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bacterial lipopolysaccharide (LPS).

residue to TLR4.

(Background: Toll-like receptor 4 (TLR4) in complex with MD-2 stimulates innate immunological pathways in response to

Results: Molecular simulations reveal the mechanism of TLR4 complex signaling in response to agonists or antagonists.
Conclusion: Conserved clamshell motions in MD-2 allosterically signal ligand-bound state via the conserved phenylalanine 126

Significance: The structural basis for molecular switching during endotoxin-induced TLR4 activation is revealed in atomic detail.

J

As part of the innate immune system, Toll-like receptor 4
(TLR4) recognizes bacterial cell surface lipopolysaccharide
(LPS) by forming a complex with a lipid-binding co-receptor,
MD-2. In the presence of agonist, TLR4-MD-2 dimerizes to form
an active receptor complex, leading to initiation of intracellular
inflammatory signals. TLR4 is of great biomedical interest, but
its pharmacological manipulation is complicated because even
subtle variations in the structure of LPS can profoundly impact
the resultant immunological response. Here, we use atomically
detailed molecular simulations to gain insights into the nature
of the molecular signaling mechanism. We first demonstrate
that MD-2 is extraordinarily flexible. The “clamshell-like”
motions of its 3-cup fold enable it to sensitively match the vol-
ume of its hydrophobic cavity to the size and shape of the bound
lipid moiety. We show that MD-2 allosterically transmits this
conformational plasticity, in a ligand-dependent manner, to a phe-
nylalanine residue (Phe-126) at the cavity mouth previously impli-
cated in TLR4 activation. Remarkably, within the receptor com-
plex, we observe spontaneous transitions between active and
inactive signaling states of Phe-126, and we confirm that Phe-126 is
indeed the “molecular switch” in endotoxic signaling.

The innate immune system represents the initial gateway to
almost all mammalian inflammatory responses against invad-
ing microbes. Members of the transmembrane Toll-like recep-
tor (TLR)* family are specialized for recognizing pathogen-as-
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sociated molecular patterns with diverse structural and
physiochemical properties, ranging from microbial cell wall
components to nucleic acids (1). A key pathogen-associated
molecular pattern is lipopolysaccharide (LPS) from the outer
membranes of Gram-negative bacteria. LPS is a powerful acti-
vator of the innate immune response, and in sepsis overstimu-
lation can lead to endotoxicity and death (2). LPS recognition is
carried out by TLR4 in concert with a series of accessory pro-
teins that amplify the response (3). LPS-binding protein and
CD14 help to transfer LPS from bacterial membranes or aggre-
gates in serum to myeloid differentiation factor 2 (MD-2) (4).
Unlike the rest of the TLR family, TLR4 does not recognize ligand
in isolation, but when bound to MD-2. Upon formation of an
active receptor complex at the cell surface, it is presumed that
conformational changes lead to transmission of an activating sig-
nal to the intracellular Toll-interleukin 1 receptor domains, result-
ing in recruitment of adaptor proteins, and subsequent MAL-
MyD88 and TRAM-TRIF-dependent inflammatory responses
@3, 5).

LPS is a glycolipid, composed of an oligosaccharide core and
a highly variable O antigen polysaccharide component, along
with a hydrophobic lipid A segment containing multiple lipid
acyl tails and a phosphorylated glucosamine disaccharide head-
group (6). The lipid A core of LPS is responsible for much of its
bioactivity. The structure and composition of lipid A vary
among bacterial species, and even subtle variations can pro-
foundly impact the stimulatory activity of TLR4. For example,
whereas the highly agonistic Escherichia coli lipid A (LPA) is
hexaacylated, its biosynthetic intermediate lipid IVa (LPIVa) is
tetraacylated and acts as an agonist in mice and horses (7) butas
an antagonist in humans (8). The tetraacylated synthetic com-
pound eritoran (Erit) appears to be a strong antagonist in all
species (9, 10). Monophosphoryl lipid A (MPLA) resembles

MD-2c, closed MD-2; MD-20, open MD-2; MPLA, monophosphoryl lipid A;
Myr, myristate; PDB, Protein Data Bank; r.m.s.d. root mean square
deviation.
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FIGURE 1. TLR4 and MD-2 structures. A, active LPA-bound [TLR4-MD-2], het-
erotetrameric complex (13), with protein shown in schematic format. Each
TLR4 (red/blue) and MD-2 (green) chain is labeled, and bound LPA is shown in
spacefill format (CPK colors). Key heterodimeric interfaces, TLR4 termini, and
LRRs are highlighted. B, overlay of the closed conformation of MD-2 (MD-2c)
bound to LPA (13) shown in red, and the open conformation of MD-2 (MD-20)
bound to LPIVa (14) shown in blue. Protein is shown in schematic format, with
ligand (wireframe) and Phe-126 (spacefill) highlighted.

LPA but has a singly phosphorylated headgroup; it acts as a
partial agonist by activating the TRIF pathway without stimu-
lating the MyD88 response (11).

A variety of recent biochemical and crystallographic data
have provided insight into the molecular mechanisms of LPS
recognition and signaling by TLR4. Like all TLRs, TLR4 has a
curved, solenoidal ectodomain containing multiple leucine-
rich repeat (LRR) domains (12, 13). MD-2 has been shown to
form a TLR4-MD-2 heterodimer by binding to the amino-ter-
minal and central LRRs of TLR4, at the “primary interface” (12).
Moreover, LPS-bound MD-2 facilitates formation of the active
receptor complex (13), consisting of a “dimer of dimers,” i.e.
[TLR4-MD-2],, stabilized by new interactions between MD-2/
LPS and the carboxyl-terminal LRRs on the opposing TLR4
chain (referred to here as TLR4*), at the “secondary interface”
(Fig. 14).

Several crystal structures have confirmed that MD-2 adopts a
nine-stranded immunoglobulin-like B-cup fold (with succes-
sive B-strands referred to as BA, BB, BC, etc.), composed of two
curved B-sheets that house a deep hydrophobic pocket, special-
ized for binding the acyl tails of a range of lipid moieties (12—
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FIGURE 2. Overview of each simulation system and corresponding nam-
ing convention, with domains represented schematically and colored as
in Fig. 1. Inisolated MD-2, the state of the gating loop containing Phe-126 is
highlighted with a red dashed circle.

14). A variety of evidence suggests that one part of MD-2 plays
a particularly important role in activation of TLR4, namely, the
flexible BG-BH loop connecting strands BG and BH, which
contains a key phenylalanine residue, Phe-126, located near the
cavity mouth (Fig. 1B). An F126A mutant does not prevent
ligand binding, but impairs formation of the active receptor
complex and hence endotoxin-dependent signaling (15). Com-
parison of available structural data reveals that the BG-BH loop
is conformationally dynamic, adopting an “open conformation”
in the presence of nonactivating ligands, with Phe-126 oriented
outside of the binding pocket, exposed to solvent (12, 14), and
an alternative “closed conformation” in the presence of LPS,
with Phe-126 pointing into the cavity, facilitating interaction
with an exposed lipid tail (Fig. 1B) that may stabilize contacts
between TLR4* and MD-2 in the [TLR4-MD-2], complex (13).
NMR analysis combined with metabolic labeling of a hexaacylated
agonist recently provided support for the idea that Phe-126 acts
as a “hydrophobic switch” (16). In both MD-2 and its F126A
mutant, a single fatty acyl chain was shown to be more suscep-
tible to paramagnetic attenuation, independent of TLR4 asso-
ciation, whereas the local environment of bound lipid tails was
altered in the F126 A mutant compared with wild type, suggest-
ing that Phe-126 may be important in promoting formation of
the active [TLR4-MD-2], complex (16).

Despite the evident progress in characterizing TLR4 activa-
tion, there still remain outstanding questions. In particular, we
lack information at atomic resolution about the nature of the
agonist-bound MD-2 state prior to complex formation with
TLR4, or conversely, an antagonist-bound receptor complex
intermediate, both of which would help to clarify the nature of
the “switch” in TLR4 molecular signaling. To gain further
insights into the molecular signaling process, we now report an
atomically detailed molecular simulation study of isolated
MD-2 (iMD-2), as well as the entire active [TLR4-MD-2],
receptor complex, comprising almost half a million atoms (Fig.
2). The results obtained from this substantial computational
effort, which constitutes ~3 us of simulation time (Fig. 2), allow
us to formulate detailed mechanistic hypotheses for the process
of TLR4 (de)activation in the context of available experimental
data.

By first considering solvated human iMD-2 in the presence of
arange of ligands (Fig. 34 and see Table 1), including agonistic
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FIGURE 3. MD-2 ligand binding. A, chemical structures of ligands employed in this study. B, MD-2c structure (transparent schematic format) with bound ligand
shown in wireframe format. For each system, the initial location of bound ligand (red) is shown, with the final conformation in iMD-2 (blue) and [TLR4-MD-2],
(green) simulations overlaid. The initial conformation of Phe-126 is shown in gray wireframe format, and for the LPA-bound system, Phe-126 and amino (NT) and

carboxyl (CT) termini are labeled.

LPA, partial agonist MPLA, antagonists LPIVa and Erit, and the
inactive ligand myristate (Myr), we verify that lipid tail expo-
sure precedes TLR4 association and is not exclusive to the ago-
nist-bound state (16). Furthermore, we provide support for the
notion that Phe-126 acts as a hydrophobic switch (16) within
the BG-BH “gating loop.” We show that in both the closed
(iMD-2c) and open (iMD-20) gating loop states, the iMD-2 cav-
ity is extraordinarily malleable, and can undergo “clamshell-
like” motions, reversibly adjusting its volume to sensitively
match the size and shape of the bound lipid moiety. Strikingly,
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MD-2 appears to be capable of transmitting the mechanical
energy associated with cavity collapse and expansion to the gat-
ing loop, allosterically modulating its conformational state
and determining potential ligand interactions with Phe-126.
Furthermore, the apparent conformational plasticity of MD-2
is shown to be pertinent in the context of the complete
[TLR4-MD-2], heterotetramer. We directly observe spontane-
ous switching from the active to inactive signaling state in the
absence of agonist (or to an intermediate state in the presence
of partial agonist), coupled to destabilization of the receptor
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complex. In other words, a glimpse is provided of the Phe-126
molecular switch in action.

COMPUTATIONAL PROCEDURES

Simulation Details—All simulations were performed using
GROMACS 4.5 (17). For most systems, the CHARMM?22/
CMAP all-atom force field (18, 19) was used to represent the pro-
tein, with the explicit solvent TIP3P water model. New lipid
parameters were based on previously parameterized CHARMM
phospholipid and sugar molecules from the CHARMM?27 force
field. Optimization of these parameters involved testing their
performance in reproducing structural and dynamic properties
from previous experimental and simulation studies (20) within
lipid bilayers, a description of which will be provided in a sepa-
rate paper. Additional simulations were carried out using other
force fields, including AMBER99SB-ILDN (21) with the TIP3P
water model, OPLS-AA/L (22) with the TIP4P water model,
and GROMOS53A6 (23) with the SPC water model.

All simulations were performed in the NpT ensemble, at a
temperature of 298 K and pressure of 1 atm. Temperature and
pressure were controlled using the velocity-rescale thermostat
(24) and the Parrinello-Rahman barostat using isotropic cou-
pling (25, 26), respectively. Equations of motion were inte-
grated using the leapfrog method with a 2-fs time step, and the
LINCS algorithm was used to constrain bond lengths (27). Non-
bonded pairlists were generated every 10 steps using a distance
cutoff of 1.4 nm. A cutoff of 1.2 nm was used for Lennard-Jones
(excluding scaled 1-4) interactions, which were smoothly
switched off between 1 and 1.2 nm. Electrostatic interactions were
computed using the Particle-Mesh-Ewald algorithm (28) with a
real-space cutoff of 1.2 nm.

Simulation analysis was performed using GROMACS and
VMD (29). Characterization of the time-dependent shape of
the MD-2 binding cavity was performed using in-house code
using a voxel size of 0.14 nm (details of the algorithm are to be
published separately). Unless otherwise stated, averages * S.D.
were calculated over the last 20 ns of each trajectory.

Simulation Setup— A periodic, truncated octahedral box was
used for all systems, with a minimum of 1.5 nm between pro-
tein/lipid atoms and the box edges. A heuristic distance-based
approach was used to check likely charge states of ionizable
residues; as a result, these were all assigned their default ioni-
zation states, assuming neutral pH conditions. Each system was
solvated via superposition of a preequilibrated box of water
molecules. Sodium and chloride ions were added to neutralize
any net charge in the system, with a total concentration of ~0.1 Mm
used to mimic physiological salt conditions. Before and after
solvation, energy minimization was performed using the steep-
est descent algorithm to relax any undesirable steric clashes
among protein, lipid, and solvent. Subsequently, a solvent
equilibration phase was carried out, during which the positions
of protein and lipid heavy atoms were gradually released from
their initial configuration over 1.5 ns of simulation. Finally, pro-
duction simulations were run for at least 100 ns.

Starting Structures—The initial human iMD-2c, isolated
human TLR4 (iTLR4), and human [TLR4-MD-2], systems were
obtained from the crystal structure of the active receptor com-
plex bound to E. coli LPS (13) (PDB ID code 3FXI). The human
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iMD-2o0 systems were based on the structure of MD-2 bound to
lipid IVa (14) (PDB ID code 2E59). The iMD-2, iTLR4, and
[TLR4-MD-2], systems were placed in an octahedral unit cell
of dimension ~8 nm (containing ~10,000 waters), 13 nm
(~50,000 waters), or ~17 nm (~100,000 waters), respectively.

Ligand-bound conformations were generated on the basis of
available crystal structures for LPA (PDB ID code 3FXI) (13),
LPIVa (14) (PDB ID code 2E59), Erit (12) (PDB ID code 2765),
and Myr (14) (PDB ID code 2E56), using pair-wise STAMP
structural alignment (30) of MD-2 conformations where appro-
priate. Systems containing MPLA or LPA in the orientation
opposite to that in the 3FXI crystal structure, were built with
PyMOL using the available LPS-bound state as a template. Apo
state systems were set up by removal of ligand from the open
and closed MD-2 crystal structures. Apo simulations were car-
ried out three times to ensure reproducibility; similar results
were obtained for all trajectories, so only one is presented in
detail. In one of the collapsed, closed apo simulations, the final
snapshot was extracted, and six myristate molecules were
placed above the mouth of the cavity, prior to further
simulation.

RESULTS

Protrusion of a Single Lipid Tail Is Insufficient for Signaling to
TLR4—NMR-based relaxation enhancement was recently used
to demonstrate the increased solvent accessibility of the
mouth-proximal lipid tail in a hexaacylated agonist (16). To
explore these observations further, we carried out molecular
simulations for both active (iMD-2c¢) and inactive (iMD-20)
conformations of the gating loop and for the complete active
[TLR4-MD-2], complex and measured ligand tail solvent expo-
sure (Fig. 4A). For LPA and MPLA, the positions occupied by
the lipid tails were relatively stable throughout the simulation
(Fig. 3B), with the R2 chain remaining solvent-exposed. The
oppositely orientated lipid A state, with the glucosamine disac-
charide headgroup rotated by 180° (LPAo), was also simulated;
in this case, following relaxation of the initial tail conformations
(Fig. 3B), the R3" chain remained relatively exposed. Thus, for
the hexaacylated ligands, the lipid tail nearest to the cavity
mouth was consistently solvent-exposed, typically by approxi-
mately ~2-3 times that of the remaining fatty acyl chains.
Importantly, this was the case for both the iMD-2c and iMD-20
states, in support of the NMR relaxation data for both wild type
and F126A (16). In contrast with the relatively stable tails, the
glucosamine disaccharide headgroups were able to shift across
the cavity by up to ~0.5 nm, to satisfy direct or counterion-
mediated salt bridges with the phosphate groups. In the
absence of stabilizing electrostatic interactions with TLR4, the
phosphate most distant from the cavity entrance became com-
plexed with residues including Arg-96, Asp-99, Asp-100, and
Asp-101 on a highly charged patch of MD-2, whereas the other
phosphate tended to interact with Glu-92/Arg-90, resulting in
an orientation more similar to the crystal structure of LPIVa-
bound iMD-2.

Intriguingly, a similar pattern of lipid tail exposure was
observed for the antagonistic and inactive ligands (LPIVa, Erit,
and Myr) in iMD-2 as for the agonist-bound state (Fig. 44). Itis
noteworthy that in all systems, ligand exposure was consis-
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Phe-126 (spacefill format) of MD-2 (schematic format) are highlighted for iMD-
2-PA (left) and iIMD-25" (right), at O ns (gray) and 100 ns (red).

tently greater in the closed gating loop conformation, suggest-
ing that Phe-126 provides a platform to support fatty acyl pro-
trusion. Moreover, although absolute exposure was reduced
upon interaction with TLR4, the same overall pattern was again
reproduced within the [TLR4-MD-2], complex, irrespective of
the nature of the bound agonist or antagonist (Fig. 4B). In sum-
mary, increased solvent exposure, relative to the remainder of
the ligand, of the first lipid tail (or single fatty acid chain in the
case of Myr) is not dependent upon the conformation of the
gating loop or the nature of bound ligand, and precedes recep-
tor association. It is therefore unlikely to be sufficient for TLR4
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(in)activation, and hence, other molecular signals must be
involved.

The MD-2 Cavity Allosterically Signals to the Gating Loop—
Yu et al. showed via chemical shift perturbation that the local
environment of labeled acyl tails in bound MD-2 agonist is
somehow altered by Phe-126 (16). To characterize the behavior
of the Phe-126 loop, we aligned the B-strands of simulated
MD-2 onto the x-ray structure and then calculated the pairwise
root mean square deviation (r.m.s.d.) of the loop Ca atoms; this
provides an indication of the relative motion of the loop with
respect to the rest of the protein. For iMD-2c**4, this r.m.s.d.
was ~0.3 nm (Fig. 5A4), and the side chain of Phe-126 retained
its location for stable interaction with the proximal acyl tails
(Fig. 5C). This was similar to iMD-2c""°, consistent with
minor NMR cross-peaks observed for the reverse orientation of
endotoxin (16). However, all other ligand-bound states exhib-
ited significant destabilization of the closed gating loop confor-
mation, relative to the B-cup fold, with an r.m.s.d. of 0.45-0.5
nm (Fig. 54), including MPLA, whose lack of a 1’-PO,, “anchor”
loosened glucosamine attachment and hence tail stability (Fig.
3) at the cavity mouth. Consequently, partial agonist, antago-
nist, and inactive ligands induced loss of the Phe-126 confor-
mation common to the agonist-bound state (Fig. 5C) prior to
receptor association, leading to a loss of interaction with the
respective protruding lipid tail (Fig. 4C). This was concomitant
with a loss of buried surface area (BSA) between the Phe-126
side chain and lipid tails by the end of each simulation, ranging
from 1.47 * 0.15 nm? and 1.05 * 0.30 nm? for iMD-2c"** and
iMD-2c""4°, respectively, to just 0.58 = 0.22 nm? for iMD-
2c"PV2, Moreover, there was effectively zero BSA observed for
iMD-2cMPLA (0.01 = 0.03 nm?), iMD-2¢E (0.01 = 0.04 nm?),
and iMD-2c™" (0 = 0.01 nm?). Thus, the conformational sta-
bility of the active gating loop conformation is reduced in the
absence of agonist (see Table 1), supporting the proposal of Yu
et al. that local rearrangements of this loop may determine the
likelihood of receptor complex formation (16).

Although no large scale unfolding was evident (Fig. 54), the
strands surrounding the exit to the cavity exhibited local con-
formational heterogeneity in the absence of agonist, adapting
their conformation according to the ligand present (Fig. 6A).
Careful inspection of the MD-2 cavity over the course of each
trajectory revealed that flexing and unfolding of BC-BD and
BG-BH (i.e. leading into the gating loop), combined with
adjustments in the separation between opposing B-sheets, led
to significant changes in the internal cavity shape for some sys-
tems (Fig. 6A). Strikingly, a near perfect correlation was
observed between the number of aliphatic carbons present in
the fatty acyl tail portion of each ligand and the resultant cavity
volume (Fig. 6B), for both the closed and open states of MD-2.
The internal volume remained close to that of the LPS-bound
x-ray structure in the presence of hexaacylated species (~2 nm?
for LPA, LPAo, and MPLA), shrunk to ~1.5 nm?® (Erit) and
~1.25 nm® (LPIVa) for the tetraacylated ligands, and collapsed
to half its original size (~1 nm?®) when housing three myristate
fatty acids (see Table 1). Thus, while avoiding major conforma-
tional rearrangements, MD-2 is able to sensitively adapt to each
respective ligand via clamshell-like motions, adjusting the sep-
aration between opposing -sheets; this is coupled to (de)sta-
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FIGURE 5. Conformational changes in MD-2. A, mean Ca r.m.s.d. over final 20 ns for all B-strand residues, or for the gating loop, in iMD-2c simulations, relative
to the x-ray structure of MD-2 in the active receptor complex. B, mean Ca r.m.s.d. for all B-strand residues or gating loop of each MD-2 protein, and for structural
regions of each TLR4 chain, over final 20 ns of [TLR4-MD-2], simulations, relative to the x-ray structure of MD-2 in the active receptor complex. C, final
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ns. MD-2 is shown in schematic representation, with Phe-126 (green) and ligand (CPK colors) shown in wireframe format. The gating loop is highlighted in

red-dashed format.

bilization of B-hairpins at the cavity mouth and consequently,
the gating loop, thereby providing a possible mechanism for its
role as a “molecular switch” in receptor (de)activation.

MD-2 Plasticity Is Reversible and Reproducible—In the
absence of high resolution experimental data it is important to
establish the reproducibility and extent of the apparent malle-
ability of the MD-2 S-cup. Thus, 600 ns of additional simula-
tion sampling was generated, split into six independent trajec-
tories, consisting of MD-2 in the closed (iMD-2¢**°) or open
state (iIMD-20%"°), in the absence of any lipid. Three further
100-ns iMD-2c¢*P° simulations were generated to test force
field dependence, using the all-atom AMBER99SB-ILDN
(21) and OPLS-AA/L (22) parameters, and the united-atom
GROMOS53A6 (23) parameter set. Finally, additional 100-ns
control simulations using CHARMM protein parameters with
the TIP4P and TIP5P water models were also performed, for
which comparable results were obtained (data not shown). In
all cases, complete loss of the internal cavity was observed, with
the volume initially reducing from ~1.5 nm® to ~0.5 nm® in the
first ~50 ns (Fig. 7A), and to =0.25 nm? toward the end of each
simulation, i.e. the cavity was effectively absent (Fig. 6A4). The
final conformations of each apo system across force fields
closely resembled one another (Fig. 7B), exhibiting significant
narrowing of the cavity entrance and destabilization of the
B-hairpins at the mouth.

Closure in the absence of ligand resulted from hydrophobic
collapse of the internal cavity (Fig. 7C), with concomitant loss of
~30-40 resident water molecules over the same time scale as
cavity closure (Fig. 7A). To test the reversibility of this process,
the final snapshot from an iMD-2c*° system was extracted,
and six myristate fatty acids were placed a minimum of 1 nm
above the cavity opening (Fig. 7E). A subsequent simulation of
this system (iMD-2c ™) led to adsorption of four myristate
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chains onto the surface of the cavity opening within ~20 ns, a
gradual reopening of the protein between 30 and 60 ns as three
fatty acyl tails spontaneously tunneled into the hydrophobic
core of the cavity, and a final relaxation phase with a mean
volume of ~1.1 nm?® (Fig. 7D). It is helpful to compare this with
the 100-ns iMD-2c¢™¥* simulation, based on a crystal structure
in which unidentified ligand density was modeled as three myr-
istic acid molecules (14), where a final cavity volume of ~1.2
nm? was observed (Fig. 7D). Moreover, the backbone r.m.s.d. of
the B-cup fold compared with the x-ray structure decreased
from ~0.3 nm observed for iMD-2¢**° to ~0.15 nm in the
iMD-2¢ ™" simulation over 100 ns, comparable with that
observed for iMD-2c™, Thus, the extreme malleability of the
MD-2 B-cup fold is absolutely reproducible across a range of
protein force fields and water models, and it may collapse or
expand, depending upon the local presence of hydrophobic
molecules.

The MD-2 Allosteric Switch Determines Receptor Complex
Stability—To explore the role of the proposed MD-2 allosteric
switch within the active receptor complex (13), the stability of
LPA-bound [TLR4-MD-2], was compared with that in the
presence of MPLA, LP4A, Erit, or the lipid-free apo state, in
the context of key interaction interfaces at the primary
(TLR4-MD-2) and secondary (TLR4*MD-2) sites (Fig. 1A4). In
all ligand-bound systems, the primary interface was well main-
tained (Fig. 8C), with a constant BSA =8 nm?. This was sup-
ported in part by the presence of a salt bridge consistently
formed between phosphate and Arg-264 (and in LPA only, Asp-
294, via a bridging Na™ ion that spontaneously bound to this
site in the absence of crystallographic Mg>*) (Fig. 84). Even in
the ligand-free, apo state, this contact interface was relatively
stable, with a BSA =7 nm?, as a result of a series of stable inter-
actions formed between conserved ionizable residues on TLR4
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FIGURE 6. Malleability of the MD-2 cavity. A, mean surface of the internal
hydrophobic cavities over the final 20 ns for iMD-2c systems. Cavity surfaces
with >90% probability are shown in blue, with the equivalent >50% proba-
bility overlaid in transparent gray. Protein is shown in schematic representa-
tion, with Phe-126 in spacefill format. B, correlation between MD-2 cavity vol-
ume size and total number of aliphatic carbons within the tail of each bound
ligand. R? = 0.95 for all data points; R> =0.95 for iMD-2c¢, iMDo, or [TLR4-MD-
2], systems only.

and MD-2 (Fig. 9). Thus, formation of the TLR4-MD-2 het-
erodimer is not conditional upon the presence of stimulatory
endotoxin, consistent with experiment (12).

However, the secondary interface was only consistently sta-
ble in the LPA complex, which reproduced key MD-2-TLR4*
interactions from the crystallographic LPS-bound structure
(13) (Fig. 8A) and maintained a BSA of =5 nm? at both sites
(Fig. 8C). Destabilization of this interface in the agonist-free
systems was somewhat asymmetric with respect to the two
TLR4*MD-2 contact surfaces, with one receptor site appar-
ently compensating for weakening at the other, supported in
the context of the relative internal rigidity of the solenoidal
TLR4 framework, as observed both in the complex (Fig. 5B) and
in the isolated TLR4 (iTLR4) state, for which an r.m.s.d. of =0.2
nm was observed over ten simulation replicas (data not shown).
For example, one of the sites in the MPLA and Erit systems
exhibited a reduction in BSA of ~1 and ~3 nm?, respectively
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FIGURE 7. Reproducibility and reversibility of MD-2 conformational plas-
ticity. A, collapse of the binding cavity of ligand-free iIMD-2c and iMD-20 with
the CHARMM force field over 100 ns compared with that with AMBER,
GROMOS, and OPLS. B, final MD-2 conformation (shown in schematic format)
colored according to A. C, starting and final structures of iMD-2¢?P°, with non-
polar hydrophobic side chains within the cavity shown in spacefill format,
highlighting the process of hydrophobic collapse. D and E, change in volume
over 100 ns for the experimental myristate-bound iMD-2"", compared with
collapsed iMD-2¢®P° upon addition and subsequent binding of myristate
(iMD-2™), with initial and final structures highlighted in E.

(Fig. 8C). Moreover, the LPIVa and apo systems each exhibited
areduction of ~2 nm? at one site, and as much as ~4 nm” at the
other (Fig. 8C). This partly resulted from a loss of “tethering” of
the glucosamine associated with the more exposed acyl tails,
either due to the absence of a 1-PO, group in MPLA or con-
traction of the MD-2 cavity in response to tetraacylated Erit and
LPIVa (Fig. 6). Thus, in contrast with LPA where its 1-PO,
phosphate group interacted electrostatically with Lys-388 on
TLR4*, only the more “buried” phosphate group was consis-
tently coordinated in the agonist-free systems, by Lys-362
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TABLE 1

Final ligand-dependent states following simulation of active conformation of isolated MD-2 (iMD-2c) or active receptor complex ([TLR4-MD-2],)

Ligand description

iMD-2c simulations [TLR4-MD-2], simulations

Ligand name Reported activity and structural features

Active gating loop stability®  Cavity size” Phe-126 state° Cavity size”

E. coli lipid A (LPA)
Monphosphoryl lipid A (MPLA)
E. coli lipid IVa (LPIVa)
Eritoran (Erit)

Myristate (Myr)

No ligand (apo)

Agonist (6 tails + 2 phosphates)

Partial agonist (6 tails + 1 phosphate)

Weak antagonist (4 tails + 2 phosphates)
Synthetic antagonist (4 tails + 2 phosphates)
NA“ (1 tail + carboxylate)

NA“

% %
Stable (intermediate for LPAo) 100 Active (closed) 100
Unstable 100 Intermediate 100
Unstable 63 Inactive (open) 63
Unstable 75 Inactive (open) 75
Unstable 50 Inactive (open) 50
Unstable 0 Inactive (open) NA®

“ Based on measurement of loop r.m.s.d. and Phe-126/lipid buried surface area.
? Calculated as a percentage of LPA-bound MD-2.

¢ Based on visual analysis and TLR4*MD-2 buried surface area.

“NA, no experimentally reported activity.

LPA

[TLR4-MD-2]; MPLA

[TLR4-MD-2];

[TLR4-MD-215™

c 6 TLR4*/MD-2 q10p TLR4/MD-2
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g2y MD-22
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0

0 LPA  MPLA LPIVa Erit

LPA  MPLA LPIVa

Erit apo apo

FIGURE 8. Molecular signaling within the receptor complex. A, the x-ray struc-
ture of LPS-bound [TLR4-MD-2], at one of the MD-2 bound sites is compared with
thefinal simulation structure of the complexwhen bound to arange of ligands, or
in the ligand-free state. Protein chains are shown in schematic representation and
colored as in Fig. 1, with bound ligand and adsorbed sodium ions in wireframe or
spacefill format, respectively. Key interacting residues are labeled for the x-ray
structure. The orientation of Phe-126 is highlighted with a red, dashed ellipse. B,
loss of docked, active conformation of Phe-126 (wireframe format) and concom-
itant disruption of TLR4*MD-2 hydrophobic cluster (spacefill format) is high-
lighted for starting (left) and final (right) structures of [TLR4-MD-2],?P°. Protein
chainsare shown in schematic representation, colored according to A. C, the mean
contact surface area buried between MD-2 and the receptor at the primary and
secondary interfaces was calculated over the final 20 ns, each shown for two
equivalent sites within the receptor complex.
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and/or Lys-341 of the TLR4 chain (Figs. 84 and 9); intriguingly,
these residues are part of a hypervariable region important for
species-dependent specificity (31).

Consistent with the stable cavity volume (Fig. 6B) and low
structural heterogeneity of the gating loop in [TLR4-MD-2],"**
(Fig. 5B), the conformation of Phe-126 remained close to that of
the x-ray structure, forming a hydrophobic cluster of interac-
tions with the exposed LPA lipid tail along with residues includ-
ing Ile-80, Val-82, and Leu-87 in MD-2, and Phe-440, Leu-444,
and Phe-463 in TLR4* (Figs. 84 and 9), supported by a salt
bridge formed between nearby Lys-125 of MD-2 and Glu-422 of
TLR4*. This is in striking contrast to the agonist-free interfaces;
following the reduction in MD-2 cavity volume (Fig. 6) and
gating loop stability (Fig. 5B), spontaneous reorientation of
Phe-126 from the closed to open state was observed to occur, in
the presence of LPIVa, Erit, and in the ligand-free apo state (Fig.
84 and Table 1). This led to loss of interaction with lipid and
destruction of the TLR4*MD-2 hydrophobic cluster evidently
critical for maintaining the receptor heterodimerization inter-
face. In particular, the open orientation of Phe-126 disrupted
the arrangement of nearby side chains of Leu-87, Val-82, and
Met-85 in MD-2, leading to loss of a pocket that supported the
phenyl ring of Phe-463 from TLR4* in the closed state (Fig. 8B).
In the case of the MPLA system, partial agonist induced a reori-
ented Phe-126 state that was intermediate between the agonist
and antagonist systems (Fig. 84).

DISCUSSION

Our findings help to clarify the molecular signaling mecha-
nism in TLR4, the details of which are consistent with and
extend recent observations from biochemical and biophysical
experiments. In particular, we have built on the work of Yu et al.
(16), confirming that lipid tail exposure alone is insufficient for
determining formation of the active receptor complex, and
showing that tuned (de)stabilization of the gating loop in
response to bound ligand influences stability of Phe-126, prior
to receptor association. Furthermore, for the first time we
observe the spontaneous reorientation of Phe-126 from the
closed to open conformation in various agonist-free states of
the active receptor complex, with concomitant destabilization
of the key TLR4**MD-2 heterodimeric interface, confirming
the role of Phe-126 as a molecular switch. We speculate that
this loss of stability at the heterodimeric interface in the
absence of agonist would lead to changes in the relative
arrangement of TM domains, which play a key functional role

VOLUME 288+NUMBER 51+DECEMBER 20, 2013



Lys388
TLR4* Ser415
Ser416*

Asn417* 0

Lys125*
Arg90*

Phel26

Glu422
Gln436

G|u439*

Phedd0* g

Va|82*
Leud4s

Met85*

Leu87*

The Mechanism of TLR4 Allosteric Regulation

‘ Shared by all systems
Shared by LPS and MPLA
Shared by all Ilpld bound systems
Only in LPS L
| Only in MPLA
Only in Lipid IVa
Only in Eritoran
Only in APO and L4A

\

TLR4
'-PO* N
Ser98 )
Asp99*
Asp101
Ser103*

Argl106

Lys109*

* As seen in the
crystal structure
of TLR4/MD-2
bound to LPS

Arg68*

p /

FIGURE 9. Schematic representation of the common interactions observed within each [TLR4-MD-2], system over the final 20 ns of simulation.

in oligomerization (32-34), and loss of organization of the acti-
vated cytoplasmic TIR domain scaffold necessary for recruit-
ment of adaptor proteins and subsequent signaling. Indeed, in
comparison with [TLR4-MD-2],""*, which maintained the
separation found within the x-ray structure (13) between the
pair of membrane-proximal carboxyl-terminal regions on each
TLR4 chain, all agonist-free systems demonstrated significant
divergence from this, by 0.2— 0.3 nm. Thus, the conformational
plasticity that we observe for each system at the TLR4**MD-2
interface correlates with the relative arrangement of the car-
boxyl-terminal regions, in agreement with recent structural
data obtained for TLR8 which revealed changes in dimerization
interface and carboxyl-terminal separation upon ligand bind-
ing (35). However, it should be borne in mind that the time
scales associated with downstream signal propagation are likely
to be significantly longer than we have sampled in our simula-
tions. To our knowledge, the kinetics of TLR4 assembly and
extracellular-to-intracellular signaling is unknown, but almost
certainly spans microsecond to millisecond time scales or
beyond.

We have also provided evidence that MPLA results in an
intermediate level of Phe-126 switching, which may help to
explain why it is only able to weakly activate the MAL-MyD88
signaling pathway, due to diminished recruitment of MyD88 to
TLR4. Indeed, the resultant, partially destabilized TLR4*MD-2
interface is consistent with recent data from Casella and Mitch-
ell (36). An antibody assay revealed that MPLA species drove
low potency heterotetramerization in comparison with lipid A.
However, the signaling capacity of MPLA was reduced by the
F126A MD-2 mutant (which allows lipid binding but interferes
with active TLR4-MD-2 complex formation), suggesting that an
intermediate level of TLR4-MD-2 heterotetramerization is the
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likely explanation for the weak, biased agonism of MPLA, in
agreement with our atomic level observations.

Key to the proposed signaling mechanism is the apparent
malleability of the MD-2 scaffold. Its 3-cup fold exhibits revers-
ible, clamshell-like motions that enable it to allosterically trans-
mit its ligand-bound state to the Phe-126 molecular switch. Our
conclusions have been made on the basis of several protein
conformations, a wide variety of ligand-bound states, and mul-
tiple simulation replicas of the ligand-free state, using four
force fields and three water models. The reproducibility of the
conformational plasticity of MD-2 is in partial agreement with
previous theoretical studies revealing flexibility around the cav-
ity mouth (37) and collapse of apo MD-2 (38), though no dis-
cernible trends with regard to ligands or the gating loop were
reported, likely due to the significantly shorter time scales used.
Only limited evidence has so far been found for the plasticity of
MD-2 from high resolution structural approaches. Comparison
of various ligand-bound structures and associated B-factors
(12-14) at least hints at the potential for flexibility around the
mouth of the B-cup, whereas it is possible that the presence of
disordered/unidentified hydrophobic ligands within the cavity
(14) and extensive crystal lattice contacts may mask the confor-
mational plasticity of MD-2. Significantly, the MD-2-related
lipid-recognition family also includes mite allergen proteins
such as Der f2 and Der p 2, for which both collapsed/closed and
open experimental structures do exist, separated by clamshell-
like motions (39). These conserved dynamics also provide evi-
dence that mite allergenicity may result from TLR4 coercion.

In terms of time scale, the experimental characterization of
hydrophobic collapse has typically been hampered by difficul-
ties in isolating the process from other events such as folding.
However, Sadqui et al. were able to directly follow the dynamics
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of hydrophobic collapse in a simple protein, in the absence of
competing processes, via fluorescence resonance energy trans-
fer (FRET) measurement between two terminal fluorophores
upon a laser-induced temperature jump trigger (40). The relax-
ation time for hydrophobic collapse at room temperature was
on the order of tens of nanoseconds. Moreover, comparable
time scales as described here for hydrophobic collapse were
recently reported for atomistic simulations of another lipid-
binding protein family, CD1, suggesting that this may be a com-
mon mechanism in hydrophobic ligand binding and release
(41).

From the biomedical viewpoint, our results advocate the
importance of considering conformational plasticity when
attempting to design novel therapeutic molecules for manipu-
lation of TLR4 signaling pathways. Thus, molecular simulation
represents a genuinely useful strategy for predicting the stimu-
latory outcome of novel compounds, particularly because
endotoxic ligands typically possess “non-drug-like” properties.
We have demonstrated a striking correlation between the size
of the hydrophobic portion of the ligand and cavity volume of
MD-2, which should be useful for rapidly estimating the degree
of endotoxicity; and we have shown that this directly, but asym-
metrically, can determine receptor complex stability and hence
activation. Although the time scales sampled here are insuffi-
cient to delineate the complete regulatory pathway, if the
observed asymmetry of receptor de(activation) is indeed a gen-
eral feature of TLR4 signaling, this has potential consequences
for ligand design, as well as for refinement strategies of crystal-
lographic receptor structures. It is therefore hoped that the
knowledge gained from this study will contribute both to
understanding receptor signaling mechanisms and to the devel-
opment of new molecules for pharmacological manipulation of
TLRs, as their association with many infectious, allergic,
inflammatory and malignant disease continues to intensify (2).
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