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Abstract

Imidazoquinolines are powerful immunostimulants (IMMS) that function through Toll-like
receptors, particularly TLR7 and TLR8. In addition to enhancing the immune response,
IMMS also function as antineoplastic drugs and vaccine adjuvants. These small compounds
display almost the same molecular structure, except in some cases in which atom in position
1 varies and changes the imidazole characteristics. A variable acyclic side chain is also
always attached at atom in position 2, while another chain may be attached at atom in posi-
tion 1. These structural differences alter immune responses, such as the production of inter-
feron regulatory factor and nuclear factor-kB (IRF-NFkB). In this work, quantum mechanics
theory and computational chemistry methods were applied to study the physicochemical
properties of the crystal binding site of TLR8 complexed with the following six IMMS mole-
cules: Hybrid-2, XG1-236, DS802, CL075, CL097 and R848 (resiquimod). The PDB IDs of
the crystals were: 4R6A, 4QCO0, 4QBZ, 3W3K, 3W3J, and 3W3N respectively. Thus, were
calculated, the total energy, solvation energy, interaction energy (instead of free energy) of
the system and interaction energy of the polar region of the IMMS. Additionally, the dipole
moment, electrostatic potential, polar surface, atomic charges, hydrogen bonds, and polar
and hydrophobic interactions, among others, were assessed. Together, these properties
revealed important differences among the six TLR8-immunostimulant complexes, reflected
as different interaction energies and therefore different electrostatic environments and bind-
ing energies. Remarkably, the interaction energy of a defined polar region composed of the
highly polarized N3, N5 atoms and the N11 amino group, acted as a polar pharmacophore
that correlates directly with the reported immunopharmacological potency of the six com-
plexed molecules. Based on these results, it was concluded that accurate physicochemical
analysis of the crystal binding site could reveal the binding energy (measured as interaction
energy) and associated molecular mechanism of action between IMMS and TLR8. These
findings may facilitate the development and design of improved small molecules with IMMS
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properties that are targeted to the TLR system and have enhanced pharmacological effec-
tiveness and reduced toxicity.

Introduction

The discovery of interferon by Isaacs and Linderman [1] was a milestone in immunology. This
cytokine is produced and released in response to the harmful effect of viruses, bacteria, and
parasites, as well as other strange or invasive cells. However, interferon was not purified and
thus available for therapy and research until 20 years later [2]. Consequently, those findings
prompted the search for modulators of the immune system that are capable of inducing inter-
feron synthesis. Interestingly, nucleosides appeared to be good candidates to activate inter-
feron production and, accordingly, the immune system. Notably, an early work utilizing
pyrimidine derivatives indicated a clear antibacterial activity of, particularly, thymine and
purine compounds [3].

Several antiviral compounds derived from nucleosides have been developed to activate the
immune response. Among the original modified nucleosides that initiated modern immuno-
pharmacology were the following: the nucleoside iododeoxyuridine [4], the tri-fluorinated
uracil nucleoside Trifluridine [5] and the iodinated compound 5-iodo-2-deoxyuridine named
Vidarabine [6]. The guanosine derivative hydroxyethoxymethyl-guanine, (acyclovir) synthe-
tized by Elion et al. in 1977 [7] may be the best example of a successful antiviral agent based on
a purine.

Based on the adenine molecule, imidazoquinoline (IMZQ) compounds were developed
also with the aim of fighting viral infections. In addition to the adenine molecule, the structure
of IMZQ includes a third ring to yield the quinoline moiety joined to the five-membered aro-
matic heterocyclic imidazole ring. Among the first synthetized IMZQ was the compound S-
25059, followed by imiquimod (S-26308, R837) in 1983 [8]. The analog resiquimod (S-28463,
R848) was later synthetized and released, as well as antiviral compound [9]. The induction of
interferon by imiquimod was demonstrated in early studies [10], and consequently both imi-
quimod and resiquimod have been typified as immunomodulators [11]. It is currently
accepted that IMZQ is capable of modifying the immune response to induce antiviral and anti-
tumor activity, basically via cytokine production, e.g., interferon-o induction, mediated par-
tially by NF-«B activation, which in turn stimulates the innate immune response and acquired
immunity [8, 11].

However, an important issue is the activation of the immune response by Toll like receptors
(TLRs) induced by IMZQ, particularly TLR7 and TLRS, which function in immune responses
against viral infections [12]. Thus, the structural basis of the mechanism of action of IMZQ
and, therefore, IMMS has been unveiled in a larger capacity by valuable studies applying X-ray
crystallography. In this regard, several IMMS analogs have been crystallized, showing binding
particularly to TLR8 and revealing that IMMS form a bridge between two TLR molecules.
Based on these findings, we selected six IMMS complexed with TLR8: Hybrid-2 [13], XG1-
236, DS802 [14], CL075, CL097, and R848 [15]. The aim was to explore the binding energy cal-
culated as interaction energy, along with binding characteristics associated with their pharma-
cological activity. To achieve this goal, we studied the binding core of the six IMMS-TLR8
complexes from the reported X-ray structures. These cores were studied comparatively based
on their electronic structure and molecular properties. For comparison, two unbound IMMS
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antagonists (compounds 15 and 16) reported by Shukla et al. [16] were also examined to char-
acterize their molecular and electronic properties.

Methods
IMMS agonists and antagonists

We evaluated and compared the molecular properties of crystal structures of the following
IMMS agonists: Hybrid-2 (1-(4-amino-2-butyl-1H-imidazo [4, 5-c] quinolin-1-yl)-2-methyl-
propan-2-ol), XG1-236 (2-butyl-2H-pyrazolo [3, 4-c] quinolin-4-amine), DS802 (2-butyl

[1, 3] oxazolo [4, 5-c] quinolin-4-amine), CL075 (2-propyl [1, 3] thiazolo [4, 5-c] quinolin-
4-amine), CL097 (2-(ethoxymethyl)-1H-imidazo [4, 5-c] quinolin-4-amine), and R848 (1-
[4-amino-2-(ethoxymethyl)-1H-imidazo [4, 5-c] quinolin-1-yl]-2-methylpropan-2-ol). All of
them were complexed with TLR8 and retrieved from the Protein Data Bank (PDB ID: 4R6A,
4QC0, 4QBZ, 3W3K, 3W3J, and 3W3N respectively) [17]. The IMMS-TLR8 complexes have a
dimeric form (two TLR monomers; A and B) and two ligands. Each ligand was extracted from
the receptor, and its total energy was calculated, allowing only the lowest energy IMMS mono-
mer for the whole physicochemical study. Likewise, the root mean square deviation (RMSD)
for each pair of the same IMMS molecules, were measured using the VMD program [18].
Additionally, two IMMS antagonists were assessed: compound 15 (1-(4-amino-2-((ethyla-
mino) methyl)-3H-imidazo [4, 5-c] quinolin-3-yl)-2-methylpropan-2-ol) and compound 16
(2-((ethylamino) methyl)-3H-imidazo [4, 5-c] quinolin-3-yl)-2-methylpropan-2-ol) [16]. The
crystal structure of compound 16, was taken from the Cambridge Crystallographic Data Cen-
tre (Accession number: CDC 718787) [19] and was used to model compound 15 by adding an
amino group at C4. The added amino group at position 11 was locally optimized with the
Density Functional Theory (DFT) using the wB97X-D function and the 6-31G* basis set level
with constraints in the other atoms to prevent changes in the crystal conformation of the new
molecule. Finally, the energies and physicochemical properties of agonists and antagonists
were evaluated in a single point calculation with DFT using the wB97X-D function and the 6-
31G* basis set level. The star (*) indicates that the basis was polarized. The studied molecular
properties were as follows: total energy, solvation energy, highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energies, hardness, electronega-
tivity, polarizability, electrostatic charges, dipole moment (DM), polar surface area, electro-
static potential (EP), molecular area and volume.

Interaction analysis of the IMMS-TLR8 complex

The interactions between the crystal structures of Hybrid-2, XG1-236, DS802, CL075, CL097
and R848 complexed to TLR8 were analyzed. Only the first core of residues belonging to the
TLR8 binding pocket was included, and the cut off distance between the IMMS and the
receptor was set at 4 A. The included amino acids ranged from 9 to 12, among all TLR8-IMMS
complexes. Residues showing hydrophilic (polar) interactions achieved a distance of approxi-
mately 3.3 A, while those with hydrophobic interactions reached 4 A with respect to the IMMS
atoms. The Ligand Explorer program was used for this assessment. The geometrical parame-
ters (A) were set up as follows: hydrogen bonds: 3.3, water bridged hydrogen bonds: 3.3, and
hydrophobic interactions: 4.0 [20]. Thus, important binding interactions were studied,
namely: hydrogen bonds, water bridged hydrogen bonds, hydrophobic interactions (van der
Waals) and electrostatic charges of atoms of the agonists interacting with those atoms in the
receptor amino acids. The number and type of molecular interactions of the TLR8-agonist
complex and the calculation of the interaction energy of each complex permitted the
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Fig 1. Molecular structure and numbering of the studied IMMS. Compounds are arranged from the highest to the lowest
pharmacological potency. The proposed polar pharmacophore of the agonists is formed by N3 and N5 atoms, the N11 amino group and the
C4 atom. The variety of atom at position 1 and side chains are indicated. The antagonist compounds 15 and 16 differ in the polar
pharmacophore, possessing an N3 side chain, and compound 16 lacks the N11 amino group.

https://doi.org/10.1371/journal.pone.0178846.9001

evaluation of the energy of the receptor-ligand interaction, which was considered an index of
the extent of binding.

Two interaction energy values were calculated; the total interaction energies included the
IMMS molecule, all adjacent binding pocket residues and molecules of water (hydrophilic and
hydrophobic interactions) and the selected polar region interaction energy, that included N3,
N5 and the N11 amino group as well as the C4 atom of the IMMS compound (this region was
defined as: the polar pharmacophore), whereas from the TLR side, were included two residues
Asp543 and Thr574, as well as, a fixed molecule of water. Fig 1 displays the atom numbers and
positions of agonist and antagonist IMMS.

A simplified procedure to calculate the interaction energy is provided by the following for-
mula:

IE=[RLW]|—[R+ L+ W],

where IE is the interaction energy of binding, RLW is the energy of the complex, formed by
the receptor amino acids, the ligand and water energies, R is the energy of the amino acids of
TLRS, L is the energy of the ligand agonist, and W is the energy of molecules of water.

The binding interaction energies were determined by single point calculations using the
DFT with the wB97X-D function and the 6-31G* basis set level. Likewise, the volume of the
binding pocket cavities of each TLR8 dimer was calculated using the Swiss-Pdb Viewer pro-
gram [21]. All ab initio calculations were conducted using Spartan’14 software [22]. The
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computer consisted of an eight-core AMD processor at 4.0 GHz. A line regression and correla-
tion statistical analysis, comparing the natural logarithm values of TLR8 agonist activity and
pharmacophore interaction energy values was calculated with Origin 8 Pro (OriginLab, North-
ampton, MA, USA).

Results

The studied agonist molecules were as follows: Hybrid-2 (I) [13], XG1-236 (II), DS802 (III)
[14], CLO75 (IV), CL097 (V) and R848 (VI) [15]. The antagonists were compound 15 (VII)
and compound 16 (VIII) [16]. Roman numerals were added to identify easily the studied
IMMS. All compounds had three rings forming a planar system that included the imidazolqui-
noline moiety. The C4 atom, the N3 and N5 atoms and the amino group of N11 may be con-
sidered as a polar pharmacophore.

The atom at position 1 may be either C (XG1-236), O (DS802), or S (CL075). Likewise, an
amino group (CL097) or a 2-methylpropan-2-ol side chain may be found at position 1
(Hybrid-2 and R848). At position 2, diverse side chains are found, namely butyl (I and III),
N2-butyl (II), propyl (IV) and ethoxy methyl (V and VI). The antagonist molecules 15 and
16 have a nitrogen atom at position 1, an ethylaminomethyl side chain at position 2, and a
2-methylpropan-2-ol side chain at N3. Clearly, the structure of the antagonist modifies impor-
tantly the polar pharmacophore region because of the steric bulk of the N3 side chain in both
antagonist molecules and the absence of the N11 amino group in compound 16. The potency
of the IMMS agonists as well as the antagonistic IMMS seem to be related to the chemical
structure and associated physicochemical properties. Fig 1 displays the chemical structures of
both agonist and antagonist IMMS.

Immunostimulant potency of IRF-NFkB transcription factors

The studied IMMS show different extents of IRF-NF«B transcription factor stimulation of
TLR7 and TLR8. Thus, the EC5, data show different pharmacological potency for TLR7 and
TLRS in the same IMMS. However, the pharmacological potency of the agonists Hybrid-2 [13]
and XG1-236 [14] acts first and second in both TLR7 and TLR8, respectively.

To stimulate IRF-NF«kB, XG1-236 [14], DS802 [14] and CL075 [23] are more effective for
TLRS8, whereas Hybrid-2 [13], CL097 [24] and R848 [25] are more effective for TLR7. The
included antagonist compounds 15 and 16 [16] exert their antagonistic effect with higher and
lower ECs doses, respectively. Table 1 shows the pharmacological potencies of TLR7 and
TLR8 agonists. The ECs, of antagonist compounds 15 and 16 are also included.

Table 1. Potencies of IMMS (ECs5,) for IRF-NFkB stimulation in TLR7 and TLRS.

Agonist ECso
(uM)
(TLR8)
Hybrid-2 0.019
XG1-236 0.056
DS802 0.180
CL075 0.400
CL097 4.000
R848 6.400
Antagonist

Compound 15
Compound 16

https://doi.org/10.1371/journal.pone.0178846.t001

Potency ECso Potency Reference
(TLR8) (uM) (TLR7)
(TLR7)
1° 0.0025 1° [13]
2 0.190 2° [14]
3 0.550 4° [14]
4 4.000 6’ (23]
5} 0.400 3 [24]
6 1.400 5 [25]
--- 25.0 2 [16]
--- 7.5 1° [16]
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IMMS crystal structures

The six IMMS agonists isolated from TLRS crystals have two monomers, namely, A and B.
The pairs of monomers for each agonist were compared by measuring the root mean square
deviation (RMSD) of the atomic positions. The largest RMSD difference was found in the
CL097-A and B pair due to the 2-ethoxymethyl side chain, which adopts two opposite confor-
mations that interlace when superimposed. Fig 2 shows the IMMS superimposition and
RMSD values.

Assessment of the physicochemical properties of IMMS

The molecular and physicochemical properties of both A and B crystal monomers were
calculated by single point ab initio calculations. The monomers with the highest energy were
discarded, leaving for further analysis only the monomers with the lowest energy. The physico-
chemical values of both agonists and antagonists show some differences due to the varied sub-
stitution of atoms and inherent side chains. The properties hardness (1) and electronegativity
(x) were calculated as follows: n = (eLUMO - eHOMO) / 2 and y = — (eLUMO + eHOMO) /

2 respectively.

Both antagonists were studied; however, the crystal of antagonist compound 15 was not
available. Therefore, compound 15 was modeled using the crystal of compound 16 as a model
and adding an amino group at position 11. Table 2 shows the values for the electronic and
physicochemical properties of the lowest energy IMMS conformers from single point ab initio
calculations. The molecular properties of the antagonists are also included.

The three agonists with the lower total energy were compounds I, IV and VI because of the
sulfur atom in compound IV and the large number of atoms in I, IV and VI. In addition to
the lowest energy, CL075 (IV) also has the lowest area, volume, polarizability, polar surface,
hardness, HOMO and LUMO, and the highest solvation energy and electronegativity. The

Hybrid-2

XG1-236 DS802 CLO075 CL097 R848

Fig 2. RMSD values and superimposed views of monomers A and B of the IMMS agonist. Superimposition of compound CL097
showing the interlaced 2-ethoxymethyl side chain that markedly increases the RMSD value. The main differences are due to the side
chains because the five-sided ring system alone shows significantly lower values.

https://doi.org/10.1371/journal.pone.0178846.9002
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Table 2. Values of the molecular properties of monomers of IMMS crystals from TLR8 complexes.

Agonist Total Solvation HOMO | LUMO | Hardness | Elect. | Polarizability Dipole Polar Area | Volume
Energy Energy (eV) (eV) (n) ) (A3 (Debyes) | Surface (A% (A3)
(a.u.) (kJ/mol) (A?)
Hybrid-2-B* -994.289 -67.52 -6.91 1.51 4.21 2.70 66.30 6.29 57.42 342.27 | 331.76
XG1- -761.868 -61.47 -6.98 1.03 4.01 2.98 60.10 4.13 41.74 272.90 | 254.16
236-B*
DS802-A* -781.749 -51.03 -7.26 0.83 4.05 3.22 59.80 2.58 47.34 271.71 | 250.68
CL075-B* | -1065.421 -45.09 -7.60 0.17 3.89 3.72 59.24 2.93 40.12 258.92 | 242.82
CL097-A* -797.782 -67.13 -7.13 1.03 4.08 3.05 59.34 3.04 58.51 267.76 | 245.23
R848-A* -1030.162 -62.97 -7.41 0.97 4.19 3.22 65.72 5.12 63.91 335.99 | 324.53
Antagonist
Comp.15** | -1010.341 -56.80 -7.48 0.96 4.22 3.26 65.99 4.47 64.15 343.08 | 328.01
Comp.16** -955.001 -51.42 -7.50 0.76 413 3.37 65.24 4.60 42.69 335.09 | 318.26

* Monomer with lowest energy.
** Compounds.

https://doi.org/10.1371/journal.pone.0178846.t1002

molecular properties followed roughly three trends; one trend includes total energy, HOMO
and LUMO excluding compound I. A second trend includes most of the following properties:
area, volume, polar surface area, DM, polarizability and, to some extent, hardness. Finally, the
third trend is consistent with the solvation energy and electronegativity.

Interestingly, the compound 16 antagonist lacking the N11 amino group is more potent
than its related compound 15. Coincidentally, compound 16 has 7 of the 11 physical and elec-
tronic properties with lower values: area, volume, polar surface, HOMO, LUMO, hardness
and polarizability. Because of its large number of atoms, compound 15 has higher total and sol-
vation energies, resulting in a larger DM and increased electronegativity. Fig 3 shows corre-
lated curves of the IMMS molecular properties.

© Total Energy (AU) A HOMO (eV) ClArea (A) Hardness (eV) ®Polar Surface (A9 || ® Solvation Energy (kJ/mol)
i LUMO (eV) ®Volume (A3) ADipole (Debyes) X Polarizability R = Electronegativy ()

N J
\ A

A I EE N R B Y N
S 3 8 3 8 &|2 2|8 x 8 5§ 8 |2 28 5 &8 S 8 |2 3
g N & a N T Bl N B a N T T lla N B a N T T
58 z s % & a2 s | % & s 3
COMPOUND COMPOUND COMPOUND

Fig 3. Superimposed curves depicting molecular properties with similar trends. Compounds are labeled | to VIII. The total energy
tendency shows the lowest value for IMMS IV followed by VI and I. Clearly, the S atom in CLO75 (IV) produces either the lowest or highest
values for all properties excluding the DM. The similar structures of compounds | and VI produce marked property similarities. Because of
the slight differences among the molecules and properties, the tendencies seem to correlate quite well in most cases. The antagonists (VI
and VIIl) show similar tendencies, in both cases somewhat excluding the total energy and polar surface. The properties of the curves are
colored, and the compounds are marked to facilitate identification.

https://doi.org/10.1371/journal.pone.0178846.9003
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Display and comparison of IMMS electrostatic potentials

All IMMS have a very similar EP in the polar pharmacophore region. Thus, atoms N3 and N5
show an intense negative EP and a marked positive EP in the N11 amino group. In contrast,
the EP of the antagonists exhibited a different pattern, particularly compound 16, which lacks
the N11 amino group. Indeed, the five-membered EP ring is the most versatile because of its
atomic variety at position 1 and marked differences in the attached side chains. Molecules I
and VI differ only in one carbon atom, in which an oxygen is interchanged in the side chain
attached to atom at position 2. This feature produces an extra negative EP in VI and somewhat
decreases the magnitude of the dipole moment and direction ranking for the second value as
compared with compound I, which has the largest DM among the six IMMS. Additionally,
molecules I and VI present the hydroxyl group of the side chain attached to atom at position 1
are in opposite position. These differences, however, are sufficient to situate these compounds
as the most and less potent, respectively.

Molecules IT to V have a very similar EP pattern with a variable DM value but a similar
direction. The EP of the antagonists are larger than those of the agonists and are also quite dif-
ferent in the polar pharmacophore region, also showing a yellow region in the benzen ring of
the quinoline moiety, which indicates a tendency toward a negative charge. Notably, the antag-
onists have larger DM values and point opposite to agonist VI. Fig 4 shows both the EP and
DM vector of the studied agonists and antagonist IMMS.

Hybrid-2 XG1-236 DS802 CLO075

CL097 R848 " Compound15 Compound16

Fig 4. EP maps and DM vectors of agonist and antagonist IMMS. The EPs are encoded in the van der
Waals volume, showing the almost similar patterns of the agonists in the polar pharmacophore region. The
remaining part of the molecule varies according to the atoms occupying atomic position 1 and the different
attached side chains (for atom numbering see Fig 1). The DM arrows cross the molecule from atom at position
2 to atom at position 5 (compounds Il to V) or point directly to the polar pharmacophore region with the largest
values (compounds | and VI). Notably, the DM of the antagonists points opposite to the polar pharmacophore.
The DM values are larger for antagonists favoring compound 16. The EP values were cut off at -200 and 200
kJ/mol.

https://doi.org/10.1371/journal.pone.0178846.9004
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Analysis of the crystal IMMS-TLRS Interaction

The crystals of the six IMMS-TLR8 complexes show similar binding patterns that include both
A and B monomers of the receptor, forming a dimer bridged by two molecules of the ligand.
Notably, one TLR8 monomer binds the ligand with polar residues, and the second monomer
makes mainly hydrophobic contacts with the quinoline ring system and the side chains. For
the second ligand molecule, the inverse occurs; therefore, the atomic arrangement and the resi-
dues involved are similar in both ligands. Fig 5 shows a typical example of the TLR8 dimer,
including the region between the two molecules of CL075 (PDB ID: 3W3K).

Binding pocket area and volume

Each of the two IMMS bound to the TLR8 dimer is enclosed in a cavity that forms the binding
pocket. Thus, the volume of each binding pocket of the studied TLR8 agonists was calculated.
Some cavities showed important differences among the six IMMS, particularly compounds IV
and VI. However, the volume of the IMMS was quite similar among them. However, as
expected, compounds I and VI had the highest volume because of its additional side chain.
Two examples of the shape and position of the binding pocket for each TLR8 dimers are
shown in Fig 6, and values of the binding pocket volume and IMMS physical properties are
shown in Table 3.

The inner shell arrangement of the IMMS-TLR8 complex

The shell of the interacting residues in the binding pocket shared by the two monomers of the
TLR8-IMMS complex at a distance of 4 A, shows seven residues in common in the six studied
agonists. Thus, in compounds I, IT and IV four of them are in monomer A (Tyr348, Tyr353,
Val378 and Phe405) while the remaining three (Asp543, Asp545 and Thr574) are in monomer
B. In compounds III, V and VI the opposite occurs. Additionally, seven residues are found, to
various extents, among the binding pockets bound to the IMMS: Phe346; Glycines 351, 376,
and 572; Ser352; Arg429 and Val573. Thus, compounds II, IV and VI are bound to nine, com-
pounds I and III to 11 and compound V, to 12 residues, respectively. Table 4 shows the distri-
bution of residues by monomer for the studied TLR8 dimers.

Fig 5. Example of the binding bridge between CL075 (V) and the TLR8 dimer. The two TLR8 monomers are colored
differently to show their relationship with the two CLO75 ligands in between. The insets show a magnified view that includes
the two ligand molecules bound to residues Asp543 and Thr574. The (blue) atoms N3 and N5 and the N11 amino group that
make up the polar pharmacophore form in all cases hydrogen bonds with the oxygen atoms (red) of the two residues, (for
atom numbering see Fig 1). The ligands clearly have an inverted position with respect to the two TLR8 monomers. Marked
angles show the rotation differences between the ligands.

https://doi.org/10.1371/journal.pone.0178846.9005
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Fig 6. Binding pocket shape and position interconnecting the two TLR8 monomers of the IMMS molecules. Binding pockets
allocating compounds | and VI are shown. The binding pocket of compound VI is clearly the largest. Residue Asp543 is shown as a

reference.

https://doi.org/10.1371/journal.pone.0178846.9006

Table 3. Volume of the binding pocket of TLR8 and agonists.

Cavity volume (A3) Hybrid-2 XG1-236 DS802 CL075 CL097 R848
TLR8-A 344.0 397.0 360.0 510.0 365.0 754.0
TLR8-B 399.0 378.0 343.0 580.0 363.0 671.0
Agonist volume (A3)
Monomer A 328.44 255.20 250.68 243.27 245.23 324.53
Monomer B 331.76 254.16 249.70 242.82 245.07 324.18
https://doi.org/10.1371/journal.pone.0178846.t003
Table 4. TLR8 residue distribution in both monomers that bind IMMS.
IMMS Monomer Residues R* Monomer Residues R* Total R*
Hybrid-2 A Tyr348, Tyr353, Val378, Phe405, 7 B Asp543, Asp545, Thr574, 4 11
Phe346, Gly376, Arg429 Val573
XG1-236 A Tyr348, Tyr353, Val378, Phe405, 6 B Asp543, Asp545, Thr574 3 9
Gly376, Arg429
DS802 B Tyr348, Tyr353, Val378, Phe405, 7 A Asp543, Asp545, Thr574, 4 11
Phe346, Gly376, Arg429 Val573
CLO075 A Tyr348, Tyr353, Val378, Phe405, 6 B Asp543, Asp545, Thr574 3 9
Gly351, Ser352
CL097 B Tyr348, Tyr353, Val378, Phe405, 7 A Asp543, Asp545, Thr574, 5 12
Phe346, Gly376, Arg429 Gly572, Val573
R848 B Tyr348, Tyr353, Val378, Phe405, 6 A Asp543, Asp545, Thr574 3 9
Phe346, Gly376
R* = number of residues.
The seven residues are similar in all compounds and shared between both monomers.
Dissimilar residues are in bold face.
https://doi.org/10.1371/journal.pone.0178846.t1004
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Fig 7. Polar and hydrophobic interactions among TLR8 and IMMS. The number of interacting residues varies somewhat among the six
IMMS. The presented examples are Hybrid-2, XG1-236 and CL097 with 11, 9 and 12 interacting residues, respectively. Residues Asp543
and Thr574 are clearly close to the N atoms of the pharmacophore and belong to one TLR8 monomer, while the remaining residues, which
elicit mostly hydrophobic interactions, belong to the TLR8 counterpart monomer.

https://doi.org/10.1371/journal.pone.0178846.9007

In all the IMMS-TLR8 complexes, the two polar amino acids Asp543 and Thr574 interact
with N3, N5 and N11 atoms of the polar pharmacophore. It is important to recall that one
TLR8 monomer interacts with its polar residues binding the ligand polar pharmacophore, and
the second TLR8 monomer interacts with the same ligand, mostly with hydrophobic residues
through van der Waals forces. The second ligand interacts in the opposite manner, similarly
forming a bridge between both TLR8 monomers. Fig 7 shows the interaction at a distance of 4
A of three typical IMMS-TLRS8 complexes. The residues are colored to be distinguished by
their respective monomers.

Electrostatic potential of the IMMS-TLR8 complex

The EP maps of the IMMS-TLR8 complex at a distance of 4 A show important differences in
the polar region, mainly due to the different number of fixed water molecules forming the
hydrogen bonds network. Two EP patterns were observed; one pattern occurs in IMMS I, I1I
and V, with two fixed water molecules and 11, 11 and 12 residues, respectively. A second pat-
tern appears in IMMS II, IV and VI, with one, four and two fixed waters and nine residues in
each. The first pattern includes Val573. The variety of atoms at position 1 somewhat modifies
the EP pattern in neighboring atoms of the imidazole ring.

Similarities are observed for the different side chains of IMMS. Additionally, the hydropho-
bic interactions show important variations because of differences in the number of interacting
residues. However, the most hydrophobic region (the quinolone-benzene ring) showed low
variation in all cases. Notably, a neat and well defined highly polar IMMS pharmacophore
region was identified, which included N3, N5 and the N11 amino group and the C4 atom. In
that region, Asp545 and Thr574 form in all the studied IMMS-TLR8 dimer complexes a
remarkable hydrogen bonds pattern with one fixed water molecule. Fig 8 shows EP slice views
of both patterns of the IMMS-TLRS8 dimer complex.

Hydrophobic interactions of IMMS in the TLR8 binding pocket

The IMMS-TLR8 complex has seven to ten hydrophobic residues, but only five of them are
common to all IMMS. However, the number of hydrophobic contacts of the same residue may
vary depending on the interacting IMMS. Aromatic residues make abundant and different
contacts, particularly with the imidazole benzene ring. Thus, the number of van der Waals
interactions varies from 32 to 37. Fig 9 shows three examples of hydrophobic interactions of
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Fig 8. Slice-map views of the EP from the IMMS-TLR8 complex. Hybrid-2 (I) and XG1-236 (ll), are shown for pattern one and pattern
two, respectively. Likewise, an inset of the polar region of XG1-236 is shown. A clear definition of both polar and hydrophobic regions is
observed, including the matching of anionic and cationic groups of some residues with the IMMS molecule. The inset shows a network of six
hydrogen bonds. Four hydrogen bonds form a ring among a fixed molecule of water (W), Asp543 and Thr574 and the two hydrogen atoms of
the N11 amino group. The same residues form two more hydrogen bonds to N5 and N3, respectively, (for atom numbering see Fig 1). EP
energy was lost from -200 to 200 kJ/mol.

https://doi.org/10.1371/journal.pone.0178846.g008

IMMS with their respective interacting residues from the TLR8-dimer binding pocket. Addi-
tionally, Table 5 shows the interacting residues and number of hydrophobic interactions.

Atomic charges of the IMMS-TLR8 complex

Atomic charges were calculated under unbound and bound conditions for both IMMS and
the corresponding atoms of the binding pocket residues. In the unbound condition, the atomic
charges of the N atoms 3, 5 and the N11 amino group, which form the polar pharmacophore,
are highly negative, especially the N11 atom. In contrast, the two H atoms of the N11 amino
group and the adjacent C4 atom are highly positive. As expected, differences in atomic polari-
zation are observed among the six IMMS. The atoms at position 1 exhibit diverse charge values
because of the variety of atoms at this position; the same occurs with its contiguous number 2,
9a and 10 atoms. The remaining atoms of the quinoline moiety have either negative (C6 to C9)

Hybrid-2 » DS802
TLR8-A « Val573 %l;g-g Val573

Tyr348
’

*~-

¢ N | Phe405| ",
, Phe3d6 i vai37s Tyr353 . % A7
AN ! . -~ Gly376 : 2 e
Gly376 * yai378 Pheaos Tyr353 Gly376 Val37g Phed0S o 550

Fig 9. Three examples of hydrophobic interactions of IMMS with the TLR8-dimer complex. Compounds |, lll and VI are shown having
9, 9 and 7 residues with 33, 37 and 32 hydrophobic interactions, respectively. In all cases, residues Tyr348, Tyr353, Val378, Phe405 and
Asp545 are present. Asp545 belongs to the opposite TLR8 monomer. Residues Tyr353 and Phe405 interact ring to ring with the quinolone
moiety, showing the best largest van der Waals interactions. Tyr 348, in particularly, makes hydrophobic contacts with the IMMS side chain
that originated in atom in position 2.

https://doi.org/10.1371/journal.pone.0178846.g009
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Table 5. Hydrophobic interactions of IMMS in the TLR8 binding pocket.

IMMS Monomer
Hybrid-2 A
XG1-236 A
DS802 B
CL075 A
CL097 B
R848 B

R* = number of residues.

Tyr348, Tyr353, Val378, Phe405,
Phe346, Gly376, Arg429

Tyr348, Tyr353, Val378, Phe405,
Gly376, Arg429

Tyr348, Tyr353, Val378, Phe405,
Phe346, Gly376, Arg429

Tyr348, Tyr353, Val378, Phe405,
Gly351, Ser352

Tyr348, Tyr353, Val378, PheF405,
Phe346, Gly376, Arg429

Residues R* Monomer Residues R* Total R* Total Inter **

7 B Asp545, 2 9 33
Val573

6 B Asp545 1 7 37

7 A Asp545, 2 9 37
Val573

6 B Asp545 1 7 36

7 A Asp545, 3 10 36
Gly572, Val573

6 A Asp545 1 7 32

Tyr348, Tyr353, Val378, Phe405,
Phe346, Gly376

The top five residues are similar in all cases.

Dissimilar residues are in bold face

Inter** = number of hydrophobic interactions.

https://doi.org/10.1371/journal.pone.0178846.t005

or positive charges (C3a and C5a). The binding of the IMMS atoms with the TLR8 residues
polarizes the quinoline benzene ring atoms as well as the polar pharmacophore atoms, exclud-

ing the N11-H atoms, which remain almost unchanged.

In contrast, the interacting carboxylic oxygen atoms (O-81 and O-82) of Asp543 show dif-
ferent extents of polarization that favors the atom interacting with the N5 atom of the quino-
line group. However, the atomic charges of NH, O, and O-31 of Thr574 remain almost
unchanged. The ring atoms of Phe405 were the most interactive with the quinoline-benzene

ring, showing a crowded hydrophobic ring-to-ring interaction. Fig 10 shows the curve tenden-
cies for the groups of atoms in IMMS, and the atoms of the TLR8 residues under both
unbound and bound conditions.

Interaction energy assessment of the IMMS-TLR8 complex

The total interaction energy for each of the six IMMS-TLR8 complexes was calculated, as
well as the pharmacophore (polar region) interaction energy. The interaction energy of the
IMMS-pharmacophore-TLR8 polar residues was calculated considering the following as a
system: C4, N3, N5 and the N11 amino group of IMMS as the pharmacophore and the con-
current Thr574 and Asp543 residues of TLR8, with one fixed water molecule (see Fig 8).

Notably, the tendency of the polar pharmacophore interaction energy curve was opposite to
that of the total interaction energy. Interestingly, the interaction energy curve elicited by the
six complexed polar pharmacophores largely resembles the curve formed by the IMMS
experimental pharmacological potency. In fact, the line regression and correlation analysis
for both curves showed a linear trend with statistically significant values of r = 0.838 and

p = 0.037 (for the pharmacological potency values was used their natural logarithm). Fig 11
shows the two interaction energy curves calculated from the binding pocket of the
IMMS-TLR8 complex and the polar pharmacophore-TLR8 -Thr574 and Asp543 interac-
tions. In addition, the potency of the IMMS agonist activity stimulation curve toward
IRF-NF«B transcription factors is included for correlation (for values, see Table 1). In panel
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Fig 10. Atomic charge differences among IMMS-TLRS8 interacting atoms under bound and unbound conditions. Most of the IMMS
atoms (left panel) were polarized by the binding process, increasing and decreasing their charge values. Thus, N3, N5 and N11 polar
pharmacophore atoms, along with C4 and C5a, showed a high polarization characteristic. Of note, atom at position 1 (C, N, S, and O)
displayed a wide variability in charge but reduced polarization. Carbons 6, 7, 8 and 9 of the benzene ring showed important charge variations
in some IMMS. On the TLR8 side (right panel), only atom O-52 of Asp545 was modified by the binding to the IMMS N5 atom of the polar
pharmacophore. In contrast, the ring atoms of Phe405 were most polarized by hydrophobic interactions in compounds Il and Ill. Unbound
and bound charge differences are shown as bands. Molecular and atomic data are shown for the sake of clarity.

https://doi.org/10.1371/journal.pone.0178846.9010

D is shown the line regression of TLR8 agonist activity (In values) and pharmacophore inter-
action energy. The associated data for both interaction energy calculations are shown in
Table 6.

Discussion

The chemical structure of the studied IMMS is quite similar, showing only few differences in
the side chains attached to atoms at position 1 and 2 of the imidazol ring. Likewise, atom at
position 1 also differs in some cases, showing the following trends for pharmacological effec-
tivity as follows: C<O<S<N-H. The side chain at position 2 is always present and seems to be
quite important in compounds I and VI, differing by one atom but exhibiting the highest and
lowest pharmacological potency, respectively [13, 24]. Notably, the highest pharmacological
potency of compound I correlates quite well with its lower total and polar pharmacophore
interaction energy values. A comparison of the binding interactions between compounds I
and VI shows that two more residues participate in the binding pocket, two bridge the water
bonds and two more atomic interactions favor compound I. These subtle differences account
for better interaction energy and increase the pharmacological effectiveness of compound L
Similarly, compounds II and IIT have different chemical structure only in atom at position 1
with an analogous side chain, which changes their interaction energy and pharmacological
potency. Thus, varying the number of fixed water molecules, bridged hydrogen bonds, and
number of van der Waals interactions account for the pharmacological effectiveness. Likewise,
the low effectiveness of compound V may be due to the ethoxy methyl side chain, which is sim-
ilar to that of compound VI [24].

Interestingly some physicochemical properties correlated to a large extent; for example, the
total energy pattern of the IMMS molecules resembles the total interaction energy curve. Both
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Fig 11. Total and polar pharmacophore interaction energy curves of the IMMS-TLR8 complex. Both interaction
energy curves (A and B) show nearly opposite trends. However, the third curve (C) that shows the values of the TLR8
agonist activity, correlates quite well with the interaction energy of the pharmacophore as observed in D were correlation
of both curves show values of r = 0.838 and p = 0.037. Curve and coordinates were adjusted to display highest values.

https://doi.org/10.1371/journal.pone.0178846.9011

Table 6. Total interaction energy calculations for the IMMS-TLR8 complex at a distance of 4 A.

Total Interaction Energy Hybrid-2 XG1-236 DS802 CLO075 CL097 R848

B B A B A A
Interaction Energy (kJ/mol) -459.65 -317.90 -342.81 -423.61 -367.04 -394.02
Total Residues 11 9 11 9 12 9
Total Water 2 1 2 4 2 2
Pharmacophore Interaction Energy
Interaction Energy (kJ/mol) -223.57 -245.09 -178.53 -151.65 -164.25 -141.45
Total Residues 2 2 2 2 2 2
Total Water 1 1 1 1 1 1
Interactions
Bridged H20 Bonds 5 2 3 6 3 4
Hydrogen Bonds 4 4 4 4 4 4
Hydrophobic Interactions 33 37 37 36 36 32
Total Interactions 42 43 44 46 43 40
https://doi.org/10.1371/journal.pone.0178846.t1006
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curves exhibit lower values for compounds I, IV and VI. Additionally, the interaction energy
curve emphasize that the binding pocket environment differs for each IMMS-TLR8 complex.
Likewise, both the solvation energy and electronegativity curves mimic the polar pharmaco-
phore interaction energy curve, suggesting that the properties are directly associated with that
pharmacophoric activity.

In contrast, the frontier orbital (HOMO and LUMO) energy showed an inverse tendency
compared with the polar pharmacophore energy. The polar surface area correlates quite well
with the polar pharmacophore area excluding compound CL075 (IV), which has a sulfur atom
at position 1[15]. In fact, because of its physicochemical properties, the S atom modifies the
overall properties of compound IV. Notably, the atoms of the polar pharmacophore were the
most polarized: N3, N5 and N11, followed by C5a and C4 to a lesser extent, reinforcing the
importance of the polar pharmacophore. Regarding the residues in the binding pocket, only a
few carbon atoms of Phe405 and one oxygen atom of Asp843 were slightly polarized. Never-
theless, those residues appear to be essential to activate NF-xB [15].

According to our analysis of the IMMS mechanism of action, the interaction energy (bind-
ing) of the polar pharmacophore is the main issue related to the pharmacological potency in
the six studied IMMS-TLR8 crystals. The polar pharmacophore region is somewhat different
from the four region model proposed by Musmuca et al. [26] for the IMMS molecule and
related immunomodulators. In an interesting 3-D QSAR analysis of 156 interferon-inducing
agents, those authors described a pharmacophoric model with four regions, including the ade-
nine moiety with two regions: the HA region and a polarized area in which those authors sug-
gested the presence of hydrogen bonds and polar interactions. Both regions are concurrent
with the N3, N5 and N11 amino group of the IMMS, which we are denoting as the polar phar-
macophore, that also includes the hydrogen bonds network with a fixed water molecule and
the two polar residues of the TLR8 binding pocket. The other two pharmacophoric regions
proposed by Musmuca et al. [26] are a fillable steric pocket and a hydrophobic area.

The two studied IMMS antagonists, compounds 15 and 16 [16], have important molecular
modifications, particularly in the polar pharmacophoric region. Thus, both molecules contain
the N3 atom covalently bound to a large 2-methyl-propan-2-ol side chain. Additionally, com-
pound 16, the most effective antagonist, lacks the pharmacophoric N11 amino group. These
molecular changes, which block or delete the polar region, clearly show that this region is
essential to activate the immune response through the IMMS-TLR complex. Therefore, the
molecular mechanism of the antagonist is likely due to the absence of the fixed water molecule,
the absence of the hydrogen bonds network and null or a low contribution of residues Asp545
and Thr574. However, both antagonist compounds are able to occupy the binding pocket and
interact, likely by increased van der Waals forces by their two side chains. Additionally, the
two antagonists have the DM vector directed toward the hydrophobic region; the compound
15 vector is slightly shorter, and both possess a high solvation energy, implying low solvation.
Those features apparently favor hydrophobicity and, likely because of a distinct electronic
environment, results in the antagonist effect. In contrast, compounds I and VI have the DM
vector toward the polar region, decreasing the solvation energy and, therefore, increasing the
solvation of the molecule. In this regard, compound I has the lowest solvation energy and the
largest DM pointing toward N5. Likewise, a comparison of compounds II and III shows that
compound II has the lowest solvation energy and a higher DM, whereas compound III has the
shortest DM. All these data correlate quite well with the pharmacological effectiveness of these
compounds.

Analysis of the pharmacological potency of IMMS reveals almost the same trend for the
activation of both TLR7 and TLR8. However, compounds I, V and VI are clearly more capable
of stimulating TLR7 at lower doses. In contrast, TLR8 responds better to compounds II, III

PLOS ONE | https://doi.org/10.1371/journal.pone.0178846 June 5, 2017 16/19


https://doi.org/10.1371/journal.pone.0178846

@° PLOS | ONE

Mechanism of action of immidazoquinolines on TLR8

and IV. This difference occurs regardless of the close phylogenetic relationship of TLR7 and
TLRS to the same TLR subfamily [27], showing a high level of sequence homology [28, 29]. In
fact, a theoretical model predicts different residues for the binding site of TLR7 with respect to
TLR8 [30]. Thus, the differences in IMMS potency may be related to the intrinsic structural
disparities between the TLR7 and TLR8 binding pocket, which yield functional differences for
both receptors, as previously proposed by Gorden et al. [23]. Additionally, because of their dif-
ferent hydrophobic side chains, IMMS may possess TLR selectivity similar to that reported for
R837 (imiquimod), which specifically activates TLR7 [15].

The small ligands IMMS activate both TLR7 and TLR8 similarly to the natural pathogens to
yield a cascade of biochemical events that initially stimulate several type of cells, such as mono-
cytes and NK/NKT, T, B, mast and tumor cells. Most of these cells in turn undergo migration,
proliferation and apoptosis, along with the production of considerable amounts of interferons,
interleukins and tumor necrosis factors, among others [31]. The biochemical reactions of the
immune system elicited by IMMS have been confirmed to be effective against viral infections
[32]. In fact, TLR7 and TLR8 sense single-stranded viral RNA [33]. The pleiotropic character-
istics of the IMMS that trigger the immune response also play an important role in improving
cancer therapy, regarding this, see for instance [31] and the important review of Schén and
Schoén [34]. Besides, IMMS show an angiogenesis inhibitor effect [35] and likely act as vaccine
adjuvants [36]. According to our data, all of these pharmacological effects may be correlated,
to a large extent, to the regional interaction energy of IMMS. We further validate the useful-
ness of the crystal analysis as a tool to unveil new data that can be used to improve the design
of the IMMS molecule to produce better immunostimulant responses by lowering toxicity and
enhancing effectiveness.

Conclusions

The present results show that the application of quantum mechanics theory and computational
chemistry methods to analyze the crystal structure of TLR8 interacting with different small
synthetic IMMS, focusing particularly on the binding site of the receptor and the IMMS
atomic interactions, enabled elucidation of the molecular properties and calculation of the
interaction energy of the IMMS-TLR8 complex, which correlates quite well with the immuno-
pharmacological activity.

The IMMS molecules clearly bears a defined polar region that acts as a regional pharmaco-
phore, which seems to have variable selectivity for TLR7 and TLR8. This finding might facili-
tate the rational design and development of new agonist and antagonist IMMS that function
specifically or selectively in the TLR system or toward other receptors capable of detecting
pathogen-associated molecular patterns (PAMP), improving the therapeutic modulation of
natural immunity and therapeutic efficiency toward infectious and neoplastic diseases.

Author Contributions
Conceptualization: CKG AB.

Data curation: RVR CTM.

Formal analysis: CKG RVR CTM AB.
Funding acquisition: CKG AB.
Investigation: CKG RVR.
Methodology: CKG RVR CTM AB.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178846 June 5, 2017 17/19


https://doi.org/10.1371/journal.pone.0178846

@° PLOS | ONE

Mechanism of action of immidazoquinolines on TLR8

Project administration: CKB.

Resources: RVR CTM.

Software: RVR CTM.

Supervision: CKG AB.

Validation: CKG RVR CTM AB.

Visualization: RVR CTM.

Writing - original draft: CKG RVR CTM AB.

Writing - review & editing: CKG AB.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Isaacs A, Lindenmann J. Virus interference |. The interferon. Proc R Soc Lond. 1957; 147: 258-267.
PMID: 13465720

Pestka S. The interferons: 50 years after their discovery, there is much more to learn. J Biol Chem.
2007; 282:20047-20051. https://doi.org/10.1074/jbc.R700004200 PMID: 17502369

Hitchings GH, Falco EA, Sherwood MB. The effects of pyrimidines on the growth of Lactobacillus casei.
Science. 1945; 102: 251. https://doi.org/10.1126/science.102.2645.251 PMID: 17817366

Prusoff WH. Synthesis and biological activities of iododeoxyuridine, an analog of thymidine. Biochim
Biophys Acta. 1959; 32:295-296. PMID: 13628760

Heidelberger C, Parsons D, Remy DC. Syntheses of 5-trifluoromethyluracil and 5-trifluoromethyl-2’-
deoxyuridine. J Amer Chem Soc. 1962; 84: 3597-3598.

Privat-de-Garilhe M, de-Rudder J. Effect de deuxneucléosides de I arabinose sur la multiplication des
virus de I" herpés et de la vaccine en culture cellulaire. CR Acad Sc Paris. 1964; 239: 2725-2728.

Elion GB, Furman PA, Fyfe JA, de Miranda P, Beauchamp L, Schaeffer HJ. Selectivity of action of an
antiherpetic agent, 9- (2-hydroxyethoxymethyl) guanine. Proc Natl Acad Sci USA. 1977; 74:5716—
5720. PMID: 202961

Miller RL, Imberston LM, Reiter MJ, Gerster JF. Treatment of primary herpes simplex virus infection in
guinea pigs by imiquimod. Antiviral Res. 1999; 44: 31-42. PMID: 10588331

Miller RL, Tomai MA, Harrison CJ, Bernstein DI. Inmunomodulation as a treatment strategy for genital
herpes: review of the evidence. Int Immunopharmacol. 2002; 2: 443—-451. PMID: 11962724

Weeks CE, Reiter MJ. Antiviral/immunomodulator R-837 induces alpha interferon in mice. J Invest Der-
matol. 1989; 93: 584.

Dockrell D. H.; Kinghorn G. R. Imiquimod and resiquimod as novel immunomodulators. J Antimicrob
Chemother. 2001, 48, 751-755. PMID: 11733457

Lester SN, Li K. Toll-Like receptors in antiviral innate immunity. J Mol Biol. 2014; 426: 1246—1264.
https://doi.org/10.1016/j.jmb.2013.11.024 PMID: 24316048

Ganapathi L., Van Haren S., Dowling DJ, Bergelson |, Shukla NM, Malladi SS, et al. The imidazoquino-
line Toll-like receptor-7/8 agonist hybrid-2 potently induces cytokine production by human newborn and
adult leukocytes. PLoS One. 2015; 10: e0134640. https://doi.org/10.1371/journal.pone.0134640
PMID: 26274907

Yoo E, Salunke DB, Sil D, Guo X, Salyer ACD, Hermanson M, et al. Determinants of activity at human
Toll-like receptors 7 and 8: Quantitative structure—activity relationship (QSAR) of diverse heterocyclic
scaffolds. J Med Chem. 2010; 57: 7955-7970.

Tanji H, Ohto U, Shibata T, Miyake K, Shimizu T. Structural reorganization of the Toll-like receptor 8
dimer induced by agonistic ligands. Science. 2013; 339: 1426—1429. https://doi.org/10.1126/science.
1229159 PMID: 23520111

Shukla NM, Kimbrell MR, Malladi SS, David SA. Regioisomerism-dependent TLR7 agonism and antag-
onismin an imidazoquinoline. Bioorg Med Chem Lett. 2009; 19: 2211-2214. https://doi.org/10.1016/j.
bmcl.2009.02.100 PMID: 19285861

Bernstein FC, Koetzle TF, Williams GJ, Meyer EE, Brice MD, Rodgers JR, et al. The Protein Data Bank.
J Mol Biol. 1997; 112: 535-542.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178846 June 5, 2017 18/19


http://www.ncbi.nlm.nih.gov/pubmed/13465720
https://doi.org/10.1074/jbc.R700004200
http://www.ncbi.nlm.nih.gov/pubmed/17502369
https://doi.org/10.1126/science.102.2645.251
http://www.ncbi.nlm.nih.gov/pubmed/17817366
http://www.ncbi.nlm.nih.gov/pubmed/13628760
http://www.ncbi.nlm.nih.gov/pubmed/202961
http://www.ncbi.nlm.nih.gov/pubmed/10588331
http://www.ncbi.nlm.nih.gov/pubmed/11962724
http://www.ncbi.nlm.nih.gov/pubmed/11733457
https://doi.org/10.1016/j.jmb.2013.11.024
http://www.ncbi.nlm.nih.gov/pubmed/24316048
https://doi.org/10.1371/journal.pone.0134640
http://www.ncbi.nlm.nih.gov/pubmed/26274907
https://doi.org/10.1126/science.1229159
https://doi.org/10.1126/science.1229159
http://www.ncbi.nlm.nih.gov/pubmed/23520111
https://doi.org/10.1016/j.bmcl.2009.02.100
https://doi.org/10.1016/j.bmcl.2009.02.100
http://www.ncbi.nlm.nih.gov/pubmed/19285861
https://doi.org/10.1371/journal.pone.0178846

@° PLOS | ONE

Mechanism of action of immidazoquinolines on TLR8

18.

19.

20.

21.

22,
23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Humphrey W, Dalke A, Schulten K. VMD—YVisual Molecular Dynamics. J Mol Graph.1996; 14: 33-38.
PMID: 8744570

Groom CR, Bruno J, Lightfoot MP, Ward SC. The Cambridge Structural Database. Acta Cryst. 2016;
B72:171-179.

Moreland JL, Gramada A, Buzko OV, Zhang Q, Bourne PE. The molecular biology toolkit (MBT): A
modular platform for developing molecular visualization applications. BMC Bioinformatics. 2005; 6: 21.
https://doi.org/10.1186/1471-2105-6-21 PMID: 15694009

Guex N, Peitsch MC. Swiss-Model and the Swiss-Pdb viewer: An environment for comparative protein
modeling. Electrophoresis.1997; 18: 2714-2723. https://doi.org/10.1002/elps.1150181505 PMID:
9504803

Spartan’14. Wavefunction Inc. Irvine, CA, USA, 2014.

Gorden KB, Gorski KS, Gibson SJ, Kedl RM, Kieper WC, Qiu X, et al. Synthetic TLR agonists reveal
functional differences between human TLR7 and TLR8. J Immunol. 2005; 174: 1259-1268. PMID:
15661881

InvivoGen [Internet]. Imidazoquinoline compound-TLR7/8 ligand. Catalog tlrl-c97, tIrl-c97-5. [cited
2016 Aug 31]. http://www.invivogen.com/PDF/CL097_TDS.pdf

Shi C, Zhengming X, Chittepu P, Aldrich CC, Ohlfest JR, Ferguson DM. Discovery of imidazoquinolines
with Toll-like receptor 7/8 independent cytokine induction. ACS Med Chem Lett. 2010; 3: 501-504.

Musmuca |, Simeoni S, Caroli A, Ragno R. Small-molecule interferon inducers. Toward the comprehen-
sion of the molecular determinants through ligand-based approaches. J Chem Inf Model. 2009; 49:
1777-1786. https://doi.org/10.1021/ci900065a PMID: 19499914

Roach JC, Glusman G, Rowen L, Kaur A, Purcell MK, Smith KD, et al. The evolution of vertebrate Toll-
like receptors. Proc Natl Acad Sci USA. 2005; 102: 9577-9582. https://doi.org/10.1073/pnas.
0502272102 PMID: 15976025

Chuang T-H, Ulevitch RJ. Cloning and characterization of a sub-family of human Toll-like receptors:
hTLR7, hTLR8 and hTLR9. Eur Cytokine Netw. 2000; 11: 372-378. PMID: 11022120

Bell JK, Mullen GE, Leifer CA, Mazzoni A, Davies DR, Segal DM. Leucine-rich repeats and pathogen
recognition in Toll-like receptors. Trends Immunol. 2003; 24: 528-533. PMID: 14552836

Wei T, Gong J, Jamitzky F, Heckl WM, Stark RW, Réssle SC. Homology modeling of human Toll-like
receptors TLR7, 8, and 9 ligand-binding domains. Protein Sci. 2009; 18: 1684—1691. https://doi.org/10.
1002/pro.186 PMID: 19521997

Smits EJM, Ponsaerts P, Berneman ZN, Van Tendeloo VFI. The Use of TLR7 and TLR8 ligands for the
enhancement of cancer immunotherapy. Oncologist. 2008; 13: 859-875. https://doi.org/10.1634/
theoncologist.2008-0097 PMID: 18701762

Dockrell DH, Kinghorn GR. Imiquimod and resiquimod as novel immunomodulators. J Antimicrob Che-
mother. 2001; 48: 751-755. PMID: 11733457

Heil F, Hemmi H, Hochrein H, Ampenberger F, Kirschning C, Akira S, et al. Species-specific recognition
of single stranded RNA via toll-like receptor 7 and 8. Science. 2004; 303: 1526—1529. https://doi.org/
10.1126/science.1093620 PMID: 14976262

Schoén MP, Schon M. TLR7 and TLR8 as targets in cancer therapy. Oncogene. 2008; 27: 190—199.
https://doi.org/10.1038/sj.onc.1210913 PMID: 18176600

Majewski S, Marczak M, Mlynarczyk B, Benninghoff B, Jablonska S. Imiquimod is a strong inhibitor of
tumor cell-induced angiogenesis. Int J Dermatol. 2005; 44: 14—19. https://doi.org/10.1111/j.1365-4632.
2004.02318.x PMID: 15663652

Vasilakos JP, Tomai MA. The use of Toll-like receptor 7/8 agonists as vaccine adjuvants. Expert Rev
Vaccines. 2013; 12: 809-819. https://doi.org/10.1586/14760584.2013.811208 PMID: 23885825

PLOS ONE | https://doi.org/10.1371/journal.pone.0178846 June 5, 2017 19/19


http://www.ncbi.nlm.nih.gov/pubmed/8744570
https://doi.org/10.1186/1471-2105-6-21
http://www.ncbi.nlm.nih.gov/pubmed/15694009
https://doi.org/10.1002/elps.1150181505
http://www.ncbi.nlm.nih.gov/pubmed/9504803
http://www.ncbi.nlm.nih.gov/pubmed/15661881
http://www.invivogen.com/PDF/CL097_TDS.pdf
https://doi.org/10.1021/ci900065a
http://www.ncbi.nlm.nih.gov/pubmed/19499914
https://doi.org/10.1073/pnas.0502272102
https://doi.org/10.1073/pnas.0502272102
http://www.ncbi.nlm.nih.gov/pubmed/15976025
http://www.ncbi.nlm.nih.gov/pubmed/11022120
http://www.ncbi.nlm.nih.gov/pubmed/14552836
https://doi.org/10.1002/pro.186
https://doi.org/10.1002/pro.186
http://www.ncbi.nlm.nih.gov/pubmed/19521997
https://doi.org/10.1634/theoncologist.2008-0097
https://doi.org/10.1634/theoncologist.2008-0097
http://www.ncbi.nlm.nih.gov/pubmed/18701762
http://www.ncbi.nlm.nih.gov/pubmed/11733457
https://doi.org/10.1126/science.1093620
https://doi.org/10.1126/science.1093620
http://www.ncbi.nlm.nih.gov/pubmed/14976262
https://doi.org/10.1038/sj.onc.1210913
http://www.ncbi.nlm.nih.gov/pubmed/18176600
https://doi.org/10.1111/j.1365-4632.2004.02318.x
https://doi.org/10.1111/j.1365-4632.2004.02318.x
http://www.ncbi.nlm.nih.gov/pubmed/15663652
https://doi.org/10.1586/14760584.2013.811208
http://www.ncbi.nlm.nih.gov/pubmed/23885825
https://doi.org/10.1371/journal.pone.0178846

