assembles into heptamers (referred to as “prepores”) which
bind the adenylcyclase or Zn* protease toxin components and are
endocyted(Abrami et al., 2003). In the endosome, acidification leads the heptamers
into converting into membrane-spanning pores, through which the toxin
components translocate into the cytosol, eventually leading to the symptoms of
anthrax[6]. Treatment involves prolonged doses of antibiotics and the use of
antitoxins which interact with the protective antigen and render it
inoperative(Hendricks et al., 2014). Another possible treatment strategy consists in
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the inhibition of the oligomerization of the protective antigen through the
intervention of small molecules that bind the protein surfaces involved in the
formation of the prepore(Omersa et al., 2019; Rubert Pérez et al., 2012; Wein et al,,
2012). An in silico screen of a compound library identified(Wein et al., 2012) several
molecules with the ability to bind a small cavity (Figure 1, panel B) in the
protective antigen located at the oligomerization interface, close to the region
where the N-terminal domain contacts the rest of the protein. Two of these
molecules (Chembridge library members 5181401 and 5180717) were then
experimentally shown to possess the ability to prevent the oligomerization and to
protect cells from anthrax lethal toxin in vitro. Serum albumin, however, prevented
these molecules from protecting the cells, suggesting that their high
hydrophobicity will render them unsuitable for clinic applications. In this work,
we have designed and analyzed computationally a large variety of less
hydrophobic derivatives of these ligands to identify higher affinity analogues with
improved clinical applicability.

Figure 1. A) Molecular surface of the protective antigen. The N-terminal portion cleaved prior to
activation is colored green. The docking site studied is highlighted with a rectangular box. B)
Molecular surface of the binding site. C and D) Scaffolds used for the generation of novel inhibitor
candidates: Chembridge library member 5181401 (C) and Chembridge library member 51810717 D).
Regions subjected to bioisosteric modification(Meanwell, 2011; Patani & LaVoie, 1996) are
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highlighted. The numbering scheme used throughout the manuscript is shown in each ring. In
molecule 1, the numbering of moiety F is analogous to that of moiety B. In molecule 17 , the
numbering of moieties F and ] are analogous to E and A, respectively.

2. Materials and Methods

All computations were performed in YASARA (Krieger et al., 2004) using the 1.
45 A resolution crystal structure of the protective antigen in which the membrane-
insertion loop (residues 303-324) was replaced with the Pro-Gly dipeptide, at
pH=8. 5 (PDB: 3TEW) (Figure 1)(Feld et al., 2012). New inhibitor candidates (Figure
1 and Supporting Information) were generated manually through bioisosteric
replacement (Meanwell, 2011; Patani & LaVoie, 1996) at strategic positions of the
two ligands(Wein et al., 2012) found previously (Chembridge library members
5181401, henceforth referred as 1, and 5180717, henceforth referred as 17), and then
docked with AutoDock Vina(Trott & Olson, 2010) using default docking
parameters. The docking region was confined to a large 51. 0x36. 7x34. 5 A box
centered on the crevice between segments 159-162 and 473-485 to confirm that
binding is specific to the cavity and not due to unspecific adsorption to the protein
surface. The cavity itself (Figure 1B) is about 8 A wide and 20 A long and can be
divided in two regions: an “exposed” lobe open to bulk solvent lined by amino
acids 224-230 and a “protected” lobe lined by amino acids 461-464 and 472-483,
partially protected from bulk solvent by a “lid” formed by the side chains of N-
terminal domain amino acids Q158 and K159. The docking box we used is
considerably larger than the cavity to ensure that putative candidates that bound
to only one of the lobes of the cavity and to the surrounding surface (instead of
occupying the complete cavity) could be filtered out. The ligands with higher
dissociation energies were selected for further study through molecular dynamics.
All molecular dynamics simulations were run with the AMBERO3 force field(Duan
et al., 2003), using a multiple time step of 1. 25 fs for intramolecular and 2. 5 fs for
intermolecular forces. Simulations were performed in cells 25 A larger than the
solute along each axis (final cell dimensions 159. 0 x 111. 9 x 124. 83 A), and
counter-ions (195 Cl" and 198 Na") were added to a final concentration of 0. 9 %
NaCl. In total, the simulations contained approximately 221,770 atoms. A 8 A
cutoff was taken for Lennard-Jones forces and the direct space portion of the
electrostatic forces, which were calculated using the Particle Mesh Ewald
method(Essmann et al., 1995) with a grid spacing <1 A, 4th order B-splines and a
tolerance of 10* for the direct space sum. Simulated annealing minimizations
started at 298 K, velocities were scaled down with 0. 9 every ten steps for a total
time of 5 ps. After annealing, simulations were run at 298 K. Temperature was
adjusted using a Berendsen thermostat(Berendsen et al., 1984) based on the time-
averaged temperature, i. e. , to minimize the impact of temperature control,
velocities were rescaled only about every 100 simulation steps, whenever the
average of the last 100 measured temperatures converged. Substrate
parameterization was performed with GAFF(Wang et al., 2004) and charges were
assigned through the AM1BCC protocol. All simulations were run for at least 125
ns. Unless otherwise noted, average interaction distances and standard deviations
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were computed on the whole trajectory after discarding the initial 15 ns. Umbrella
sampling was performed on the best ligands (as determined from their ability to
remain bound to the protein throughout the molecular dynamics simulations) to
obtain better estimates of their relative binding energies. 20 windows were used for
each system to sample the distance between the center of the ligand and the bottom
of the binding cavity. The centers of the umbrella potentials were spaced by 1. 0 A.
A harmonic potential of the form V=1/2k (x - XO)2 with a force constant of 10. 0 kcal/
mol/A? was used to apply the distance restraints. Sampling was performed for 3. 6
ns in each bin. The first 0. 6 ns were eliminated from the analyses. The unbiased
distributions were obtained through the weighted histogram analysis method
(WHAM) (Grossfield, 2018; Kumar et al., 1992) using a bin size of 0. 2 A. Solvation
energies were computed with the Firelfy quantum chemistry package(Granovsky,
2013) using a polarizable continuum method(Cossi et al., 1998, Mennucci &
Tomasi, 1997; Tomasi & Persico, 1994) with the PBEO-D3(BJ)/pcseg-2//PBE0-D3(BJ)/
6-31G+(d,p) quantum chemical method(Adamo & Barone, 1999; Grimme et al,,
2011; Jensen, 2014).

3. Results
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Figure 2. A) Distribution of the docking energies of the derivatives Chembridge library member
51810717. B) Distribution of the docking energies of the derivatives Chembridge library member
5181401. In both histograms, the energy of the unmodified library member is shown as a thick red
line. In each histogram, an asterisk highlights the bins from which a candidate structure was
analyzed through molecular dynamics simulations.

305 derivatives of Chembridge library member 17 and 76 derivatives of
Chembridge library member 1 were designed and docked to the target cavity. Our
modifications of 17 usually involved the increase of dipole moment of the rings
through substitution of carbon by nitrogen or addition of halogen atoms, the
reduction of one of the imine bonds or the replacement of phenolic hydroxyl
groups by non-classical bioisosteres. The tested modifications invariably improved
the docking energy (Figure 2A), showing that ample room exists for improvement
of the binding capabilities of 17. Modifications of 1 were not always as effective in
improving the docking energy: replacing one of the amides by an acetyl group,
appending a single methylamine group on the D ring (Figure 1) or replacing one of
the phenyl carbons by nitrogen yielded compounds with slightly worse binding
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ability than the original compound. Only one derivative of 1 (1-67) had an
improvement above 1. 5 kcal/mol over the original compound, whereas the
improvement over 17 was much more extensive, with seven molecules (Table 1)
showing an improvement above 2. 6 kcal/mol. Surprisingly, the effects of
individual substitutions on the docking energies proved not to be additive, partly
due to the flexibility allowed by the large size of the lobes of the binding cavity and
partly due to the high symmetry of the parent molecules, which allows the
generation of 2" different molecules from individual changes at n symmetry-
unrelated positions.

The scoring functions used to rank the solutions from docking experiments are
well-known to be imperfect and to be able, at most, to significantly improve the
likelihood that a high-ranking molecule will be a strong ligand. We therefore
proceeded to analyze the stability of the binding modes of our candidate molecules
through molecular dynamics simulations.

Table 1. Substitution pattern in the derivatives of 17 with the best docking energies. Positions not
listed were kept unchanged relative to the parent compound.

Derivativ Docking A B F G H I
o energy
(kcal/mol)
17-061 -11. 34 N° 6-fluoro- 2,4-CHD
17-283 -11. 04 N° 6-hidroxy-2,4-
CHD
17-275 -10. 90 N° 6-chloro-2,4 CHD
17-288 -10. 84 N°¢ -NH-C=0-O-
17-239 -10. 83 N°¢ 2,4 CHD
17-147 -10. 78 N°O’- F -NH-C=O-NH-
2,6
CHD
17-222 -10. 77 HN® =0 2,4-CHD =0 -NH,-CH, -NH-C=0-O-

Legend: 2,4-CHD: 2,4-cyclohexadiene; 2,6 CHD: cyclohexadiene with double bond between atoms 2 and 3
and between atoms 1 and 6; N°: replacement of a -HC= at position 6 by -N=.

3. 1. Candidate 1-67
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162
163 Figure 3. A) Evolution of the binding mode of 1-67 along two different simulations started from the
164 same binding pose. Ligand unbinding is evident at 125 ns in one simulation (upper panels), whereas
165 stable binding is seen in the other simulation (lower panels) B) Chemical structure of candidate 1-67.
166 C) Evolution of protein-ligand contacts along the two simulations (moving average of 200ps
167 windows centered on the graphed points). Upper simulation: blue trace; Lower simulation: red trace
168
169 1-67 (Figure 3B) differs from the original ligand 1 in the replacement of both
170 amide groups by carboxylates and by the presence of a nitrogen in the central ring,
171 which increases its dipole moment. In the initial binding pose, strong hydrogen
172 bonds are established between one of its carboxylate groups and the backbone
173 amides of Lys159 (3. 63+0. 50 A)and GIn158 (2. 73+0. 32 A) while the other end of
174 the molecule is nested in the “exposed” cavity lobe lined by residues 226-232 and

175 the carboxylate in that end interacts with the backbone amides of Ser227 (2. 80+0.
176 19 A)and Trp226(2. 39+0. 50 A) (Figure 3A). Since two very similar binding poses

177 were obtained in the docking procedure, we analyzed the stability of the complex
178 with four 125 ns simulations (two from each binding pose). We found a similar
179 behavior in each pair of simulations: in one instance, the complex remained stable
180 throughout the 125 ns, whereas in the other instance the ligand started to unbind
181 after around 80 ns (Figure 3A and 3C and Supporting Information). In both pairs of
182 simulations, the separation of the ligand consistently proceeded through the

183 motion of the exposed carboxylate group present in the 223-232 lobe of the cavity
184 away from the tethering Ser226-Trp227 amides towards the bulk solvent. This

185 separation is made possible by the open nature of this cavity, which enables large
186 numbers of water molecules to compete with the backbone amides for the
187 interaction with the carboxylate. In contrast, the interaction of the other
188 carboxylate with the Lys159 (2. 77+0. 40 A) and GIn 158 (2. 73+0. 32 A) backbone
189 amides is much more stable because the side chains of Lys159 and GIn158 largely

190 shield it from bulk solvent. The observation of a stable interaction of the whole
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molecule with the protein target in only half of the simulations implies that this
candidate can not be relied upon to provide a dependable inhibition. Future
attempts at improvement of 1-67 should therefore refrain from placing such strong
hydrophilic groups in the end of the molecule interacting with this lobe of the
cavity.

3. 2. Candidate 17-061
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Figure 4. A) Evolution of the binding mode of 17-061 along two different simulations started from
the same binding pose. B) Chemical structure of candidate 17-061. C) Evolution of protein-ligand
contacts along the two simulations (moving average of 200ps windows centered on the graphed
points). Upper simulation: blue trace; Lower simulation: red trace

The first analogue of 17 we studied more thoroughly (candidate 17-061) differs
from the original molecule by the elimination of aromaticity in moiety F, the
introduction of a halogen in that ring to increase dipole moment and in the
replacement of the benzene ring in moiety A by a pyridine. In the docking pose
identified by VINA, the pyridine ring lies in the “open” lobe of the cavity and the
hydroxyl in moiety D forms a hydrogen bond with the carbonyl of Ser230. The ring
bearing the halogen is sandwiched between GIn158 and Lys159 and the terminal
phenol ring lies in the “protected” lobe of the binding site (Figure 4). Two
independent simulations started from this configuration showed that the binding
is very stable, although the details may change considerably. In both instances the
initial hydroxyl-Ser230 carbonyl interaction is maintained throughout the
simulation (2. 70+0. 62 A in the first simulation, 3. 17+0. 59 A in the second
simulation) but other interactions are different between simulations (Figure 5): in
the first case, the pyridine nitrogen remains bound to the Trp226 backbone amide
(2. 37+0. 27 A) while the backbone amide of Ser227 locks the hydroxyl in moiety B
in place (2. 14+0. 21 A), while in the second simulation these interactions are absent
but a transient hydrogen bond between Ser475 and the hydroxyl in moiety D is
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present in more than 60% of the time (2. 90+1. 70 A in the full simulation, 1. 98+0.
19 A if the intervals with distance >3 A are omitted).
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Figure 5. A) Representative snapshot of the binding mode found in the first simulation of the
complex with 17-061. The binding cavity is shown from above, after GIn158 and Gln 483 have been
removed for clarity. Binding interactions are highlighted with colored ellipses. B) Evolution of the
stable hydrogen bonds in the first simulation. Color code is the same as the one used in panel A. C)
Representative snapshot of the binding mode found in the second simulation of the complex with
17-061. The binding cavity is shown from above, after GIn158, Trp226, Ser227 and GIn 483 have been
removed for clarity. Binding interactions are highlighted with colored ellipses. D) Evolution of the
stable hydrogen bonds in the second simulation. Color code is the same as the one used in panel C

3. 3. Candidate 17-222
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Figure 6. A) Evolution of the binding mode of 17-222 along two different simulations started from
the same binding pose. B) Chemical structure of candidate 17-222. C) Evolution of protein-ligand
contacts along the two simulations (moving average of 200ps windows centered on the graphed
points). Upper simulation: blue trace; Lower simulation: red trace

Candidate 17-222 differs from 17-061 in the tautomeric form of the iminol in
one of the extremities and in the existence of a much more hydrophilic character in
the opposite end, which bears a basic amine instead of an amine and an internal
carbamate group instead of the phenol hydroxide. In the initial binding pose, this
hydrophilic end binds to the protected lobe, while the other end binds to the
solvent-exposed portion of the cavity (Figure 6). In the first simulation an
extremely stable binding mode was observed, maintained (in the protected lobe)
through hydrogen bonds between the polar hydrogen attached to the internal
carbamate nitrogen and Thr461 (1. 97+ 0. 15 A) , the protonated amine and Ser475
(2. 02+ 0. 41 A), and between the protonated amine and the carbonyl group of
Pro232 (2. 38+ 0. 39 A). As observed with other candidate molecules, considerable
mobility is observed in the end of the candidate interacting with the open lobe. In
the second simulation a similar behavior was observed, though only up until 49 ns:
at this moment a rotation of the protonated amine C-N bond breaks the hydrogen
bond between it and the Pro232 carbonyl, and the increased flexibility leads (1. 3 ns
later) to the severing of the interaction of the internal carbamate moiety with
Thr461. This hydrophilic site immediately interacts with the surrounding bulk
water and promptly wriggles away from the cavity through the lateral opening
between Gly474 and Ser161 (Figure 6).

3. 4. Candidate 17-239
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260 Figure 7. A) Chemical structure of candidate 17-239. B) Evolution of the binding mode of 17-239.
261 The structure of candidate 17-239 is very similar to that of the promising 17-061
262 molecule discussed earlier: the only difference lies in the absence of a halogen in
263 the ring we called “moiety F” (Table 1 and Figure 7A). Its behavior in the binding
264 cavity is, however, dramatically different: two hydrogen bonds between the
265 phenol hydrogen in moiety ] and the hydroxyl in moiety G with the side chain of
266 Serd75 are the only stable interactions between the ligand and the cavity surface.
267 There interactions weaken dramatically after only 12 ns, and the molecule
268 promptly leaves, though always interacting weakly with the protein surface
269 instead of being released to the bulk.
270 3. 5. Candidate 17-275
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271
272 Figure 8. A) Evolution of the binding mode of 17-275 along two different simulations started from
273 the same binding pose. B) Chemical structure of candidate 17-275. C) Evolution of protein-ligand
274 contacts along the two simulations (moving average of 200ps windows centered on the graphed
275 points). Upper simulation: blue trace; Lower simulation: red trace.
276
277 Molecule 17-275 differs from 17-061 and 17-239 in the presence of a chlorine

278 atom in the position adjacent to the moiety G hydroxyl (Figure 8B). The initial
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docking pose, like that of those candidates, has ring F lying between the side
chains of GIn158 and Lys159 and the pyridine ring in the “open” lobe close to the
Ser230 carbonyl. Both simulations yield stable, though different, binding modes. In
the first simulation (Figure 9A) the hydroxyl in moiety G interacts with the side
chains of Ser475 (O--O distance of 2. 96+ 0. 73 A) while the hydroxyl in moiety D
establishes a hydrogen bond with the backbone amide of Asn476 (O--N distance of
3. 36+ 0. 53 A). Marginally less frequent interactions are present between the
hydroxyl in moiety B and the Ser160 carbonyl (3. 18+ 0. 76 A) and between the
chlorine and the GIn158 backbone amide (3. 11+ 0. 35 A). The second simulation
visits two distinct binding modes: until 60 ns (Figure 9B), the ligand is hydrogen-
bonded to the side chain of Thr461 (O--O distance of 3. 39+ 0. 80 A). After that
moment, the molecule is kept in place mostly through steric interactions until a
new hydrogen bond between Ser475 and the hydroxyl in moiety G (Figure 9C)
forms at 86 ns (O-O distance of 2. 83+ 0. 39 A).

Figure 9. The three binding modes visited by candidate 17-275. Lys159 has been deleted for clarity.
A) Stable pose obtained in the first simulation. Stabilizing hydrogen bonds shown in orange. B)
Binding mode obtained in the first 60 ns of the second simulation. C) Binding mode obtained after
86 ns of the second simulation.

4. Discussion

Our molecular dynamics simulations clearly show that several of the good
candidates identified in the docking stage are not promising leads for further
development. Problematic features include the presence of concentrated charges in
the moiety which binds to the “open” lobe of the cavity (as seen with candidate 01-
67) as well as excessive hydrogen-bonding potential in the moiety that binds the
solvent-exposed opening between Ser161 and Gly 474 in the “protected” lobe of
the cavity (as observed in candidate 17-222). These observations showed us that the
high-ranking molecules 17-288 and 17-147 (Table 1) are most unlikely to be good
candidates and therefore we did not expend any effort with expensive molecular
dynamics simulations of their binding modes. In contrast, the transformation of the
aromatic ring in moiety F into a cyclohexadiene bearing two electronegative
substituents afforded molecules with very good binding behavior. The good
results obtained with the fluoro- and the chloro-substituted molecules (17-061 and
17-275, respectively) strongly suggest that the hydroxy-substituted molecule 17-
283, which we did not simulate due to its extreme stereo-electronic and geometric
similarity to these molecules, should also be a very good candidate for further
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development. The lack of the second electronegative substituent in the
cyclohexadiene ring (as in 17-239) has dramatic effects on the binding ability. Such
a strong effect shows that the dipole interactions of this moiety with GIn158 and
Lys159 (which are present in 17-061 and 17-275 but greatly decreased in 17-239)
function as a critical anchor imparting stability to the complexes.

To confirm the potential of the selected ligands for future clinical applications
we compared their binding energies with that of the experimentally-confirmed
parent compound 17 through umbrella-sampling simulations and subsequent
computation of the potential of mean force. As depicted in Figure 10, both binding
modes of 17-061 were more favorable than that of 17 by 2-4 kcal/mol. The three
binding modes detected for 17-275 showed considerable more spread in their
binding energies: the binding mode obtained in the first simulation (and depicted
in Figure 9A) is more than 10 kcal/mol more favorable than that of the
experimentally-confirmed ligand 17 , wheras the initial, transient binding mode,
detected in the first part of the second simulation (Figure 9B) is shown to be less
favorable than that of 17, and the binding mode (Figure 9C) obtained after the 85"
ns in this simulation, though less efficient than that seen in the first simulation, is
still markedly more favorable than any of the ones seen for 17-061.
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Figure 10. Potentials of mean-force for the ligand separation process. A) Comparison of the ease of
separation of ligand 17 (blue) with that of ligand 17-061 in the first (orange) and second simulations
(yellow). B) Comparison of the ease of separation of ligand 17 (blue) with that of ligand 17-275 in
three binding modes: that obtained in the first simulation (green line) and the two binding modes
obtained from the second simulation (wine colored, prior to 60 ns, light blue, after 86 ns).

To quantify the extra hydro-solubility of these derivatives relative to the parent
compound Chembridge 5180717, we computed the electrostatic stabilization
provided by water and heptane on each of these molecules through the quantum
chemical polarized continuum method (Table 2). Both 17-061 and 17-275 are
confirmed by these computations to be more favorably stabilized in water relative
to heptane than the parent compound. This method does not take into account the
extra stabilization afforded by the presence, in the new compounds, of hydrogen-
bonding ability, and therefore the values listed are an under-estimation of the real
preference of the compounds for water vs. heptane.

Table 2. Electrostatic stabilization energies (kcal'mol™) of the best derivative in water and n-heptane.
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Molecule water n-heptane Preference for water over n-heptane

17 -17.63 -5.63 -12. 00
17-061 -22. 68 -7.27 -15. 41
17-275 -19. 48 -5.80 -13. 58

Additional consequences of the substitutions were analysed using the SwissADME
server(Daina et al.,, 2017) . This model predicts that, in contrast to the parent
compound, the newly proposed derivatives have highly improved gastrointestinal
absorption and should not inhibit CYP1A2, CYP2C19 or CYP2D6, while 17-275
should inhibit CYP3A4, in contrast to the parent compound (Supporting
Information).

5. Conclusions

Judicious bioisosteric substitutions led to the generation of several promising
improved derivatives of two previously identified inhibitors, Chembridge library
members 5181401 and 5180717. Molecular dynamics simulations of the obtained
docking poses showed that several of the putative complexes were less stable than
desired due to the excessive hydrophilicity introduced in the molecule by our
substitutions. Two of the generated derivatives of Chembridge library member
5180717, which featured the replacement of a phenyl ring by a halogen-substituted
cyclohexadiene, did result in very strong, stable, binding in repeated simulations,
and show therefore good promise fro therapeutic use. Simulations of both the
successful and the unsuccessful candidates additionally helped to identify several
features of the active site important for the obtention of successful binding. This
work further highlights the critical importance of molecular dynamics in the
confirmation of the plausibility of a binding candidate identified through
docking(Chen, 2015) .
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