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Abstract

In recent years bacterial infections have become more resistant to treatments, posing a
challenge for both researchers and health professionals. It has become imperative that novel,
effective therapies against these resistant bacterial infections be discovered. Gram-negative
bacteria present an additional challenge due to the presence of a selectively permeable outer
membrane. Among the components of the outer membrane is Lipid A, which is responsible for
the growth and pathogenicity of Gram-negative bacteria. The enzyme LpxC, a zinc-dependent
deacetylase, is responsible for catalyzing the first committed step in the biosynthetic pathway of
Lipid A. The inhibition of LpxC would therefore, prevent the production of Lipid A, and hence
result in a corrupted outer membrane. Starting from an LpxC crystal structure with a natural
substrate bound in the active site, we have designed and optimized the position of several novel
ligands in the active site. The structure for these ligand-protein complexes were optimized using
MO6I and the 6-31G basis set both in vacuo and in solution phase. Interaction energies for the
ligand and protein complex were calculated using M06I with the 6-311+G* basis set.
Desolvation and simplified zinc binding studies have also been performed to confirm that our
model chemistry describes the zinc binding in the protein appropriately. Additionally, Log P and
Log D have been computationally calculated to determine whether the molecules may be

biologically active. Initial work shows several promising candidates for the inhibition of LpxC.



1. Introduction

In recent years, bacterial resistance has become a challenge for both researchers and health

professionals in developing antibacterial treatments and treating bacterial infections,

respectively. Due to their selectively permeable outer membrane, which confers increased

resistance to antibacterial treatment, Gram-negative bacteria, when compared to Gram-positive

bacteria, pose an additional threat. Not only does the outer membrane increase bacterial

resistance, its components can also lead to serious health risks. Lipid A, a crucial component of

the lipopolysaccharide (LPS) of the outer membrane and a potent toxin, can lead to septicemia

when released from dying bacterial cells (Figure 1).1% Septicemia was the 10" leading cause of

death in the United States in 2010.3

Studies have illustrated that lipid A is crucial for
the growth and virulence of Gram-negative
bacteria and that reduced levels of the lipid
increase the sensitivity of Gram-negative bacteria
to antibiotics.*” For these reasons, the inhibition
of the biosynthesis of lipid A is an attractive
approach for developing novel antibacterial

treatments.

—
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Figure 1: Lipid A is a crucial component of the LPS
of the outer membrane of Gram-negative
bacteria, without which the bacteria cannot
survive.'

A zinc dependent deacetylase, uridinyldiphospho-3-O-(R-3-hydroxymyristoyl)-N-

acetylglucosamine deacetylase (LpxC), catalyzes the first committed step in the biosynthesis of

lipid A (Figure 2).*° The acetyl group of UDP-3-O-(R-3-hydroxymyristoyl)-N-

acetylglucosamine is cleaved by LpxC. This results in a free amino group, which LpxD

conjugates to an R-3-hydroxymyristoyl chain. Conveniently, no other known mammalian




enzymes are homologous in sequence to LpxC. Therefore, targeting this enzyme confers little

risk of toxicity.®®
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Figure 2: Biosynthesis of lipid A. LpxC removes the acetyl group from the nitrogen on the sugar ring.15

LpxC has been crystallized with its natural substrate, uridine diphosphate (UDP), in the active

site (PDB ID:2IER). Additionally, several inhibitors of LpxC have been discovered.? > &2

In the paper “Antibacterial agents that inhibit lipid A biosynthesis” by Onishi et al, the

researchers describe analogs that inhibit LpxC. They identified L-161,240 as one of the most

effective inhibitors.> Additionally, in studies with mice, their compounds were shown to cure

E.coli infection.®

Another study that characterizes inhibitors of LpxC is “Antibacterial activities and

characterization of novel inhibitors of LpxC” by Clements et al. This study identifies a series of

sulfonamide derivatives that inhibit LpxC. Notably, these ligands included a hydroxamic acid

portion.*°

Analyzing the interactions of these inhibitors and of UDP in the active sight of LpxC gives us

insight into the most important structural components involved in ligand binding.**** These

include a Zn** binding group, a hydrophobic moiety, and a nucleoside (Figure 3).




This knowledge of LpxC and its active site has
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moiety d,{:l_\

which have been analyzed computationally. o [ '

HN
OH

been used in our design of several novel ligands,

Nucleoside

Figure 3: General design of proposed inhibitors.
The hydroxamic acid serves as the zinc binding
region and will be constant among the
proposed inhibitors.

2. Computational Methods

Starting from the LpxC crystal structure with the natural substrate bound in the active site (PDB
ID:2IER), proposed analogues were docked in the active site. The active site was determined by
selecting amino acids most proximal to the natural substrate. Most optimizations were completed
using MO061/6-31G. M061 was used since it is better for active sites with metals.?? A relaxed
active site where the heavy atoms on the amino acid side chains and all protons were allowed to
adjust their positions was used. Optimizations with implicit solvation were done via the PCM
model using default parameters.?® The solvent in these cases was water. Interaction energies
were also calculated from the solvent optimized structures. In all cases, counterpoise corrected
interaction energies were calculated for the ligand/amino acid pairs and ligand/ Zn** using

MO061/6-311+G*. Calculations were performed using Gaussian09.°

In our desolvation studies, desolvation energies for the ligands and Zn®* were calculated using
MO06l/cc-pvdz using six water molecules for the Zn**, nine water molecules for molecules CR-2

through CR-5, and ten water molecules for CR-1. The six water molecule starting structure was
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taken from Wang et al.”" The nine water molecule starting structure, as well as the ten water

molecule starting structure was taken from Perez et al.*®

Time dependent DFT was used to calculate the electronic excitation energies for the Zn**

binding models.

Computational measures of partition coefficients (LogP) were determined for both the first and
second generation ligands. LogP was determined for ligands with all ionizable substituents fully
protonated, while LogD considers the ligand at physiological pH. For determination of LogP,
ligands were optimized twice with B3LYP/6-311+G* using n-octanol and water via PCM for the
optimizations, separately. The harmonic vibrational frequencies of the ligands were determined

in the optimization, producing the total free energy of the molecule (AGtotal).

A relative value for pKa was determined computationally using B3LYP/3-21G*, applying
implicit solvation via the PCM model. The pKa of both the acidic (protonated) form and basic
(neutral) form of the ligand were determined using the described method. Once pKa values and
partition coefficient values were obtained, the relative values of LogD were determined for all

ligands, which could be ionized at physiological pH.2%#



3. Results and Discussion

Optimizations with Truncated Active Site — Vacuum Model

Five first generation
molecules were proposed
for study. These are CR-1
through CR-5 (Figure 4).
These molecules do not
include a hydrophobic
moiety, as this would
increase the amount of
computational resources
necessary to complete

optimization of the
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Figure 4: Proposed inhibitors. The linker, nucleoside, and hydrophobic moiety
are systematically varied.

molecules. The larger the molecule, the more computationally expensive optimization becomes.

The five first generation molecules were optimized using a truncated active site which includes

His265, Gly264, His58, Phe192, Phe194, Glu197, and Lys239. A vacuum model was first

completed followed by a solvent model. For the solvent model we used implicit solvation with

water via the PCM model using default parameters. Interaction energies were calculated for the

ligand and Zn* and the ligand and amino acid residues in both conditions.

Since the Zn?* in the active site has a positive charge it

can bind with any portion of the substrate that is partially Q
. . . . NH
negative. Each of the atoms with which Zn?* may interact m | I
N S
\ N~ 'O
N
|H2N O
Fig!:."‘ B+Pessible modks of bindingjto
n™.




are boxed in red in Figure 5. The natural substrate of LpxC binds Zn®* using the oxygens of the

hydroxamic acid, producing a very strong attractive interaction.

The results of the vacuum model are shown in Table 1. This data was collected by a previous
member of our research team. Negative numbers indicate attractive forces between the amino
acids and the ligand; positive numbers show repulsive forces. It was concluded that CR-5
exhibits the strongest interaction due to the rotational freedom around its bonds. That is, it is able

to adjust its position in the active site to interact most favorably.

Table 1: Interaction energies of the vacuum model. Results are in kcal/mol.

CR-1 CR-2 CR-3 CR-4 CR-5
Ligand -282 -496 -296 -293 -438
and Zn
Ligand 0.730 -117 -2.94 -194 1.56
and His
Ligand -1.70 7.20 -9.32 -9.24 1.74
and Phe
Ligand -36.96 X -11.33 2.94 -19.84
and Glu
Ligand -38.18 X -27.81 -31.77 -109.23
and Lys
Total -549.16 -613.94 -544.76 -529.37 -767.11

Optimizations with Truncated Active Site - Solvent Model

Figure 6 illustrates the optimized complexes of the solvent model. Molecules CR-2, CR-3, CR-4,
and CR-5 all bound Zn** through the hydroxamic acid oxygens, as intended. CR-2, CR-3, and
CR-4 also bound Zn?* with their triazole rings. CR-5 bound Zn?* with its NH,. CR-1 bound Zn**

with the oxygen on the uracil, an oxygen on the sugar, and NH..
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Figure 6: Solvent optimized structures. The purple atom is Zn*".

The results of the counterpoise corrected interaction energies of the solvent model are
summarized in Table 2. It was concluded that CR-2 exhibits the strongest interaction because of
the hydroxamic acid oxygen interacting with the backbone NH of the histidine residue. This is a
strong hydrogen bonding interaction. The solvent model can be considered a more realistic

model, as it is more representative of the conditions in vivo.



Table 2: Interaction energies of the solvent model. Results are in kcal/mol.

CR-1 CR-2 CR-3 CR-4 CR-5
Ligand -287.34 -491.50 X X -448.49
and Zn
Ligand 0.16 -110.51 X -1.57 0.81
and His
Ligand -0.16 0.74 X -9.84 0.74
and Phe
Ligand -10.34 -9.42 X 2.25 -10.34
and Glu
Ligand -34.64 -92.10 X -28.24 -113.22
and Lys
Total -354.65 -710.50 X X -584.55

Interaction Energies in a Simplified Model

Our next step was to study a simplified Zn?* binding model in order to provide our experimental
collaborators with data with which to compare their Zn** binding assays. The results are
summarized in Table 3 and Table 4. The difference between versions one and two is the
orientation of the ligand with respect to Zn®*. Version one was taken from the optimized solvent
model structures. All molecules were removed except for our ligand, the Zn®* ion, and the
histidine of the active site, which was necessary to hold the Zn?* ion in place. Version two was
taken from version one, with the hydroxamic acid of the ligand being rotated around its bond in
order to possibly induce a different mode of binding. In version one, CR-4 binds most favorably

to zinc, while in version two CR-3 binds most favorably to zinc.
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Table 3: Simplified Zn** binding model version one. Interaction energies are in kcal/mol.

CR-1 CR-2 CR-3 CR-4 CR-5
Ligand and Zn** -69.16 -79.20 -102.35 -104.67 -38.88

Table 4: Simplified Zn** binding model version two. Interaction energies are in kcal/mol.

CR-1 CR-2 CR-3 CR-4 CR-5
Ligand and Zn** -30.98 -35.53 -103.49 -83.30 -96.62

Desolvation Energies

Following the Zn** binding model, we set out to determine the electronic binding energies of our
ligands. The electronic binding energies of the ligands to the active site are assumed to be a sum
of three contributions, that of the electronic interaction energy between the ligand and the active
site residues, the desolvation energy of the ligand and the active site, and the rearrangement
energy of the entire molecular system upon ligand binding. Since we aim only to identify relative
electronic binding energies, we can assume that the only significant contributor to desolvation
energy will be the desolvation of the ligand; the ligands will displace a constant number of water
molecules upon binding to the active site. The rearrangement energies are also taken to be
constant across all ligands. Therefore, for the relative electronic binding energy, we can sum the
electronic interaction energies and the desolvation energy of the ligand.'® Following this logic,
we have calculated the total binding energies of our ligands CR-1 through CR-5. The desolvation
energies of versions one and versions two are shown in Table 5 and Table 6, respectively. The
total electronic binding energies are shown in Table 7. These values are the sum of the total
interaction energies in solvent and the average of the desolvation energies from version one and

version two. The water cluster structures used in this study can be seen in Figure 7.




Table 5: Desolvation energies — version one. Results are in kcal/mol.

Zn** CR-1 CR-2 CR-3 CR4 CR-5*

381.62 3191 65.97 23.02 36.47 27.84

Table 6: Desolvation energies — version two. Results are in kcal/mol.

Zn” CR-1 CR-2 CR-3 CR4 CR-5*

381.62 39.89 31.49 42.65 4630 -57.37

Table 7: Electronic binding energies. Results are in kcas/mol.

CR-1 CR-2 CR-3  CR-4 CR-5

-318.75  -661.77 X X -599.32

11
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Figure 7: Water cluster structures used in desolvation studies.

Expanded Active Site

Our next step was to study the effect of adding the hydrophobic moiety back onto the molecules.
Since CR-2 showed the most promise to be an effective inhibitor of LpxC, we elected to add the
hydrophobic moiety to this ligand. CR-2.1 (Figure 13) consists of molecule CR-2 with the
addition of one phenyl ring. CR-2.2 (Figure 13) consists of molecule CR-2 with the addition of a
biphenyl group. CR-6 (Figure 13) was designed to study the binding of the ligand in the active
site without a nucleoside. It has a biphenyl group to serve as its hydrophobic moiety. These
optimizations are done with an expanded active site in order to more accurately model the
binding of the ligands. This expanded active site includes Lys239, Thr56, His58, His19, 1le18,
His265, Gly264, Alal93, Phel61, Glul60, Tyrl57, Gly207, Arg262, Gly210, Ser211, 1le201,

11198, Glul197, Phel94, Phel92, and Gly159. Optimization of CR-2.2 has been completed
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(Figure 8), as has optimization of CR-6 (Figure 10). Both CR-6 and CR-2.2 interact with Zn®*
via the hydroxamic acid zinc binding motif, as shown in Figures 14 and 15. These optimizations
were particularly difficult to obtain since they were optimized in the expanded active site. The
larger the active site, the more computational resources are necessary to complete the

optimization. This is extremely time intensive.

Most of the interaction energies for CR-2.2 have also been completed, and all of the interaction
energies for CR-6 are completed (Table 11). As compared to CR-6, CR-2.2 has the stronger
total interaction energy. This could indicate that the uracil portion of our ligands, which CR-6
does not have but CR-2.2 does, could in fact be helpful in the binding of our ligands in the active
site. Notably, because CR-6 is a much smaller ligand, the optimization of this ligand took
significantly less time than the optimization of CR-2.2. Perhaps, even though CR-2.2 has the
stronger interaction energy, for the sake of computational resources, it may make sense to focus
more on modeling molecules without the uracil. This could allow us to determine which
hydrophobic moiety binds more favorably in the active site while spending less time doing so. |
suggest that these ideas should be further investigated in order to arrive at a definitive

conclusion. Optimizations of CR-2.1, CR-2.3, L2, L3, and L4 have not yet been completed.
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Figure 8: CR-2.2 optimized in the active site of LpxC. The purple atom is ™.

Lys239 and His58 have strong attractive interactions with CR-2.2 (Table 8). This is because the
ligand has a -1 charge and both lysine and histidine are positively charged. The glutamate
residues in the active site have strong repulsive interactions with CR-2.2 since glutamate is

negatively charged, as is our ligand.

Second generation ligands are shown in Figure 9. These are the ligands for which optimizations
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Figure 9: Proposed inhibitors. The linker, nucleoside, and hydrophobic moiety are systematically varied.

have been, or will be done, in an expanded active site.

15



Figure 10: CR-6 optimized complex. The purple atom is Zn”.
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Table 8: Interaction energies for CR-2.2 and CR-6. Results are in kcal/mol.

Residue CR-2.2 CR-6
Zinc -470.35 -464.16
Lys -65.94 -115.89
Thr 0.26 53.61

His 58 -89.61 -0.40

His 19 -2.18 2.17

lle 18 -1.17 -1.21

His 265 0.82 1.53

Gly 264 -2.97 -7.51
Ala -6.37 -5.76

Phe 161 -7.09 -4.39

Glu 160 13.05 37.67
Tyr 1.05 -4.93

Gly 207 -4.21 -4.76
Arg -49.10 -59.05

Gly 210 -2.80 -4.93
Ser 0.72 -1.60

Ile 201 -2.44 -2.81

lle 198 -1.12 -4.73

Glu 197 38.15 47.30

Phe 194 X -3.15

Phe 192 X -1.13

Gly 159 X -3.10
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Total -651.31 -547.23

Investigation of Zn®* binding

Since Zn?* is the most important in binding our ligands in the LpxC active site, we proposed a set
of molecules to study the Zn®* binding more closely. These molecules are shown in Figure 11.
Several of the molecules included a carboxyl group rather than a hydroxamic acid. Since we
know that the hydroxamic acid is very good at binding Zn?*, we wanted to investigate whether or
not a carboxyl group would work as well. If the carboxyl group were to work well, it would
indicate to us that we may be able to substitute it for the hydroxamic acid on our proposed
inhibitors. The advantage of this would be that these molecules would be significantly simpler to
synthesize with a carboxylic acid rather than hydroxamic acid. A collaborator designed a
molecule to serve as a model active site. This molecule binds Zn*" such that when the ligands are
introduced they can only bind Zn?* once. Our collaborator crystalized his structure with eck
serving as the ligand (Figure 12). We were then able to compare the bond lengths of the
crystalized structure and the optimized complexes, knowing that if they agree, the crystallization
step can be skipped in the future. For the molecules with a carboxyl group, our collaborator’s
model active site was crystallized with acetate (eckcarboxyl) to serve as a basis for bond length
comparisons. Electron excitation energies were also estimated using timedependent DFT.

Results are shown in Tables 8 and 9.
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Table 9: Eckenhoff model bond length comparisons and electronic excitation energies. Bond lengths are in

angstroms.

Zn* and nitrogen 1

(7

Zn* and nitrogen 2

(9)

Zn* and nitrogen 3
(11)

Zn** and oxygen 1

(2)
Zn* and oxygen 2
(3)
Excited State 1

Excited State 2

Excited State 3

eck
bond bond length
length (optimized)
(crystal
structure)
2.04037 2.04295
2.17592 2.15491
2.03753 2.04634
1.95367 2.01409
2.19209 2.16073
313.02 nm
307.77 nm
258.79 nm

eck2

2.04788

2.13372

2.04811

2.02085

2.17457

382.8

nm

329.62
nm

307.52
nm

eck3_1phe

2.04436

2.13805

2.04945

2.00697

2.19274

7152.05 nm

1489.54 nm

1177.24 nm

eck3_2phe

2.04973

2.1315

2.04393

2.00986

2.17637

6400.70 nm

1468.79 nm

1156.10 nm

eck3_et

2.04667

2.12875

2.04483

2.00849

2.18191

3362.52

nm

1321.83
nm

1006.94
nm

eck4_1phe

2.05572

2.10854

2.04406

2.0133

2.17644

428.32 nm

334.77 nm

333.29 nm

Eck3_1phe, eck3_2phe, and eck3_et had abnormally large excited states (Table 9)

eckd_2phe

2.05402

2.1164

2.04761

2.01158

2.18926

368.47 nm

310.45 nm

304.82 nm

eckd_et

2.05109

2.11853

2.04895

2.01581

2.16202

465.78 nm

359.74 nm

343.65 nm

. Itis unlikely

that these results are accurate. We are going to try another method of approximating these

numbers in an attempt to get a more accurate result.

The molecular orbitals for the eckenhoff model excited states can be seen in Figures 13 and 14.
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Table 10: Carboxyl Eckenhoff model bond length comparisons and electronic excitation energies.

Bond lengths are in angstroms.

bond length (acetate
crystal structure)

Zn** and 2.01574
nitrogen 1 (5)

Zn** and 2.05145
nitrogen 2 (7)

Zn** and 2.00956
nitrogen 3 (9)

Zn** and 2.60349
oxygen 1 (2)

Zn** and 1.92228
oxygen 2 (86)

Excited State
1

Excited State
2

Excited State
3

eckcarboxyl (w/o

solvent)

bond length
(optimized)

2.01791

2.06792

2.01791

2.34965

2.03234

260.05 nm

254.25 nm

247.07 nm

eck2

carboxyl

2.03633

2.06128

2.02411

2.36822

2.04931

289.28 nm

280.8 nm

278.17 nm

eck3_1phe

carboxyl

2.03258

2.04956

2.01908

2.47425

2.01098

317.04 nm

308.06 nm

303.59 nm

eck3_2phe

carboxyl

2.03347

2.05938

2.02104

2.38322

2.03817

339.49 nm

326.55 nm

323.51 nm

eck3_et

carboxyl

2.02397

2.06461

2.02954

2.38031

2.03362

247.04 nm

244.84 nm

244.12 nm
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Figure 13: Molecular orbitals for the hydroxamic acid eckenhoff model
excited states
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Figure 14: Molecular orbitals for the carboxyl eckenhoff model excited
states
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Log P and Log D Calculations

Log P and Log D were calculated for the eckenhoff ligands, as well as for CR-6, CR-2, L2, L3,
and L4. These values tell us about the pharmacokinetics, which gives us information about
transport in blood, cytosol, and the cell membrane, including ease of absorption. LogP was
determined for ligands with all ionizable substituents fully protonated, while LogD considers the
ligand at physiological pH. All of the values for Log D and Log P were below 5. This indicates
that these molecules should be orally active, as they follow Lipinski’s Rule of Five.** However,
the fact that the values are so negative could suggest that these molecules will encounter issues
crossing membranes. Log P values for the protonated forms of the molecules are shown in Table
11. Log P values for the deprotonated forms of the molecules are shown in Table 12. Log D

values are shown in Table 13.

Table 11: Log P for the protonated forms of the molecules

Molecule Log P
CR-6 -1.67913
Eck -1.08921
Eck2 -2.37944
Eck3_1phe -2.67922
Eck3_2phe -2.48274
Eck3_et -2.08068
Eck4_1phe -3.08229
Eck4 2phe -2.48224
Eck4_et -2.99874
Eckcarboxyl -0.5641
Eck2_carboxyl -1.80117
Eck3_1phecarboxyl -1.80471
Eck3_2phecarboxyl -1.58495
Eck3_etcarboxyl -1.83307
CR-2 -2.91
L2 0.55
L3 -1.05

L4 -7.78
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Table 12: Log P for the deprotonated forms of the molecules

Molecule
CR-6
Eck
Eck2
Eck3_1phe
Eck3_2phe
Eck3 et
Eck4_1phe
Eck4 2phe
Eck4 et
Eckcarboxyl
Eck2_carboxyl
Eck3_1phecarboxyl
Eck3_2phecarboxyl
Eck3_etcarboxyl
CR-2
L2
L3
L4

Log P
-6.45169
-5.78733
-7.32518
-7.18542
-6.4365
-7.3586
-6.71906
-6.91249
-7.06136
-5.1098
-6.21015
-6.9925
-6.94439
-6.13723

-9.53

X

-6.40

-1.51
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Table 13: Log D values

Molecule
CR-6
Eck
Eck2
Eck3_1phe
Eck3_2phe
Eck3 et
Eck4 1phe
Eck4_2phe
Eck4 et
Eckcarboxyl
Eck2_carboxyl
Eck3_1phecarboxyl
Eck3_2phecarboxyl
Eck3_etcarboxyl
CR-2
L2
L3
L4

Log D
-1.67913
-1.08921
-2.37944
-2.67922
-2.48274
-2.08068
-3.08229
-2.48224
-2.99874
-0.5641
-1.80117
-1.80471
-1.58495
-1.83307

el il
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4. Conclusions

From our initial work with a truncated active site, CR-2 showed considerable promise as
an inhibitor of LpxC.

Studying the zinc binding models showed that the hydroxamic acid bound zinc much
better than did the carboxylic acid.

While further research is definitely required to narrow down the list of potential
antibacterial agents, it can be concluded from my research with the expanded active site
that CR-2.2 shows considerable promise. Additionally, due to the extreme amount of
time and computational resources required to optimize ligands in the expanded active
site, 1 would suggest that all further optimizations be done in the truncated active site.
While the expanded active site is a more realistic model, the truncated active site only
seems to be slightly less realistic and takes a considerably shorter amount of time and less
computational resources to complete optimizations in.

Further research should be done to compare hydrophobic moieties, or more generally, to
determine whether or not a hydrophobic moiety is necessary. Optimization and
calculation of interaction energies for CR-2 in the expanded active site would allow us to
directly compare a molecule with and without the hydrophobic moiety. Furthermore, it is
possible that a phenyl ring could be better than the biphenyl, or that an acyclic
hydrocarbon may confer some advantage. This should be studied.

The question of whether or not the uracil and linker portions are completely necessary

also warrants further research.



Additionally, research should be done in order to determine whether the negative LogD
and LogP results are in fact good results, given that even though they follow Lipinski’s

Rule of Five, they are quite negative.
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