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Abstract: The Toll-like receptor 4 (TLR4)/myeloid differentia-
tion factor 2 (MD-2) innate immunity system is a membrane
receptor of paramount importance as therapeutic target. Its
assembly, upon binding of Gram-negative bacteria lipopoly-
saccharide (LPS), and also dependent on the membrane
composition, finally triggers the immune response cascade.
We have combined ab-initio calculations, molecular docking,
all-atom molecular dynamics simulations, and thermodynam-
ics calculations to provide the most realistic and complete 3D
models of the active full TLR4 complex embedded into a
realistic membrane to date. Our studies give functional and

structural insights into the transmembrane domain behavior
in different membrane environments, the ectodomain bounc-
ing movement, and the dimerization patterns of the intra-
cellular Toll/Interleukin-1 receptor domain. Our work provides
TLR4 models as reasonable 3D structures for the (TLR4/MD-2/
LPS)2 architecture accounting for the active (agonist) state of
the TLR4, and pointing to a signal transduction mechanism
across cell membrane. These observations unveil relevant
molecular aspects involved in the TLR4 innate immune
pathways and will promote the discovery of new TLR4
modulators.

Introduction

Pattern recognition receptors perceive the presence of both
pathogen-associated and damage-associated molecular pat-
terns (PAMPs and DAMPs, respectively) and activate the native
immune response.[1] Among these receptors, Toll-like receptor 4
(TLR4) is a membrane receptor that specifically recognizes
lipopolysaccharides (LPSs) from Gram-negative bacteria through
the TLR4 extracellular domain (ectodomain, ED) with the
participation of an essential co-receptor, the myeloid differ-
entiation factor 2 (MD-2).[2,3] Thus, the LPS molecule binds to
the TLR4/MD-2 system by inserting the fatty acid (FA) chains
inside the deep and wide hydrophobic pocket of MD-2, and by
establishing a complex network of polar interactions among the
LPS oligosaccharide and the TLR4 residues (Figure 1). The
agonist conformation of TLR4 is considered to correspond to a
(TLR4/MD-2/LPS)2 heterodimer, as observed in the X-ray
crystallographic structure of the complex of human TLR4/MD-2

with Escherichia coli LPS (LPSEc; Protein Data Bank (PDB) ID:
3FXI).[4] After LPS binding, the dimerization of the TLR4 ED
brings together the corresponding cytoplasmic Toll/interleukin-
1 receptor (TIR) domains (intracellular domain, ID) which also
dimerize. The intracellular ID-ID* dimer recruits the binding of
membrane-associated bridging adaptor proteins, such as
MyD88-adapter-like (MAL) and TIR-domain-containing adapter-
inducing interferon-β (TRIF)-related adaptor molecule (TRAM),
triggering the activation of downstream signaling and the
inflammatory response.[5,6]

TLR4 has only recently attracted great attention as ther-
apeutic target, and the obtaining of both, agonist and
antagonist drugs, is considered a promising strategy for the
treatment of a wide range of pathologies, including sepsis,
infectious and noninfectious inflammation, central nervous
system-related processes, certain autoimmune diseases, aller-
gies, as well as neurodegenerative and tumoral diseases, among
others.[7–9] TLR4 agonists can be useful as adjuvants in vaccines
and in cancer immunotherapy,[10,11] as exemplified with syn-
thetic nontoxic LPS lipid analogues, as monophosphoryl lipid A
derivatives, which are components of vaccines for hepatitis B
(Fendrix™), and cervical cancer (Cervarix™).[12] On the other
hand, the design and development of LPS mimetics as TLR4
antagonists are being intensively explored for the treatment of
inflammation and sepsis, with Eritoran as the main exponent as
potent TLR4-antagonist.[9] Although it failed Phase III,[13] Eritoran
is under studies for other therapeutic applications.[12] Other
examples of TLR4 antagonists include glycolipids, non-LPS like
small molecules, and peptidomimetics.[11,12] The possibilities of
exploiting TLR4 as a therapeutic target are therefore enormous,
with still much to know and learn. In this active research field,
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computational techniques have proven to be efficient ap-
proaches to identify molecules with potential therapeutic
benefits in TLR4 modulation.[14,15]

It is clear that further insight into the activation mechanism
and into the dynamic behavior, both at the atomic-molecular
level, can pave new roads for the design and discovery of
effective TLR4 modulators. However, most of the molecular

basis at atomic level of the TLR4 dimerization and adaptors
recruitment processes is still elusive. A relevant aspect to also
take into consideration is the membrane environment. The
presence of unsaturated fatty acids on the membranes lipids is
correlated with liquid-disordered (Ld) phases whereas the
presence of saturated fatty acids and cholesterol is associated
with liquid-ordered (Lo) phases.[16] In cell membranes, Lo is

Figure 1. 3D structures of the TLR4 ED domain in complex with agonist LPSEc. TLR4 belongs to the superfamily of the leucine-rich repeat (LRR) modules
proteins, which have a typical horse-shoe-like conformation. The LRR modules have approximately 20–30 amino acid residues with conserved ‘‘LxxLxLxxN’’
motifs. The whole sequence can be divided in three regions: the N-terminal domain containing modules 1 to 6, a central domain with modules 7 to 12, and
the C-terminal domain containing modules 13 to 22. A) Top: Dimeric (TLR4/MD-2/LPSEc)2 X-ray crystallographic structure (PDB ID: 3FXI). Bottom: Primary
dimerization interface between the TLR4 chains (TLR4/TLR4*) and contact regions between each TLR4 chain and the corresponding MD-2 (TLR4/MD-2 and
TLR4*/MD-2*), which are patches A and B. Patch A corresponds to the N-terminal domain of TLR4 (residues Met1 to Ala251) and patch B to the central domain
(residues Gly252 to Lys349). On one hand, the A patch in TLR4 is characterized by being highly evolutionarily conserved, and negatively charged, which allows
the interaction with the positively charged MD-2 Arg68 and Lys109 residues of MD-2. On the other hand, the B patch is built by a poorly conserved area,
positively charged, and interacts with the negatively charged residues in the F β-strand of MD-2. The parts of MD-2 interacting with the A and B patches of
TLR4 are named the A’ and B’ patches, respectively. B) Monomeric TLR4/MD-2/LPSEc that corresponds to TLR4 and MD-2 chains B, bound to LPSEc, of the TLR4
dimer crystal. TLR4 ED domains, and the TLR4-TLR4* dimerization interface are marked. Protein structures are represented in cyan (TLR4), purple (TLR4*, and
TLR4 monomer), pale blue (MD-2) and lime (MD-2*, and MD-2 monomer) cartoon, and LPSEc as gray CPK. C) Chemical structure of E. coli LPS. The R2 fatty acid
chain (magenta) placed at the channel of MD-2 completes the dimerization interface.
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known as lipid rafts and play a crucial role during protein
signaling.[17] Reported experimental data demonstrate that TLR4
assembly occurs in the plasma membrane rafts, and it is
stimulated by LPSs, pointing to a key role of the lipid rafts
during the receptor activation process.[18] Deep structural under-
standing of the molecular recognition events that take place to
assemble the TLR4 signaling complex would allow to progress
in the understanding of the activation mechanism of this
receptor, and in the discovery of novel small molecules with
desirable therapeutic properties.

Studies to gain structural and dynamics information about
these recognition events required for the TLR4 (activation)
dimerization process are scarce due to the high complexity of
the receptor. X-ray crystallography, combined with molecular
modeling, has provided the atomic details for LPS-ED
binding,[4,19,20] while NMR studies have showed that the trans-
membrane domain (TD) adopts an α-helix structure in
bicelles.[21] Combination of multiscale modeling and experimen-
tal studies has deepened in the knowledge of the thermody-
namics of LPS recognition by the TLR4 ED and TLR4
assembly.[22,23] The monomeric full-length TLR4 structure of
different species, including the human, has been predicted by
artificial intelligence,[24] and two full-length structural models of
human and murine (TLR4/MD-2/LPSEc)2 heterodimers have also
been reported by molecular dynamics (MD) simulation, provid-
ing the first notable approaches to the architecture of this
important receptor in the agonist-induced state.[25,26] Never-
theless, in these heterodimer models, a simplistic lipid bilayer
without cholesterol was used and, in the case of the human
TLR4 complex, since a united-atom force field was applied, the
hydrogen bonding is not fully taken into account in the TLR4
complex assembly. Additionally, in both full-length models, a
limited number of possible transmembrane and intracellular
conformations were explored. In any case, providing detailed
structural and dynamical information on a heterogeneous and
complex system such as a cell membrane is challenging.
Current computational simulations have proved proficiency of
performing realistic membrane simulations, yielding an invalu-
able tool to characterize membrane-inserted systems at atomic
resolution.[27,28]

We studied each of the TLR4 subdomains-ED, TD, and ID-
independently, aiming to propose full TLR4/MD-2 models to
rationalize functional and structural aspects involved in the
TLR4 activation mechanism. We here report molecular dynamics
(MD) simulations of the ED in its dimeric and monomeric forms,
in complex with MD-2 engaged by E. coli LPS. The TD was
simulated in Lo and Ld membrane phases, showing key aspects
of the lipid-raft-embedded secondary structure in order to
propose several models for TD-TD* dimers. Two probable
models for the ID-ID* dimer (symmetric and asymmetric) have
also been addressed and their interaction with the bridging
adaptor MAL protein has been explored. Four full receptor
(TLR4/MD-2/LPSEc)2 dimers were built and simulated into
realistic Lo membrane models, identifying two of them as
plausible 3D structures of the full agonist LPS-bound TLR4. We
here put together a great effort to bring into agreement the
reported experimental data with the insights from the compu-

tational perspective. We finally propose full atomistic models of
(TLR4/MD-2/LPSEc)2 dimer that account for conformational,
assembly, lipid-raft dependent conformation and thermody-
namic properties, revealing pertinent details of the agonist LPS-
bound Toll-like 4 receptor and thus, increasing the current
knowledge of the lipid rafts role in the TLR4 innate immune
signaling pathway.

Results and Discussion

TLR4 ED: Dynamic behavior in water

Several X-ray crystallographic structures of the TLR4 ectodo-
main have been reported and, among them, the structure of
the (TLR4/MD-2)2 heterodimer in complex with LPSEc, the most
potent agonist known to date (PDB ID: 3FXI),[4] revealed the
interactions at atomic level and the conformational require-
ments to adopt the heterodimer assembly in the agonist
conformation, that is, the necessary structural arrangement to
activate the immune response (Figure 1). Also, MD simulations
of the TLR4/MD-2 complex engaged by ligands of different kind
comprising naturally occurring modulators (e.g., LPS from
Burkholderia cenocepacia),[29] LPS-like molecules (e.g., fluores-
cent probes),[30] and non-LPS-like small molecules (e.g., amphi-
philic guanidinocalixarenes)[31] have been reported, including
the impact of a single point mutation on the receptor
activity.[32]

In this work, we performed 100-ns MD simulations of the
TLR4/MD-2/LPSEc monomer and the (TLR4/MD-2/LPSEc)2 dimer
of the human TLR4 ED in water solution, starting from the X-ray
structure (Figure 2). Our simulations show that the interactions
at the different interfaces, TLR4/TLR4* (Figure 2A), and TLR4/
MD-2* and TLR4*/MD-2 (Figure 2B), were maintained along the
simulation in agreement with the reported structural and
computational data for the (TLR4/MD-2/LPSEc)2 complex (Fig-
ure S1 and Table S1 in the Supporting Information).[4,33] In
contrast, the TLR4 ED monomer exhibits some conformational
modifications where the MD-2 chain is separated from the TLR4
ED by a distance of around 4 Å (Figure 3A, green line), and the
TLR4 tail is displaced by 18° from the starting geometry
(Figure 3B). These results suggest a mutual stabilizing role
between both TLR4/MD-2/LPSEc units, due to the protein–
protein interactions (PPIs) at the dimerization interface upon
LPSEc binding, and reinforce the stabilizing role of MD-2 for
TLR4 complexation.[4] Additionally, although E. coli LPS exhibits
small conformational changes, critical interactions (as shown in
the X-ray crystallographic PDB ID: 3FXI[4] structure, and by
mutagenesis studies[34]) of this molecule with the corresponding
partner TLR4 Phe440 in the dimer, and with MD-2 Phe126 in
both, dimer and monomer, were maintained (for details of the
(TLR4/MD-2/LPSEc)2 interactions, see Annex 1 in the Supporting
Information). Importantly, the on/off switch Phe126 loop of MD-
2 (residues 123–129)[4] did not undergo conformational
changes, and the Phe126 remained in an agonist-like conforma-
tion in both simulations (Figures 4 and S2). Our unbiased
simulations thus provided a reliable optimized ectodomain
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(TLR4/MD-2/LPSEc)2 model in agreement with data reported
previously by X-ray and computational studies,[4,20,33] and ready
to be used in the construction of the full TLR4 system.

TLR4 TD: Hydrophobic region conformation and membrane
composition effect

According to UniProt,[35] the TLR4 TD is predicted to span from
Thr632 to Tyr652, and to consist of an α-helix of lipophilic
residues with few polar residues. In addition, the amino acid
sequence directly following this domain, called hydrophobic
region (HR, from Lys653 to Gly670, Figure 5), has been largely

argued to actively interact with the membrane, either extend-
ing the TD α-helix or interacting with the head groups of the
lipids.[36–38] At present, little is known about the conformational
changes that occur in the transmembrane α-helices to promote
ID dimerization. Mineev et al.[21] reported a combined protein-
protein docking and NMR study of both TD and HR of TLR4,
pointing to a helical conformation for the HR (from Lys653 to
Ala662) in 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol
(DMPG)/1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC)
bicelles (PDB ID: 5NAM).[21] However, importantly for membrane
proteins, both secondary structure and PPIs are known to be
lipid membrane composition-dependent.[39] The work of Ruys-
schaert et al.[38] suggests that the HR domain contains a number

Figure 2. Protein-protein interactions present in the dimerized (TLR4/MD-2/LPSEc)2 average structure from the MD simulations. Left: front and top views of the
complex; right: primary dimerization interfaces between TLR4 and TLR4* (A) and between each TLR4 chain and the counterpart MD-2 (B). A) TLR4/TLR4*
interface: the interactions include residues located at the central region of the two TLR4 extracellular C-terminal domains (Asn365, Ser386, Val411, Asn433 and
Gln507) and other residues from both TLR4 chains (Gly363, Gly364, Lys388, Gly410, Leu434, Lys435, His458, Glu485, Glu509, and Asn531). B) TLR4/MD-2* (and
TLR4*/MD-2) interfaces: the interactions involve TLR4 (TLR4*) residues Ser416, Asn417, Glu439, Phe440, Leu444, and Phe463, and MD-2 (MD-2*) residues
Met85, Leu87, Gly123, Ile124, Lys125, and Phe126. Contact residues are depicted as sticks with the corresponding labels. Protein structures are represented in
cyan (TLR4), purple (TLR4*), pale blue (MD-2) and lime (MD-2*) cartoon, and LPSEc as gray CPK, with the R2 fatty acid chain colored in magenta.
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of potential cholesterol-binding motifs utilized to promote
structural rearrangements upon ligand recognition and recruit-
ment into lipid rafts. Then, the HR would adopt an α-helix
secondary structure and, thus, would extend the existing
transmembrane helix, favoring the ID-ID* dimerization.[38]

To better represent the recruitment of the TLR4 into lipid
rafts, we decided to study the dynamic behavior of the TD and
HR regions (TD-HR) inserted into two models of symmetric
bilayers (Figure 5), namely a Lo membrane (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC)/cholesterol, 60 : 40), repre-
senting the membrane rafts, and a Ld model (1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC)). First, the membrane models
were simulated and the results showed to be in agreement
with reported data[40] (Figure S3). We then performed 190 ns
MD simulations of the TD and the HR both structured as a long
α-helix embedded into Ld and Lo membrane models, as
reported in the NMR study (PDB ID: 5NAM)[21]. In the Ld bilayer,
the transmembrane region entered the membrane, while the
HR was exposed to the solvent, without penetrating inside the
membrane (Figures 5A, and S4). Interestingly, Lys653 residue, at
the TD-HR frontier, is placed close to the phosphate groups of
the lower leaflet (cytoplasmic side) of the bilayer and
establishes ionic interactions with the anionic head groups. The
Lo model exhibits a larger bilayer thickness, compared to the
Ld (Figure S3). This allows the TD and part of the HR (from
Lys653 to Phe656) to be accommodated inside the membrane
(Figures 5A and S4A). As a response to the hydrophobic
mismatch, due to the longer TD length in comparison to the
bilayer thickness, the TD adopted a slightly titled orientation in
the Ld bilayer, with the Lys653 side chain interacting with the
phosphate groups, inducing a kink in the helix (Figures 5A and
S4B and C). On the contrary, in the Lo membrane, the helix
remained perpendicular to the membrane surface, with no
signs of tilt or kink angles formation (Figures 5A and S4B–D). In
both cases, Lo and Ld, the TD and part of the HR (from Lys653

to Ala662), maintained the α-helix secondary structure (Fig-
ure S4E and F).

We also performed MD simulations starting from the TD α-
helix attached to the HR peptide with an extended unstructured
conformation (Figures 5B and S5). The resulting TD-HR was
embedded into Lo and Ld membranes and, after 250 ns of
simulation, the HR was observed to adopt an α-helix secondary
structure in both membrane models (Figures 5B and S5). This
result disagrees with the hypothesis proposed by Ruysschaert
et al.[38] which indicated that HR would adopt the α-helix
secondary structure only when inserted in a cholesterol-
containing membrane. The kink region (Lys653-His657) re-
mained as an unstructured conformation in both bilayer models
(DSSP[41] analysis in Figure S5), also in accordance with the
reported NMR data.[21]

Going further into the folding properties of the HR segment,
we performed a MD simulation in water starting from an
extended conformation. Along the MD simulation, the peptide
adopts an α-helix structure (Figure S6) in agreement with the
HR region when it is outside the membrane, exposed to the
aqueous medium. As a matter of fact, this secondary structure
corresponds to the one elucidated by NMR,[21] and is associated
to the insertion in the membrane. The presence of hydrophobic
residues appears to be critical for the helix formation in the
polar medium. Hence, we cannot discard that this HR segment
can be exposed to the aqueous environment outside the
membrane.

Our results point to a short portion (Lys653-His657) inside
the TD-HR sequence that could not correspond to a structured
α-helix under certain conditions of the surrounding medium.
Therefore, while a continuous helix for the transmembrane plus
the hydrophobic region is possible, our simulations suggest the
Lys653 kink regulates the final placement of the HR, depending
on the membrane composition, that is, as a prolonged helix in
the Lo membrane or as a bent helix in the Ld membrane. This

Figure 3. Evolution of the TLR4/MD-2/LPSEc monomer complex over the MD simulation. A) Distance between TLR4 and MD-2 centers of mass, plotted along
MD simulations, giving information of how TLR4 chains deviate from their initial position in relation to MD-2. B) Initial structure (t=0 ns) from PDB ID: 3FXI, in
gray cartoon, and final conformation (t=100 ns) of the TLR4/MD-2/LPSEc monomer, in purple cartoon, are superimposed and showing the angle between two
arbitrarily selected vectors starting both from the α-carbon (CA) of residue TLR4 Arg289 to, respectively, the initial (t=0 ns) and final (t=100 ns) positions of
the TLR4 Ile594 α-carbon (CA). MD-2 is hidden for the shake of clarity.
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Figure 4. Binding mode of LPSEc to TLR4. Details of the interaction in the A) (TLR4/MD-2/LPSEc)2 dimer and B) TLR4/MD-2/LPSEc monomer average structures
from the MD simulations. As observed, MD-2 Phe126 is in the agonist conformation, pointing towards the MD-2 cavity. Contact residues are depicted as sticks
with the corresponding labels. Protein structures are represented in cyan (TLR4), purple (TLR4*), pale blue (MD-2) and lime (MD-2*) cartoon, and LPSEc as gray
sticks, with the R2 chain colored in magenta.
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finding provides a precise molecular perspective to the
proposed mechanism for clustering partner TLR4 monomers:
only the Lo membrane would be able to embed the full TD–HR
α-helix, thus rigidifying the Lys653-kink, stabilizing the intra-
cellular domain, and allowing the ID-ID* recognition and
dimerization. Accordingly, the Lo membrane model was
selected for the following studies.

Does TD-TD* dimerization occur by a preferred face/side?

In order to propose plausible TD-TD* dimer models, two
different approaches were used by means of TMDOCK[42] and
PREDDIMER[43] algorithms. Each program generated six possible
TLR4 TD-TD* symmetric α-helical dimers, comprising residues
from Lys631 to Ala662, with alternative dimerization interfaces
(Figure S7). Based on the geometry, a right-handed crossed
disposition between the TD-TD* dimers seems to be

predominant,[44] with varying crossing angle (Tables S2 and S3).
Only one model predicts a parallel disposition. The dimer
contact area was shifted towards the N-terminus in six of the
total models, in agreement with NMR reported data,[21] whereas
the remaining five dimers crossed by establishing contacts at
the center of the TD residues (Figure S7). All predicted TD-TD*
models were geometrically compatible with a merged ectodo-
main dimer (from PDB ID: 3FXI)[4] and plausible ID-ID* models
(see below).

The predicted TD-TD* models went through a restrained
minimization and scoring procedure (see Experimental Section).
The local scores assigned to the models ranged from 0.60 to 1
(in the top 40% best range), and the global scores ranged from
0.52 to 0.58, suggesting sufficient structural quality (Table S4).[45]

The only exception was the parallel packed model (model 6,
obtained from PREDDIMER approach), with lower local scores,
ranging from 0.34 to 0.87. Clustering of the predicted models,
in terms of helix-helix dimerization interface (see Experimental

Figure 5. MD simulations of TLR4 TD (orange) and HR (yellow) in Ld (left) and Lo (right) membrane models. A) The TD plus HR α-helix structure was retrieved
from PDB ID 5NAM. B) The TD was built as an α-helix and HR, built in an extended-coil conformation, was attached to it. At the end of the simulation, the HR
is folded underneath the membrane in both membrane models. Lys631, Lys653 and Ala662 are represented as sticks; the TD and the HR are represented as
orange and yellow cartoon, respectively. The membrane is in gray spheres, with cholesterol colored in red, and the solvent and ions are hidden.
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Section), revealed two main dimerization interfaces (interfaces I
and II, Figure S8) with similar scores (Table S4). The dimerization
interface I, from cluster 1, includes residues Ile634, Ser637,
Val638, Val641, Ser645, Ala648, Tyr652 and Phe656, whereas
dimerization interface II, from cluster 2, contains residues Ile633,
Ser637, Val641, Val644, Ala648, Val651, Tyr652, Tyr655 and
Phe656 (Figure S8B). Models from each cluster showed com-
mon residues at the dimerization interface, but different cross-
ing angles. Interestingly, residues Val636, Leu639, Leu642,
Val646, Val647 and Leu660, which have been predicted to form
part of the TD dimerization interface by NMR studies,[28] were
exposed to the hydrophobic core of the bilayer in all the
models, in agreement with the docking-based TD-TD* models
predicted by Patra et al.[25] (Figure S8C). According to these
authors, this observation suggests the existence of alternative
dimerization interfaces or the possibility of oligomerization.
However, although isolated TDs of TLRs form oligomers in
solution,[46] TLR4 does not oligomerize in vivo.[47] Thus, the
predicted TD dimers could represent distinct active states of the
TLR4 TD in different environments, and/or TLR4 cellular local-
izations, rather than different oligomerization interfaces.[21,44]

Building our way up to the TLR4 full-length complex model,
we selected the TD-TD* model with the best ranked score[45]

from each cluster (hereinafter referred to as TD1 from cluster 1,
and TD2 from cluster 2) as potential TD dimers for further study
(Figure 6, and details at Annex 2 in the Supporting Information).
Thus, MD simulations of these two models (TD1 and TD2) were
performed in a Lo model of the membrane (Figure S9A). From
the TD-TD* contact maps after the simulations (Figures S9B), it
can be observed that TD2 model exhibits TD-TD* contacts all
along the TD domain, including helix and HR region, while TD1
model shows most of TD-TD* contacts at the top of the helixes.
The two models reached stabilized conformations with crossing
angles between the helical axes of � 36° and � 20° for the TD1
and TD2, respectively (Figure S9C). These observations can

indicate that dimer packing is more efficient in TD2 model than
in TD1 model. The contact maps showed contacts between
residues Thr632, Ile633, Val636, Ser637, Ser640, Val641, Val644,
Val649, Tyr652, Phe656 and Leu660, pointing to their relevant
role as key components of the dimerization interface.[44] In both
models, the unfavorable hydrophobic mismatch with the hydro-
phobic core of the membranes was observed. As a conse-
quence, in the TD2 dimer, the HR induced a kink in one α-helix,
involving the interaction of Lys635 with the phosphate head-
groups of the membrane lipids, whereas in the TD1, the helixes
adopted a curved conformation to overcome hydrophobic
mismatch by avoiding exposition to solvent (Figures S9A, and
S9D and E). Finally, it was observed that the helical structure is
lost in the C-terminal region, which might be due to the
absence of the ID domain, and to the additional rigidity
provided to the TD terminal regions.

TLR4 ID: Two models of dimerization are possible

Although it has been reported that isolated TLR4 ID domains do
not form stable dimers in vitro,[48] experiments using mutants
and cell-permeable inhibitory peptides have revealed that
different arrangements for the ID-ID* dimer are possible, after
the TLR4 activation.[49–52] Also, the lack of structural information
for the intracellular TIR domain of TLR4 has promoted the
building of computational models,[15] clearly showing the role of
the BB loop for the homodimerization, without excluding the
participation of other structural elements, as the αE helixes
(Figure 7A). Therefore, from the structural perspective, two
possible dimerization modes would be possible: the “face-to-
face”, and the “back-to-face”.[48] The first model of the TLR4 ID
dimer was based on the X-ray crystal structure of the TLR10-ID
homodimer,[53] which places the αC helix and the BB loop of
each subunit in between the dimerization interface, interacting

Figure 6. TLR4 TD-TD* dimer models. Representation of the crossing angle and details of the contacts present in the selected models, TD1 (in purple and
gray) and TD2 (in magenta and gray). TD1 and TD2 models are right-handed crossing dimers, with angles of � 47° and � 27°, respectively. Contact residues are
represented as sticks, with the corresponding labels. Protein structures are represented in cartoon form.
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with their counterparts in a “face-to-face” symmetric manner
(Figure 7A).[54] Alternatively, the use of a decoy peptide
approach has suggested an alternative “back-to-face” asymmet-
ric dimerization mode in the TLR4 ID, with the αE helix of one
monomer and the BB loop of the counterpart forming the
interface.[49] A remarkable example of the “back-to-face” inter-
action in a TIR-domain-containing protein is observed in the
MAL cryogenic electron microscopy (cryo-EM) structure, pub-
lished by Ve et al.,[6] where MAL assembles by forming stable

protofilaments in a head-to-tail arrangement (Figure S10). Given
the high conservation of the interface residues among proteins
containing TIR domains, including TLR4 ID, the authors suggest
this arrangement as a reasonable mode to establish PPIs
between the intracellular TLR4 TIR domain and the adaptor
proteins. This would then result in a head-to-tail asymmetric
TLR4 ID-ID* dimer, capable to interact with bridging adaptor
proteins, such as MAL or TRAM. Considering these precedents,
we decided to construct two possible dimer models for the

Figure 7. Intracellular TIR domain of TLR4 (ID-ID* dimer). A) 3D representation of the symmetric homology model, and the asymmetric protein-protein docking
model, with details on its structural composition. BB loops are shown in salmon pink, and α-C and α-E helices in yellow and purple, respectively. B) A close-up
of the dimerization interface interactions. TLR4 chain A is in gray and chain B in blue (symmetric model) or green (asymmetric model) cartoon. Residues
interacting at the protein-protein interface are represented as sticks with the corresponding labels.
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dimerization of the ID: the symmetric (“face-to-face”) and the
asymmetric (“back-to-face”) manners (Figure 7A).

The symmetric (“face-to-face”) dimer model was built by
homology modeling (see the Experimental Section), retaining 5
templates to base the building process on the TIR domains of
human TLR1, TLR2 (P681h mutant), TLR2 (C713s mutant), TLR6
and TLR10. The resulting dimer exhibited great similarity with
that published by Núñez-Miguel et al.,[54] and good overlapping
of the ID monomer with that predicted by artificial
intelligence[24] (RMSD of 1.468 Å). The model presents a
dimerization interface formed by residues Cys747, Tyr751,
Glu752 and Arg780 from the BB loop, and residues Tyr709,
Phe712, Pro714 and Gly715 from the αC helix (Figure 7B). These
residues are reported to be important for TLR4 dimerization
and adaptor proteins recruitment, according to mutagenesis
studies.[50,51]

The asymmetric (“back-to-face”) dimer model was built
following the architecture of MAL protein cryo-EM structure
(PDB ID: 5UZB).[6] We performed guided protein–protein dock-
ing to generate TLR4 ID-ID* with residues in contact from the
BB loop and the αE helix, whose mutations have demonstrated
to disrupt the ID-ID* dimer formation.[51] Among them, we
selected the best predicted pose which showed structural
overlapping with the MAL structure (PDB ID: 5UZB,[6] Figures 7A
and S10). The dimerization interface is formed by residues
Arg710, Phe712, Ile713, Pro714, Gly715, Val716 and Ala717 from
the BB loop, and His728 from the BC loop of one monomer
protruding into a groove formed by residues Ser762, Arg763,
Ala764 and Phe768 from the CD loop, Asn792, Thr793, Tyr794
and Leu795 from the DE loop and Arg810, Lys813 and Ala814
from the αE helix of the counterpart monomer (Figure 7B).[8]

Both, the symmetric and asymmetric dimer complexes were
submitted to 150 ns MD simulations in water, observing high
stability of the PPIs, as well as the 3D conformation (Fig-
ure S11A and B). We characterized the motion of the chains
independently in both models and noted higher motion of the
CD and DD loops in the symmetric dimer, and of the DD loops
and αB and αE helixes in the asymmetric one (Figure S11C and
D). The averaged contact map along the simulation shows
interactions between the BB loop and αC helix from both
chains in the symmetric model, and between the BB loop from
chain A and the CD loop and αE from chain B in the asymmetric
model (Figure S11E), in agreement with the mutagenesis
studies that identified residues and regions crucial for the
dimerization of the ID and the activation of TLR4.[51] Our
molecular docking and MD studies add new evidence that two
dimerization patterns are possible for the TLR4 intracellular TIR
domain: symmetric and asymmetric, in agreement with re-
ported functional data[50,51] that suggests that TLR4 intracellular
signaling may be regulated by different structural elements of
TLR4 TIR domain, pointing to the possibility of pathway-specific
interaction surfaces.[55]

Can MAL protein bind to both ID-ID* dimers?

After obtaining two plausible intracellular dimer models, the
following question that immediately arose was whether they
could both be able to recruit adaptor proteins. We used the
bridging adaptor protein MAL as validation tool, and performed
the docking (retrieved from PDB ID: 5UZB)[6] into the two TLR4
intracellular models, symmetric and asymmetric (Figure 8). All
the docked poses showed MAL binding to the ID-ID* dimers at
the dimerization interface.

In the TLR4 ID-ID* symmetric model, the docking of a MAL
monomer showed that two possible TLR4 binding interfaces
were possible (Interfaces 1 and 2, Figure 8A). The interfaces
involved residues from the CD and DD loops, and the αC and
αD helixes of both TLR4 subunits (Figure S12). These regions
are adjacent sites which could build an extended platform for
adaptors binding, in agreement with mutagenesis studies about
binding interfaces with MAL protein.[51]

To check the stability of the complexes between the
symmetric TLR4 ID-ID* with MAL protein, and to gain insights
on the interactions that take place, we performed a series of
150 ns MD simulations of several complexes from the best-
docked solutions (for further details see Annex 3 in the
Supporting Information, and Figures S13–S15). MD simulations
of the symmetric TLR4 in complex with MAL reveal that the αE
helix of MAL protein is required as a recognition motif, in order
to form stable TLR4/MAL complexes. Moreover, MAL could
interact with the symmetric TLR4 ID-ID* as a monomeric
subunit or as homodimer. It is widely accepted that the TLR4 BB
loops are the site of ID dimerization and adaptor recruitment.[56]

Nevertheless, in all our symmetric TLR4/MAL models, these
loops are found on the opposite face of the TLR4 predicted
regions for MAL binding. On this matter, it is important to
mention that the reported mutations of the residues from the
TLR4 BB loop affect both, the TLR4 ID dimerization and the
adaptors recruitment.[51,52] A probable explanation for this
observation could be that the mutations which involved
residues that are directly implied in the TLR4 ID-ID* dimeriza-
tion interface, such as those comprising the BB loops, would
disrupt the TLR4 dimer and therefore, would indirectly interfere
in the interaction between TLR4 and the adaptor proteins.

As for the asymmetric ID-ID* model, we wondered whether
MAL could bind following a sequential assembly, as proposed
in the cryo-EM MAL architecture,[6] i.e., once the TLR4 ID dimer
is performed, one monomer of MAL is recruited, followed by
the recruitment of a second MAL subunit (Figure S11). Based on
the proposed sequential binding of MAL to TLR4,[6] we
performed two independent docking calculations between the
TLR4 dimer and the dimer of MAL and one monomeric subunit
of MAL (Figure 8B). The docking calculations were guided
following not only mutagenesis studies on the TLR4 TIR
intracellular domain, but also on data from MAL protein
mutagenesis (see Experimental Section).[50–52] Docking results
revealed that the asymmetric ID-ID* model could interact with
both, the monomeric and the dimeric forms of MAL protein
(Figure 8B, Annex 3 and S16A), by reproducing the structural
arrangements observed in the cryo-EM MAL assembly (Fig-
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ure S11).[6] Subsequent 150 ns MD simulations of selected
asymmetric TLR4/MAL docked complexes were performed. The
complexes remained stable during the whole simulations, and,
the network of PPIs at the MAL binding interface was
maintained during the whole simulation (Figure S16B).

Altogether, our studies of the isolated TLR4 TIR dimers
suggest that both symmetric and asymmetric ID-ID* models are
suitable for MAL binding, either as a monomer or homodimer,
with favorable predicted binding affinities (Annex 3, Tables S6–
S8). These results corroborate the two proposed dimerization
patterns for the TLR4 intracellular TIR domain as deduced from
our docking and MD studies (preceding section).

Full TLR4 dimer: The TLR4/MD-2ectodomain bouncing
movement

The study of the independent TLR4 domains led us to a better
understanding of the dimerization/assembly processes, the key
protein-protein interactions implicated in the dimerization, and
the role of membrane composition. Nevertheless, these studies
provide partial views of a more complex problem, so the model
of the full-length TLR4 dimer inserted into the membrane is
definitively required to advance into the complete description
of the TLR4.

Our computational studies of the individual TLR4 domains
provided robust models as starting points to face the assembly
of the full-length (TLR4/MD-2/LPSEc)2 heterodimer in the active
conformation and inserted in a Lo membrane model. We
constructed two different systems based on the asymmetric
and the symmetric ID-ID* dimers, with both types of TD1 and
TD2 models (Figure 9) and submitted the resultant four systems
to 350 ns MD simulations (Figures 10 and S17). The PPIs
described above for the (TLR4/MD-2/LPSEc)2 complex were kept
in all full-length models. These include the interactions
exhibited in the dimerization interface and between TLR4 and
MD-2, through both patches, A and B (Figure S18). Therefore, as
expected, MD-2 Phe126 residue maintained the closed (agonist/
active) conformation (Figure S19).

To reveal an energy-structure relationship for our proposed
full-length models, the TLR4-TLR4* energy interaction was
calculated and correlated with several geometrical parameters.
We calculated the Gibbs free energy (ΔG) for TLR4-TLR4* PPIs
(between chain A and chain B), the ED-membrane surface
interaction defined by angle θ, the arrangement cis/anti/gauche
between the extracellular and intracellular domains which is
defined by the dihedral angle ψ and the cross angle formed by
both transmembrane helixes (ϕ; angles θ, ψ, and ϕ are defined
in Figure 11A, below).

Along the MD simulations of the four full-length models, it
was observed that the ED tilts towards the membrane in an

Figure 8. Protein–protein docking of the TLR4 TIR domain (ID-ID* dimers) and MAL protein (PDB ID: 5UZB). A) Front (left) and side (right) views of the best-
docked poses of a MAL monomer to the TLR4 ID-ID* symmetric model. Docking results revealed that two binding interfaces (Interfaces 1 and 2) are possible.
B) Selected docked pose of a MAL monomer (left) and the MAL dimer (right) to the TLR4 ID-ID* asymmetric model. MAL docked poses were selected following
the arrangement observed in MAL filament cryo-EM structure (PDB ID: 5UZB), based on the structural similarity between TLR4 and MAL TIR domains. TLR4
chain A is shown in gray and chain B in blue (symmetric model) or green (asymmetric model) cartoons. MAL poses binding at the symmetric TLR4 Interface 1
are in colored in magenta, whereas those interacting at Interface 2, and with the asymmetric TLR4 dimer, are in salmon pink.
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alternating fashion (Figure 10), that is, at a given time a TLR4
unit interacts with the membrane surface (θ>30°, definition of
θ in Figure 11A) whereas the second TLR4 chain stays away
from the membrane surface (θ<30°). This observation results in
a bouncing movement for the ED dimer, during the explored
trajectory, along which the TLR4 ED interacts with the
membrane outer leaflet (Figure 10, Annex 4, and Figure S20). In
the four full-length models, independently of the particular TD-
TD* and ID-ID* dimerization patterns, when we observe the
bouncing movement at the ED as a function of the Gibbs free
energy, the lowest energetic conformations are exhibited when
the ED is tilted towards the membrane (Figure 11B–E, black
spots at {θA or θB}<30°). This suggests that the TLR4 ED is very
dynamic in the membrane environment, and the tilted con-
formation of the TLR4 stabilizes the TLR4-TLR4* PPI interface.

To our knowledge, this bouncing movement was not
observed in previously reported simulations of the full-length
TLR4, which did not mimic physiological conditions required for
the activation of the receptor (i. e., LPS binding, and receptor
recruitment into lipid-rafts). The ED collapsed into the mem-
brane without tilting back up, with non-cholesterol membrane
content, and in the absence of TLR4 bound ligand (human
TLR4, t=100 ns,[25] and murine TLR4, t=2 μs,[26] respectively).
Interestingly, in the case of the murine TLR4,[26] the bouncing
was reported when considering a membrane model with

glucosylceramide, pointing to the role of the membrane
composition in order to study these events.

Bouncing movement of the ED has been reported for other
biological systems.[57,58] Indeed, experimental and computational
studies demonstrated that transient interactions between the
ectodomain and the membrane outer leaflet, regulate the
function of transmembrane receptors such as the epidermal
growth factor receptor,[57] and the integrin receptor.[58] More-
over, signal transduction across cell membranes can occur
within lipid–protein interactions, additionally to direct protein–
protein interactions, as seen in GPI-anchored receptors lacking
transmembrane domains.[59] In summary, the ED bouncing of
the TLR4 might regulate the interaction of the receptor with
other related transmembrane proteins, like CD14, which is
essential for TLR4 endocytosis,[3] suggesting a key role of such
bouncing on the control of receptor signaling across the plasma
membrane.

Full TLR4 dimer: The TD-TD* dimer options

To reveal the correlation between the TD conformation and the
ED arrangement, we monitored angle ϕ as function of ψ
(Figures 11A and 12A–D). The so-called symmetric full models
exhibited the larger ϕ values which range from ϕ~30–41.2°,

Figure 9. Schematic representation of the full-length initial model (TLR4/MD-2/LPSEc)2 building process, embedded in a Lo model membrane. 3D structures
correspond to the X-ray crystallographic structure for the ED domain (PDB ID: 3FXI), ab initio modeling for the TD domain (TD1 and TD2), and homology
modeling and protein–protein docking for the ID domains (symmetric and asymmetric models). Protein structures are represented in cartoon and
semitransparent surface. Full-length TLR4 chain A is in gray, and chain B is in blue or green for the symmetric or asymmetric model, respectively. MD-2 is in
salmon pink. The A chain of the TD1 and TD2 models is colored in purple (TD1) or magenta (TD2), and the B chain in dark gray. LPSEc and membrane lipids are
depicted as yellow spheres, with their phosphate groups as red spheres, and membrane cholesterol as garnet spheres. Solvent molecules and counterions are
omitted.
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whereas asymmetric models showed ϕ values in the range
~17–23°. Interestingly, ϕ values are in accordance with those

observed in the MD simulations of the TD models in a Lo
membrane (TLR4 TD section), which are ϕ~20° and ~36° for

Figure 10. Snapshots from representative MD simulation moments show the ED bouncing movement in the A) TD1-symmetric, B) TD2-symmetric, C) TD1-
asymmetric, and D) TD2-asymmetric full-length TLR4 models. TLR4 complexes are oriented facing to the viewer. TLR4 and MD-2 are depicted in blue
(symmetric models) or green (asymmetric models) cartoon. LPSEc are represented as yellow spheres with the phosphate groups in red. Phosphorus atoms of
the phospholipid bilayer are depicted as orange spheres. For clarity, the rest of the bilayer atoms, solvent molecules and counterions are omitted.
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TD1 and TD2, respectively. It suggests that isolated TLR4 TD
dimers can exhibit the same crossing angles observed in a full-
length model. Nevertheless, TD-TD* protein-protein interface is
modified in full-length models in comparison to the one
observed in isolated TD dimers (Figure S9B and S21). It seems
that one TD helix is shifted toward up the membrane surface
whereas the second TD* domain migrates to the membrane
bottom. The TD plus the hydrophobic region (defined between
residues Lys631 and Ala662) remained as α-helix (Figure S22).
The TD domains overcome the hydrophobic mismatch with the
bilayer by inducing a turn in one or in both chains. This turn is
observed in the HR in the TD2 models (Figure S22C and D), and
it is surrounding residues Leu639 to Leu642, in the TD1 models
(Figure S22A and B). The lowest energy conformations (Fig-
ure 11B–E, black spots) are observed in the TLR4 models with
TD2 and symmetric ID-ID* (TD2-symmetric, Figure 11C), and
with TD1 and asymmetric ID-ID* (TD1-asymmetric, Figure 11D),
showing ΔG ranges of �� 104 and �� 106 kcalmol� 1, for the
TD2-symmetric and TD1-asymmetric models, respectively. This
suggests that only a given TD-TD* dimerization pattern would
allow a particular ID-ID* dimerization geometry (TD1 with
asymmetric ID-ID*; TD2 with symmetric ID-ID*).

Full TLR4 dimer: Intracellular domains and membrane
interactions

We also represented ΔG as a function of the dihedral angle ψ
for both TLR4 chains (Figures 11A and 12A–D), where ψ values
accounts for the relative ED–ID arrangements: gauche for ψ
~80–90°; cis for ψ ~40–60°; and anti for ψ ~130–160°. An
overall view indicates that the so-called symmetric models
(Figure 12A and B) do not explore as many conformations given
by ψ values as the asymmetric full models, that is, ψ ranges
from 0° to 180° in the asymmetric full models for both TLR4
chains (Figure 12C and D). Favorable ΔG values are observed
when an anti arrangement between ED and ID is obtained by a
TLR4 chain, while the second chain might exhibit either a
gauche or cis relative ED–ID conformation (Figure 12). The
corresponding ED–ID arrangements in the most energetic
favored full-length structures are shown in Figure 12E–I. In
general, anti-conformations are favored by larger TD cross
angles with ϕ ~32° and ϕ ~23° as observed in Figure 13A–D.
Cross angles ϕ out of this range seem not to favor the anti and
gauche conformations described above.

During MD simulations, the intracellular TIR domains
approached to the membrane in all models, establishing mainly
electrostatic interactions with the polar head groups of the
membrane inner leaflet. Once the ID-ID* dimer lands to the
membrane, the interactions were maintained over time for the

Figure 11. A) Definition of angles. θ is defined as the angle between the z-axis and the vector formed by the center of masses P1 and P2 in each TLR4 chain; ψ
is the dihedral angle formed between ED and ID (ψ~0°: ED and ID are anti; ψ~180°: ED and ID are cis); ϕ is the cross angle defined by both α-helices at the
TD. B)–E) Gibbs free energy, ΔG, as a function of angles θA and θB for TD1-symmetric, TD2-symmetric, TD1-asymmetric and TD2-asymmetric, respectively. P1,
P2, P3 and P4 are the centers of mass of residues 213–225, 559–573, 632–637, and 673–791 respectively.
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rest of the MD simulations (see snapshots in Figure 10). All
models showed the same behavior for the TIR intracellular
dimer (Figure 14): firstly, an ID unit approaches to the
membrane and interacts with the lipids headgroups (Fig-
ure 14A and C); later, the other subunit approximates to the
membrane, and finally, the two ID units interact with the bilayer
(Figure 14B and D).

In the asymmetric models, the interaction occurred through
residues from helixes αA and αB, and the BB loop of one
monomer, and the helix αE and the AB loop of the other
(Figure 14B). In the symmetric models, the ID-membrane
interactions occurred through the helixes αA and AB loop of

one unit and the helix αB, CD loop, and C-terminal region of
the counterpart (Figure 14D). These interactions were coinci-
dent to those reported by Patra et al.[25] Note that ID-ID*
dimerization interfaces were conserved in both types of full-
length models, the symmetric and asymmetric ones, despite
the membrane presence (TLR4 ID section for full PPI description;
Figure S23).

Figure 12. Gibbs free energy, ΔG, as a function of angles ψA and ψB for A) TD1-symmetric, B) TD2-symmetric, C) TD1-asymmetric, and D) TD2-asymmetric
models. E) Lateral-side view of TLR4-TLR4* full length (MD-2, LPS, lipids, cholesterol and water are omitted for clarity). View rotated by 90° of the TLR4-TLR4*
complex for F) TD1-symmetric, G) TD2-symmetric, H) TD1-asymmetric, and I) TD2-asymmetric models.

Figure 13. Cross angle, ϕ as a function of angles ψA and ψB for A) TD1-symmetric, B) TD2-symmetric, C) TD1-asymmetric and D) TD2-asymmetric models.
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Full TLR4 dimer: TLR4-MAL binding

Finally, to gain further insights into the validity of our full-
length models as the active form of the TLR4 receptor, we
wondered whether the lowest energy conformations of full-
length models could be prone to bind downstream signaling
adaptor proteins, exemplified in MAL. We superimposed our
TLR4 ID/MAL docked complexes to the ID domain of the full-
length models (complexes are shown in Figure S24) and
observe that MAL could bind to our symmetric and asymmetric
models, in an orientation geometrically compatible with MAL
anchored to the membrane (Annex 5 in the Supporting
Information).

Overall, our studies of the isolated TLR4 TIR dimer, and full-
length TLR4, suggest that both symmetric and asymmetric ID-
ID* models are suitable for MAL binding, supporting the
hypothesis that both models could co-exist, and have a direct
implication in the activation of distinct TLR4 pathways.

Conclusions

Biomolecular simulations studies of the different independent
domains that make up the human TLR4/MD-2 system were
undertaken aiming at uncovering details of the precise
mechanism of activation of the receptor. MD simulations point
to a mutual stabilizing role between both extracellular TLR4/
MD-2/LPSEc units in the agonist (TLR4/MD-2/LPSEc)2 dimer. Our
investigations into the transmembrane domain indicate the
plasticity of the hydrophobic region, depending on the
membrane composition, as determinant in the dimerization of
the intracellular domain, thus explaining, at the atomic and
molecular levels, the necessity of TLR4 recruitment into lipid
rafts during receptor activation. We also provide here several
models for the transmembrane TD-TD* dimers and, altogether,
these results point to a high plasticity of the TD–HR, which can
adopt different conformations thus changing the mode of
dimerization depending on the environment, regulated by TLR4
localization (i. e., plasma membrane or endosomal membrane).

Figure 14. Snapshots from representative moments of MD simulations show the ID–membrane interaction in the symmetric (A, B) and asymmetric (C, D)
models. TLR4 chain A is depicted in blue (symmetric model) or green (asymmetric model), and chain B as a gray cartoon. Phosphate headgroups of the
membrane are depicted as gray lines. The rest of the bilayer atoms, solvent molecules, and counterions are omitted for the sake of clarity.
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Regarding the intracellular domain, we report two ID-ID*
dimerization models, symmetric, with the αC helix and the BB
loop facing at the dimerization interface, and asymmetric, in a
head-to-tail fashion. Both ID-ID* models are compatible with
bridging adaptor proteins binding, exemplified in stable
complexes with the MAL protein. These results, together with
the plasticity of the TD domain, indicate that the dimerization
(and thus the activation) of TLR4 receptor is an intricate
combination of membrane composition and the protein
structure itself.

From the information gathered from our independent TLR4
domain studies, we finally modeled, by all-atom MD simula-
tions, the structural assembly of plausible full-length TLR4
models embedded into a realistic plasma membrane. We supply
the hypothesis, from the thermodynamic point of view, that the
TD2-symmetric and TD1-asymmetric models adopt favorable
conformations of the full-length receptor in lipid rafts, upon LPS
binding. From the molecular point of view, both full-length
TLR4 models are suitable for binding either monomeric or
dimeric MAL adaptor in the plasma membrane. Thus, we
suggest that both ways of dimerization could co-exist, and have
a direct implication in the activation of distinct TLR4 pathways.
Our comprehensive structure-energy correlations clearly sug-
gest an anti ED–ID relative orientation for one of the TLR4
chains as a reasonable geometry for the (TLR4/MD-2/LPSEc)2
architecture accounting for the active (agonist) state. The most
favorable energies are observed when the extracellular domain
is tilted towards the membrane, interacting with the phospho-
lipids head groups, pointing to a signal-transduction mecha-
nism across the cell membrane, within lipid–TLR4 interactions.
Therefore, our results concerning the effect of the membrane
composition on the structure and dynamics of the TLR4 are of
particular biological significance due to its role for signal
transduction events. In this receptor–lipid interplay, we can
speculate that the observed dynamic bouncing motion is a
proper behavior for membrane receptors that can work as
antennas for detecting pathogens. Our studies provide valuable
insights regarding the TLR4-related innate immune pathway
mechanism, opening new opportunities for advancing in the
TLR4 modulation.

Experimental Section
Lipid membrane setup and insertion of protein systems: All
protein-membrane systems for MD simulations were generated
with the membrane builder plugin from the CHARMM-GUI
webserver.[60] The insertion method was selected for placing the
protein into the membrane. The membranes were created with a
rectangular box, and a 5 Å thick water layer on the top and bottom
of the systems. The rest of the box was solvated with TIP3P water
models. The systems were converted to Lipid14[61] compatible PDB
format using the charmmlipid2amber.sh script. The membrane
models were equilibrated for 50 ns before inserting the TD proteins.
The membrane thickness can be estimated from the calculated
electron density. As shown in Figure S3, a rough membrane
thickness of about 46 Å for the Lo model and of 29 Å for the Ld
model were observed, in agreement with data previously
reported.[40,62]

Structure optimization: Hydrogen atoms were added to the X-ray
structure of the TLR4 ED (PDB ID: 3FXI)[4] using the preprocessing
tool of the Protein Preparation Wizard[63] of the Maestro package,[64]

and then the structure went through a restrained minimization
under the OPLS3 force field[65] with a convergence parameter to
RMSD for heavy atoms kept default at 0.3 Å.

LPS parameters derivation: LPS structure retrieved from PDB ID:
3FXI[4] was refined at the AM1 level of theory followed by the
optimization of the geometry using the density functional theory
(DFT) with the hybrid functional B3LYP and the Pople basis set 6–
31+g(d,p), by means of Gaussian g09/e1.[66] Water solvation (with a
dielectric constant of ɛ=78.3553) was simulated with the Gaussian
default SCRF method,[67] using the polarizable continuum model
(PCM) with the integral equation formalism variant (IEFPCM).[68]

The parameters needed for MD simulations were obtained using
the standard Antechamber procedure in Amber14.[69] The atomic
partial charges were calculated with Gaussian g09[66] at the Hartree–
Fock level (HF/6-31G* Pop=MK iop(6/33=2) iop(6/42=6)), then
the partial charges were derived and formatted for AmberTools15
and Amber16 with Antechamber,[70] using the standard AMBER
RESP.[71] The structure was split into residues to facilitate the
parametrization process. First, the GAFF[72] atom types were
assigned. Later, the atom types of the atoms constituting the
saccharide ring were changed to the GLYCAM.[73] The GAFF
parameters for the phosphate group were modified as shown in
the Supporting Information.

TD-TD* dimer models: The transmembrane models (from residues
Lys631 to Ala662) were predicted by submitting the TD sequence
to TMDOCK and PREDDIMER webservers. The TMDOCK algorithm
threads a target amino acid sequence through a fast template-
driven global energy optimization procedure, whereas the PRE-
DDIMER method is based on packing consideration, establishing
the maximal complementarity of hydrophobic properties on the
helix-helix interface. Sequence spanning from residue Val620 to
residue Gly670 was given as input to the TMDOCK program, as the
input amino acid sequence must be longer than the expected TD
helix. In the case of PREDDIMER, the sequence from Lys631 to
Ala662 was used as input, since the exact sequence of amino acids
contained in the TD helix must be specified. The predicted models
went through a restrained minimization and equilibration proce-
dure, and then scored with the Qualitative Model Energy ANalysis
(QMEAN) server, accessing the scoring function QMEANBrane.[45]

QMEANBrane is a local model quality estimation method for
membrane proteins that allows evaluating protein structures with-
out knowing the target structure. QMEANBrane determines local
(i. e., per residue) and global scores. The scores range from 0 to 1,
with “1” being optimal.

TD dimers cluster analysis: Only the right-handed crossed
disposition between the TD-TD* dimers was considered, since it has
been reported to be predominant.[44] The left-handed crossing
dimers (two models from a total of 12), and the parallel dimer (one
model from a total of 12) were therefore not used for the clustering
analysis. For clustering, the equilibrated right-handed crossing
dimers (nine models from a total of 12) were combined into a
single PDB file, using the cpptraj module of AmberTools15.[69]

Clusters were constructed using the gmx cluster tool of GROMACS,
using a cutoff of 4 Å.[74] The least squares fit and RMSD calculation
was based on residues side chains. The clustering analysis revealed
two main dimerization interfaces (interface I and II), as the 9 studied
TD-TD* models were grouped into two equally populated clusters
(four models were assigned to each cluster). The remaining TD
dimer was not grouped in any of the two clusters.
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Homology modeling: The TLR4 symmetric ID-ID* model was
predicted and built within the homology modeling protocol as
implemented in YASARA software.[75] TLR4 amino acid sequence
spanning from residue 653 to residue 839 was given as input to the
program. The homology modeling algorithm retained five tem-
plates: the TIR domains of human TLR1, TLR2 (P681h mutant), TLR2
(C713s mutant), TLR6, and TLR10, retrieved from the PDB under the
accession codes 1FYV, 1FYX, 1O77, 4OM7 and 2J67, respectively.
Modeling speed was set to slow, which yield best results, and rest
of parameters were kept as default. To evaluate the quality of the
structure of the models, we calculated the Ramachandran plots[76]

using the PROCHECK webserver.[77] As showed in Table S5, percent-
age of 99.7 and 99.2 of the residues were in favored or allowed
regions for the symmetric and asymmetric models, respectively
(Table S5). These results showed that the obtained structures satisfy
the Ramachandran criteria.

Protein� protein docking: PyDock server[78] was used to performed
protein-protein docking calculations. i) For the construction of the
TLR4 ID-ID* asymmetric model, a restricted docking was performed
based on the mutagenesis studies reported by Bovijn et al.[50,51] The
following residues were restricted in order to keep the ID-ID*
protein-protein interface: Asn792, Tyr794, Glu796, Try797, Glu798
and Arg810 of one monomer and Glu698, Tyr674, Arg710, Asp711,
Pro714, Arg731, Ser744, Cys747, Tyr751 and Glu752 of the counter-
part. ii) For the study of the TLR4-ID/MAL PPIs, a restrained pairwise
protein docking was carried out, between the two TLR4 ID-ID*
models (symmetric and asymmetric) and MAL protein. Residues
Ser744, Cys747, Tyr751 and Glu752 were selected in both TLR4 ID
units, and Glu95, Pro149, Arg153, Lys158, Arg184, Ala185, Tyr187,
Arg192 and Arg200 were restricted in the MAL protein. MAL
monomer was docked towards the TLR4 ID-ID* symmetric and
asymmetric dimers, and MAL-MAL dimer was docked towards the
TLR4 ID-ID* asymmetric dimer. The corresponding structures of the
MAL protein were extracted from the cryo-EM structure (PDB ID:
5UZB, MAL dimer corresponded to chains A and C, and MAL
monomer to chain A).[6]

Binding affinity prediction: The PROtein binDIng enerGY prediction
(PRODIGY)[79] server was used to predict the binding affinity
(kcalmol� 1) of MAL protein to the TLR4 ID dimer models.

Molecular dynamics simulations: All-atom (AA) MD simulations
were performed with Amber16.[69] The force fields ff14SB,[80]

Lipid14,[61] and a combination of GAFF[72] and GLYCAM06[73] were
used to described proteins, membrane phospholipids, and E. coli
LPS, respectively. The simulation box was designed such as both
the top and bottom edges are distant of at least 10 Å of any atoms.
The systems were solvated with the TIP3P water molecules model.
Na+ and Cl� ions were added to counterbalance the charges of the
systems. Two different protocols were used depending on the
system. The following protocol was used for MD simulation of non-
containing lipid bilayers: first, the system was minimized by 1000
steps with steepest descent algorithm followed by 7000 steps of
conjugate gradient algorithm. A 100 kcalmol� 1A� 2 harmonic poten-
tial constraint was applied on the protein. In the subsequent steps,
the harmonic potential was progressively lowered (respectively to
10, 5, 2.5 and 0 kcalmol� 1A� 2) for 600 steps with conjugate gradient
algorithm each time. Next, the system was heated from 0 to 100 K
applying Langevin thermostat in the canonical ensemble (NVT)
under a 20 kcalmol� 1A� 2 harmonic potential restraint on the
proteins and the ligand. Finally, the system was heated up from
100 to 300 K in the isothermal–isobaric ensemble (NPT) under the
same restraint condition than the previous step, followed by a
simulation of 100 ps in which all harmonic restraints were removed.
At this point the system was ready for the production run, which
was performed using the Langevin thermostat in the NPT
ensemble, at a 2 fs time step.

MD simulations including lipid bilayers and proteins were
performed as follows: an energy minimization using steepest
descent gradient algorithm is iterated for 5000 steps and 5000
iterations of conjugate gradient algorithm. Then, the system is
heated from 0 to 100 K for 2500 steps in an NVT ensemble and
positions restrains for proteins and lipids with an harmonic
potential of 10 kcalmol� 1A� 1 and applying the Langevin thermo-
stat. Subsequently, the system is heated from 100 to 303 K for
50000 steps. Later, the system is equilibrated by 5 ns with lipids un-
restrained with an anisotropic NPT ensemble and Berendsen
barostat. Finally, an anisotropic NPT equilibration was run for 5 ns
with all molecules unrestrained.

For all the MD simulations, the particle mesh Ewald (PME)
method[81] was used to calculate long-range electrostatic interac-
tions as implemented in AMBER16. Trajectory analysis was
performed using the cpptraj module of AmberTools15.[69]

Full-length (TLR4/MD-2/LPSEc)2 model construction: After the
computational characterization of the individual TLR4 domains, we
assembled these components into four full-length (TLR4/MD-2/
LPSEc)2 models. The agonist structure of the TLR4 ED (residues 27–
627) in complex with MD-2 bounded to LPSEc was retrieved from
the Protein Data Bank under the accession code 3FXI.[4] The
minimized and equilibrated structures of the TD1 and TD2 models
in a Lo membrane environment were used as the dimeric forms of
the transmembrane domain (residues 631–662). For the intracellular
domain, we used the average structures from the last 30 ns of the
MD simulations of the two isolated ID dimer models (symmetric
and asymmetric) in water (residues 653–839). The missing residues
that comprise the loops connecting the ED with the TD (residues
628–630) and the TD with the ID (residues 663–652) were added to
the TD with PyMOL.[82] Then, the independent domains were
manually aligned along a straight axis and placed so the distance
between the C and N termini of the adjacent domains became
within a bonding distance. Finally, the domains were connected
together using the Maestro program.[64] The final structure was
refined, as described in the structure optimization section and the
inter-domain loops were further optimized using the MODLOOP
server.[83]

TLR4-TLR4* energy interaction: Molecular mechanics generalized
born surface area approach (MM-GBSA)[84] as implemented in
AMBER16[69] was applied to calculated the enthalpic contribution to
the protein-protein binding affinity between full-length TLR4
chains.

MD analysis: Trajectories were converted to GROMACS[74] suite
formats by using ParmEd tools. Contact maps: A python script
written in-house was used to determine frame a frame contacts
between all atoms from residues involved in a given protein–
protein interface. A contact is determined within a range of 0�
distance�0.35 nm. Angles θ, ϕ, ψ: tcl scripts written in-house were
used to determine angles with VMD software.[85] Secondary structure
analysis: DSSP[41] program as implemented in AMBER16 was used to
calculate secondary structures. Kink angle analysis: kink angle was
analyzed using the gmx helix tool of GROMACS.[74] All of the
snapshots were prepared using POV-Ray as implemented in
PyMOL[86] and Tachyon as implemented in VMD software.[85]
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