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Toll-like receptor 4 (TLR4) is involved in activation of the
innate immune response in a large number of different diseases.
Despite numerous studies, the role of separate domains of TLR4
in the regulation of receptor activation is poorly understood.
Replacement of the TLR4 ectodomain with LPS-binding pro-
teins MD-2 or CD14 resulted in a robust ligand-independent
constitutive activation comparable with the maximal stimula-
tion of the receptor with LPS. The same effect was achieved by
the replacement of the ectodomain with a monomeric fluores-
cent protein or a 24-kDa gyrase B fragment. This demonstrates
an intrinsic dimerization propensity of the transmembrane and
cytoplasmic domains of TLR4 and reveals a previously unknown
function of the ectodomain in inhibiting spontaneous receptor
dimerization. Constitutive activation was abolished by the
replacement of the ectodomain by a bulkier protein ovalbumin.
N-terminal deletion variants of TLR4 revealed that the smallest
segment of the ectodomain that already prevents constitutive
activity comprises only 90 residues (542 to 631) of the total 608
residues. We conclude that TLR4 represents a receptor with a
low threshold of activation that can be rapidly activated by the
release of inhibition exerted by its ectodomain. This is impor-
tant for the sensitivity of TLR4 to activation by different ago-
nists. The TLR4 ectodomain has multiple roles in enabling
ligand regulated activation, providing proper localization while
serving as an inhibitor to prevent spontaneous, ligand-indepen-
dent dimerization.

Pattern recognition receptors are proteins expressed by cells
of the innate immune system and act as a first line of host
defense against invading microorganisms, recognizing diverse
but highly conserved structural pathogen-associated molecular
patterns of bacteria, fungi, and viruses (1). Activation of pattern
recognition receptors by their respective ligands triggers an
immediate immune response, characterized by proinflamma-
tory cytokine production (1, 2). Toll-like receptors (TLRs)? are
a family of pattern recognition receptors central to the verte-
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brate innate immune response. Activation of TLRs links innate
and adaptive immunity through proinflammatory signaling and
induction of costimulatory molecules on immune cells (3, 4).
However, activation of TLRs has to be a tightly regulated pro-
cess. TLRs have to be able to mount an immediate immune
response upon binding of the agonist, whereas in the absence of
theligand it is imperative that they remain in an inactive state to
prevent unwanted activation that may lead to excessive inflam-
mation and autoimmune disease (5). This is especially impor-
tant for TLR4, the cellular receptor for LPS, a molecular signa-
ture of the outer cell membrane of Gram-negative bacteria (6).
Activation of TLR4 by LPS affects the regulation of more than
1000 genes (7). Additionally, TLR4 signaling has been impli-
cated in sterile inflammation through activation of the receptor
by endogenous ligands (8 —14).

TLR4 is a type I transmembrane glycoprotein. The ectodo-
main of TLR4 is composed of 22 repeats of a leucine-rich repeat
module, adopting a solenoidal conformation (15, 16). A single
transmembrane helix connects the ectodomain to the Toll/
IL-1R (TIR) cytoplasmic domain, responsible for intracellular
signal propagation upon receptor activation by LPS (2, 17).
TLR4 is unique among the TLRs, being able to trigger two
distinct intracellular signal transduction pathways. The MyD88-
dependent signaling pathway culminates primarily in proin-
flammatory cytokine production (18), whereas the TRIF-de-
pendent pathway leads to the production of type I interferons
(19).

TLR4 differs from other TLRs in another aspect also, as it
requires a coreceptor molecule myeloid differentiation pro-
tein-2 (MD-2) for the activation by its agonist LPS (20). MD-2 is
a secreted glycoprotein that binds to the N terminus of the
ectodomain of TLR4 (21) and is the actual LPS-binding protein
of the receptor complex and indispensable for signaling (20, 22,
23). Another molecule, cluster of differentiation 14 (CD14),
facilitates signaling by TLR4 (24, 25). CD14 is, like TLR4, a LRR
module-containing molecule with overall similar horseshoe-
shaped conformation (26). It exists either as a glycosylphos-
phatidylinositol-anchored molecule at the cell surface or as a
soluble molecule circulating in serum (27). CD14 serves as a
lipotransferase, transferring LPS monomers to MD-2, and is
nonetheless indispensable for physiological responses to low
concentrations of LPS (28).

Despite the overwhelming data on the TLR4-mediated sig-
naling cascade (29) as well as the solved crystal structure of the
ectodomain of TLR4 in complex with MD-2 and its agonistic
and antagonistic ligands, LPS and lipid IVa, respectively (15,
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16), the mechanisms governing receptor activation and its
dynamics remain unclear. Structural information is available
for the soluble domains. However, the membrane proximity
introduces important structural constraints and the issue of
interdomain flexibility. In this study, we have set out to inves-
tigate the contributions of separate domains of the LPS-sensing
complex to receptor activation and subsequent signal transduc-
tion by creating various fusion proteins as well as dissecting
TLR4 into separate functional domains. We show that although
the transmembrane and cytoplasmic TIR domain of TLR4
contribute the major interaction energy for receptor dimeriza-
tion, the ectodomain plays an important role in providing con-
trolled responsiveness to LPS, primarily by inhibiting sponta-
neous dimerization of the transmembrane and cytoplasmic
domains, thereby preventing constitutive, ligand-independent
receptor signaling.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—The HEK293 cell line was pro-
vided by Dr. J. Chow (Eisai Research Institute, Andover, MA).
Expression plasmids containing sequences of TLR4, TLR2,
MD-2, and CD14, as well as the pELAM-1 firefly luciferase plas-
mid, were a gift from Dr. C. Kirschning (Technical University of
Munich, Germany). A Renilla luciferase phRL-TK plasmid was
from Promega. A clone for mCherry and a TLR4-YFP expres-
sion plasmid were provided by Dr. T. Espevik (Norwegian Insti-
tute of Science and Technology, Norway), and a clone for
mCerulean was provided by Dr. D. Piston (Vanderbilt University,
Nashville, TN). A clone for OVA was purchased from Addgene.
A Renilla luciferase plasmid phRL-TK was from Promega.
Smooth LPS (from Salmonella abortus equi) was kindly pro-
vided by Dr. K. Brandenburg (Research Center Borstel, Ger-
many) and FITC-LPS was a gift from Dr. K. Triantafilou (Uni-
versity of Sussex, UK). DMEM with GlutaMAX-I was from
Invitrogen, FBS from BioWhittaker. All other reagents and
chemicals were purchased from Sigma unless stated otherwise.

DNA Construct Preparation—N-terminally truncated ver-
sions of TLR4 used in this work were prepared by classical PCR
amplification of a specific DNA segment of TLR4 and cloned
into the pFLAG-CMV-3 expression vector (Sigma) to obtain
the N-terminal preprotrypsin leader sequence and a FLAG tag.
All chimeric DNA constructs were created by means of a PCR
overlap extension technique and cloned into pFLAG-CMV-3,
except for the TM-TIR-TLR4-CHERRY and TIR-TLR4-CE-
RULEAN constructs that were inserted into the pcDNA3 vec-
tor (Invitrogen), with the TM-TIR-TLR4-CHERRY containing
the endogenous TLR4 signal sequence and TIR-TLR4-CERU-
LEAN being devoid of it. In the OVA-L9-TM-TLR4 construct,
the nucleotide sequence of a nine-amino acid linker (L9) con-
necting ovalbumin with the transmembrane segment of TLR4
was incorporated into forward and reverse primers. Proofread-
ing DNA polymerases Platinum Pfx or AccuPrime Pfx (both
Invitrogen) were used in all reactions. All constructs were
sequenced. Primer sequences are available upon request.

Luciferase Reporter Assay—HEK293 cells were seeded in
96-well Costar plates (Corning, NY) at 5 X 10* cells per well and
incubated overnight in a humidified atmosphere (5% CO,) at
37 °C. The next day, cells were cotransfected with expression
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plasmids coding for specific constructs, along with NF-«B-de-
pendent firefly luciferase (40 ng) and constitutive Renilla (5 ng)
luciferase reporter plasmids using Lipofectamine 2000 (Invit-
rogen). After 20 h, the cells were either lysed or the medium was
replaced and cells stimulated with LPS or coumermycin Al
(Promega) for a further 18 h before lysis. Cell lysis was per-
formed in passive lysis buffer (Promega) and analyzed for
reporter protein activities using a dual-luciferase reporter assay
system on a Mithras LB940 luminometer. Relative luciferase
activity was calculated by normalizing the firefly luciferase
activity of each sample for constitutive Renilla luciferase activ-
ity measured within the same sample.

Immunoblotting—HEK293T cells were seeded in a 6-well
plate (Techno Plastic Products, Switzerland) at a density of 3 X
10° cells/well. 48 h later, they were transfected with 2 ug of
appropriate plasmid DNA using Lipofectamine 2000. 24 to 48 h
after transfection, cells were lysed in lysis buffer (50 mm Tris-
HCI (pH 8), 1 mm EDTA (pH 8), 1 mm EGTA (pH 8), 150 mm
NaCl, 1% Triton X-100, 1% Na-DOC, 10% glycerol, 1 mm
Na3VO4, 50 mm NaF, 1 mm B-glycerophosphate) containing a
mixture of protease inhibitors (Roche). Protein samples mixed
with Laemmli sample buffer containing dithiothreitol were
resolved on SDS-PAGE and transferred to a nitrocellulose
membrane. The membrane was washed with Tris-buffered
saline (pH 7.5) containing 0.01% Tween 20 (TBST), blocked to
reduce nonspecific background with 5% dried nonfat milk in
TBST for 1 h at 25 °C, and incubated with primary rabbit anti-
FLAG polyclonal antibody (Sigma) in the blocking solution for
1 h. After washing with TBST, the blot was incubated with goat
anti-rabbit horseradish peroxidase-labeled antibody (Abcam)
for 45 min at 25 °C in the blocking solution and washed exten-
sively with TBST. Blots were developed using the Pierce Super
Signal Pico substrate system.

Cell Surface Expression of TLR4 Chimeric Receptors and
Deletion Variants—Cell surface expression of TLR4 chimeric
and deletion variants was assessed by flow cytometry. Briefly,
HEK293T cells were prepared as described for Western blot-
ting and collected 24 h or 48 h after transfection in PBS con-
taining 3% FBS (FACS buffer). Cells were resuspended in 100 ul
of FACS buffer containing 8 ug/ml polyclonal primary rabbit
anti-FLAG antibody (Sigma) and incubated on ice for 30 min.
Afterward, cells were washed three times in FACS buffer, resus-
pended, and incubated for another 30 min in the dark with 2
pg/ml DyeMer 488/615-labeled goat anti-rabbit or phyco-
erythrin (PE)-labeled goat anti-rabbit antibody (both Molecu-
lar Probes). The cells were then washed three more times and
finally resuspended in 500 ul of FACS buffer. Flow cytometry
analysis was performed on an EPICS ALTRA flow cytometer
(Beckman Coulter). In each sample, at least 30,000 cells were
analyzed.

Binding of FITC-LPS—Binding of FITC-LPS was assayed
using flow cytometry. HEK293T cells expressing transfected
DNA constructs were prepared as described for Western blot-
ting and collected 24 h or 48 h after transfection in fresh serum-
free medium. Cells were incubated with FITC-LPS at a concen-
tration of 2 ug/ml in the dark at 37°C After 20 min of
incubation, cells were extensively washed in PBS, finally resus-
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pended in FACS buffer, and immediately analyzed on an EPICS
ALTRA flow cytometer (Beckman Coulter).

Confocal Microscopy—HEK293 cells were seeded at a density
of 5 X 10* cells per well in an 8-well microscope chamber slides
(Ibidi, DE). 24 -h later, they were transfected with a total amount
of 160 ng of plasmid DNA using Lipofectamine 2000. Cells were
analyzed live 24 h to 48 h after transfection on a Leica TCS5
confocal microscope using a 63X magnification. Where
needed, cell membranes were stained before imaging with Dil
(1,1" dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine per-
chlorate) or SynaptoRed (both Invitrogen) according to the
manufacturer’s instructions.

RESULTS

The TLR4 Ectodomain Has Additional Roles Besides Provid-
ing a Scaffold for the Coreceptor and Ligand Binding—T o inves-
tigate additional roles of the TLR4 ectodomain, we have exam-
ined the effect of replacement of the ectodomain of TLR4 with
either of the two LPS-binding proteins, MD-2 or CD14, gener-
ating MD-2-TM-TLR4 and CD14-TM-TLR4 chimeric con-
structs (Fig. 14). Additionally, two other constructs were pre-
pared, MD-2-(4CYS)-TM-TLR4 and CD14-(4CYS)-TLR4,
which retained the membrane proximal segment of the TLR4
ectodomain (Fig. 1A4). This segment, conserved in all TLRs as
well as other extracellular leucine-rich repeat proteins, con-
tains two disulfide bridges and has been previously shown to
play an important structural role, conferring conformational
rigidity to the C-terminal segment of the ectodomain (2, 30).

The MD-2-TM-TLR4 and CD14-TM-TLR4 fusion con-
structs exhibited strong constitutive activation that was
entirely LPS-independent (Fig. 1B). The inclusion of the con-
served juxtamembrane cysteine-rich stretch of the TLR4 ect-
odomain did not make a difference, as the MD-2-(4CYS)-TM-
TLR4 and CD14-(4CYS)-TM-TLR4 constructs were as active
as MD-2-TM-TLR4 and CD14-TM-TLR4 (Fig. 1B). The
observed effect of constitutive activation of these chimeric con-
structs was not due to misfolding, as all proved to be functional.
Chimeric proteins were expressed in the cells (Fig. 1C) and at
the cell surface (D), and the latter were capable of binding LPS
(E). Furthermore, they all signaled through the same signaling
pathways as the native receptor pair MD-2/TLR4 because their
signaling could effectively be inhibited by dominant negative
versions of the downstream adapter proteins MyD88 and TRIF
(data not shown).

These results indicate that the ectodomain of TLR4 does not
merely serve as a scaffold for MD-2 binding and interaction
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with CD14 but rather seems to play an important role in ena-
bling the controlled responsiveness of the receptor complex to
LPS. Furthermore, at least in the case of the CD14- and MD-2-
TLR4 chimeric constructs, the inclusion of the leucine-rich
repeat C-cap of the juxtamembrane part of the ectodomain of
TLR4 does not prevent the constitutive activity.

Replacement of the TLR4 Ectodomain by a Monomeric
Domain Retains the Constitutive Activity—The prerequisite for
TLR-induced cell activation is association of cytosolic TIR
domains, as only dimeric TIRs provide the scaffold for the
recruitment of cytosolic adapters and assembly of signalosome,
which is a crucial step in the initiation of intracellular signal
propagation (31). Thus, as MD-2- and CD14-based TLR4 chi-
meras are constitutively active, they must be present in the cell
in the form of dimeric or oligomeric clusters. As MD-2 is
known to form dimers and higher-order multimers (32, 33),
and CD14 was in fact crystallized as a dimer (26), a dimeric or
oligomeric state of the chimeric receptors could lead to the
oligomerization of the ectodomains of these constructs, bring-
ing the TIR domains close together. This is supported by the
previous report on the addition of the CD4 dimerization
domain to the transmembrane and cytoplasmic domains of
TLR4, which also resulted in constitutive activity of CD4-TLR4
chimeras (17). To rule out the effect of intrinsic dimerization of
ectodomain replacements, MD-2 and CD14 were substituted
by the monomeric protein mCherry (34) or the 24-kDa N-ter-
minal fragment of Escherichia coli gyrase B (GYRB24), which
has previously been used as a fusion partner in coumermycin-
induced dimerization (35, 36). The CHERRY-TM-TLR4 and
GYRB24-TM-TLR4 constructs are schematically represented
in Fig. 2A.

Despite fusion of monomeric partners to the transmem-
brane and cytoplasmic domains of the TLR4, CHERRY-TM-
TLR4, as well as GYRB24-TM-TLR4 constructs induced
constitutive signaling in HEK293 cells (Fig. 2B). Addition of
a gyrase dimerization-inducing agent, coumermycin A1 (35),
to the GYRB-TM-TLR4-expressing cells did not signifi-
cantly increase the cellular activation (Fig. 2C), indicating
that dimers or higher-order oligomers of the chimeras must
have already been formed even in the absence of coumermy-
cin A1l. CHERRY-TM-TLR4 clearly colocalized with TLR4-
YFP (Fig. 2D) and was, like GYRB24-TM-TLR4, present at
the cell surface (E). CHERRY-TM-TLR4, GYRB24-TM-
TLR4, and TLR4 were expressed at similar levels in
HEK293T cells (Fig. 2F).

FIGURE 1. Replacement of the ectodomain of TLR4 with LPS-binding proteins leads to constitutive activation. A, schematic representation of the
MD-2-TM-TLR4, MD-2-(4CYS)-TM-TLR4, CD14-TM-TLR4, and CD14-(4CYS)-TM-TLR4 chimeric constructs. The conserved cysteine residues of the TLR4 jux-
tamembrane region are represented as small black circles juxtaposed to the membrane. B, constitutive activation of the NF-«B promoter by the MD-2- and
CD14-based TLR4 chimeric constructs. HEK293 cells were transiently transfected with reporter plasmids as well as increasing amounts (1 ng, 5 ng, and 10 ng)
of plasmid DNA encoding the MD-2-TM-TLR4, MD-2-(4CYS)-TM-TLR4, CD14-TM-TLR4, or CD14-(4CYS)-TM-TLR4 constructs or with MD-2- and TLR4-encoding
plasmids (1 ng each). After 18 h of stimulation with LPS, luciferase activity (RLA) was measured in the cell lysates. C, expression levels of chimeric constructs in
HEK293T cells. HEK293T cells were transiently transfected with 2 ng of MD-2-TM-TLR4, MD-2-(4CYS)-TM-TLR4, CD14-TM-TLR4, CD14-(4CYS)-TM-TLR4, or TLR4
plasmid DNA. 48 h post-transfection, cell lysates were prepared, and 30 w.g of total proteins were loaded onto an SDS-PAGE gel and blotted using anti-FLAG
antibody. Molecular weight marker sizes are given in kDa. D, MD-2- and CD14- based TLR4 chimeric constructs are expressed at the cell surface. HEK293T cells
were transiently transfected with 2 ug of MD-2-TM-TLR4, MD-2-(4CYS)-TM-TLR4, CD14-TM-TLR4, or CD14-(4CYS)-TM-TLR4 plasmid DNA. Cell surface expres-
sion levels of chimeric constructs were determined by flow cytometric analysis 48 h post-transfection. Histograms of mock-transfected cells (filled areas) or cells
transfected with the appropriate DNA (solid lines) are shown. E, MD-2- and CD14-based TLR4 chimeric constructs bind LPS. HEK293T cells were transiently
transfected with 2 ug of MD-2-TM-TLR4-, MD-2-(4CYS)-TM-TLR4-, CD14-TM-TLR4-, or CD14-(4CYS)-TM-TLR4-encoding plasmids or with TLR4 and MD-2 plas-
mid DNA (1 ng each). 48 h post-transfection, binding of FITC-LPS by the receptors was assessed by flow cytometric analysis. Histograms of mock-transfected
cells treated with LPS (filled areas) or transfected cells treated with LPS (solid lines) are shown.
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FIGURE 2. Replacement of the TLR4 ectodomain by monomeric protein domains leads to the constitutive activation. A, schematic representation of the
CHERRY-TM-TLR4 and GYRB24-TM-TLR4 chimeras. B, the CHERRY-TM-TLR4 and GYRB24-TM-TLR4 chimeric constructs constitutively activate target promoters.
HEK293 cells were transiently transfected with reporter plasmids as well as increasing amounts (1 ng and 10 ng) of plasmid DNA encoding the CHERRY-TM-TLR4
or GYRB24-TM-TLR4 expression constructs or with MD-2- and TLR4-encoding plasmids (1 ng each). After 18 h of stimulation with LPS, luciferase activity (RLA)
was measured in the cell lysates. C, addition of coumermycin A1 to GYRB24-TM-TLR4-expressing cells does not enhance cell activation. HEK293 cells were
transiently transfected with reporter plasmids as well as with 5 ng of plasmid DNA encoding the GYRB24-TM-TLR4 construct or an empty vector. After 18 h of
stimulation with different amounts of coumermycin A1, luciferase activity was measured in the cell lysates. D and E, the CHERRY-TM-TLR4 and GYRB24-TM-TLR4
chimeric constructs are expressed at the cell surface. D, HEK293 cells were transiently cotransfected with a plasmid encoding TLR4-YFP and a plasmid encoding
the CHERRY-TM-TLR4 chimera (80 ng each). The expression profiles of both constructs was compared using a confocal microscope 36 h post-transfection.
E, HEK293T cells were transiently transfected with 2 ug of CHERRY-TM-TLR4 or GYRB24-TM-TLR4 plasmid DNA. Cell surface expression levels of the constructs
were determined by flow cytometric analysis 48 h after transfection. Histograms of mock-transfected cells (filled areas) or cells transfected with the appropriate
DNA (solid lines) are shown. F, expression of chimeric constructs in HEK293T cells. HEK293T cells were transiently transfected with 2 ug of MD-2-TM-TLR4,
MD-2-(4CYS)-TM-TLR4, CD14-TM-TLR4, CD14-(4CYS)-TM-TLR4, or TLR4 plasmid DNA. 48 h post-transfection, cell lysates were prepared, and 30 ug of total
proteins were loaded onto an SDS-PAGE gel and blotted using anti-FLAG antibody. Molecular weight marker sizes are given in kDa.

These results indicate that the constitutive activity of the chime-
ric TLR4 receptor is a consequence of an intrinsic dimerization
propensity of the transmembrane and/or cytoplasmic domain of
TLR4 and not a consequence of the extracellular fusion partner-
forced dimerization of these domains.

The Large Extracellular Fusion Partner to the Transmem-
brane and Cytoplasmic Domains of TLR4 Prevents the Consti-
tutive Activation—As all TLRs have similar ectodomains in
terms of their size, shape, and structure. The replacement of
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the TLR4 ectodomain with that of TLR2 would be expected
to result in an inactive chimeric receptor. As expected, the
TLR2-TM-TLR4 construct (Fig. 34) behaved similarly to
WT TLR4 in terms of basal cell activation in HEK293 cells
(Fig. 3B) as well as in terms of its expression profile (C and
D). A degree of basal activity, similar to that of wild-type
TLR4, has previously been demonstrated also for the TLR9-
TLR4 fusion (37), in agreement with our results. Thus, the
ectodomains of at least TLRs 2 and 9, fused to the transmem-
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Molecular weight marker sizes are given in kDa. D, the inactive TLR4-based chimeric constructs TLR2-TM-TLR4 and OVA-L9-TM-TLR4 are expressed at the
cell surface. HEK293T cells were transiently transfected with 2 ug of TLR4, TLR2-TM-TLR4, or OVA-L9-TM-TLR4 plasmid DNA. Cell surface expression
levels of receptors were determined by flow cytometric analysis 48 h post-transfection. Histograms of mock-transfected cells (filled areas) or cells

transfected with the appropriate DNA (solid lines) are shown.

brane and intracellular domains of TLR4, can functionally
replace the TLR4 ectodomain in terms of sustaining only the
basal level of cell activation.

Next, we expected that in chimeric receptors with fusion
partners not adopting a TLR-like structure, inhibition of
transmembrane and cytoplasmic domain dimerization could
be achieved by a large size or appropriate shape of the fusion
partner, exerting steric hindrance to dimerization. This was
confirmed by the ovalbumin-based chimera (Fig. 3A) that was
inactive even at a high level of expression (B) despite being local-
ized at the cell plasma membrane (D). Ovalbumin is a 45-kDa
ellipsoidally shaped monomeric protein (38, 39). Thus, the size,
shape, and/or aggregation tendency of the fusion partner to the
transmembrane and intracellular domains of TLR4 determine the
activity of the chimeric protein.

Mapping the Region of the TLR4 Ectodomain Responsible for
the Inhibition of the Constitutive Activity—T o allocate the min-
imal region in the TLR4 ectodomain responsible for exerting
the inhibitory effect on spontaneous dimerization of the cyto-
plasmic domains, we prepared constructs with sequential
N-terminal deletions of the TLR4 ectodomain (Fig. 4A4). Dele-
tions of 272, 463, or even 542 N-terminal amino acid residues,
retaining 41, 19, or 10 kDa of the ectodomain, respectively, did

JULY 1,2011+VOLUME 286-NUMBER 26

not suffice to impart constitutive signaling upon the receptors
(Fig. 4B), although they were expressed at the cell surface (Cand
D). Only the TLR4A563 and TLR4A569 variants with ~8 and 7
kDa ectodomains, respectively, strongly activated cells (Fig.
4B). This positions the threshold inhibitory part of the TLR4
molecule between amino acid residues 563 and 542, which
means that only 90 amino acid residues of the TLR4 ectodo-
main are sufficient to inhibit spontaneous dimerization of the
cytoplasmic domains of the receptor. These results indicate
that in the wild-type receptor, specific structural features of
the ectodomain of TLR4 rather than solely its size are respon-
sible for exerting inhibition on the spontaneous dimerization of
the receptor cytoplasmic domains.

TLR4 Signaling Depends on Stable Insertion of the Trans-
membrane and Cytoplasmic Domains into the Cell Membrane—
Despite the intrinsic dimerization propensity of the transmem-
brane and cytoplasmic domain of TLR4, the deletion variant
TM-TIR-TLR4 (i.e. TLR4A631) (Fig. 5A), lacking the entire ect-
odomain of TLR4, was unable to trigger cell activation in
HEK293 cells even when overexpressed (Fig. 5B). The same lack
of activity was observed for the TM-TIR-TLR4-CHERRY variant
(Fig. 5B). In comparison, expression of the TLR4A569 deletion
variant, encompassing only 63 amino acid residues of the jux-
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FIGURE 4. Deletion mapping of the region in the TLR4 ectodomain domain responsible for inhibition of constitutive activation. A, schematic
representation of the deletion variants of TLR4 as compared with the full-length TLR4. Deletion variants were made by sequential N-terminal deletions
of the ectodomain of TLR4. The conserved cysteine residues of the TLR4 juxtamembrane region are represented as small black circles. B, comparison of
basal activity of N-terminal TLR4 deletions. HEK293 cells were transiently transfected with reporter plasmids as well as increasing amounts (1 ng, 10 ng,
and 50 ng) of plasmid DNA encoding TLR4 or the appropriate TLR4 N-terminal deletion variant. After 26 h, luciferase activity (RLA) was measured in the
cell lysates. C and D, TLR4 N-terminal deletion variants are expressed in the cells and reach the cell surface. HEK293T cells were transiently transfected
with 2 ng of appropriate plasmid DNA. 48 h after transfection, cells were either lysed and expression of deletion variants was determined by Western
blot using anti-FLAG antibody or were analyzed by flow cytometry to determine the cell surface expression level of the constructs. Representative
immunoblot analysis results (C) and histograms of mock-transfected cells (filled areas) or cells transfected with the TLR4 deletion variants (solid lines) (D)
are shown. Molecular weight marker sizes are given in kDa.

These observations suggest that signaling from the receptor
has to be initiated at the cell surface membrane and that the
transmembrane domain of TLR4 alone is unable to provide

tamembrane ectodomain of TLR4, induced robust cellular activa-
tion (Fig. 5B). Flow cytometry data confirmed localization
of the TLR4A569 variant at the cell surface (Fig. 4D), whereas the

TM-TIR-TLR4 and TM-TIR-TLR4 -CHERRY variants did not
reach the plasma membrane, despite being expressed within the
cell (Fig. 5, C and D). Similar results were obtained with the TIR-
TLR4 and TIR-TLR4-CERULEAN variants, which were also
unable to initiate signaling (Fig. 5, A, B, and D).
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stable insertion of the TM-TIR-TLR4 variant into the cell
plasma membrane. Judging by the cell surface expression pro-
file of signaling-competent deletion and chimeric TLR4 vari-
ants, a small ectodomain is sufficient for stable anchoring to the
plasma membrane.
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FIGURE 5. TLR4 signaling requires stable insertion into the cell plasma membrane. A, schematic representation of the TM-TIR-TLR4 and TIR-TLR4 deletion
constructs and their GFP-tagged variants. The TM-TIR-TLR4 and TIR-TLR4 deletion variants were modified by the addition of fluorescent proteins mCherry and
Cerulean, respectively, to their C termini. B, the TM-TIR-TLR4 and TIR-TLR4 deletion constructs as well as their GFP-modified variants are unable to support cell
activation. HEK293 cells were transiently transfected with reporter plasmids along with 100 ng of empty vector or plasmid DNA encoding the TIR-TLR4,
TIR-TLR4-CERULEAN, TM-TIR-TLR4, or TM-TIR-TLR4-CHERRY variants or with 5 ng of plasmid DNA for the TLR4A569 deletion variant. 24 h after transfection,
luciferase activity (RLA) was measured in the cell lysates. C, the TMCYTO-TLR4 deletion variant is not present at the cell surface despite being expressed in the
cell. HEK293T cells were transiently transfected with 2 ug of TM-TIR-TLR4 plasmid DNA or an empty vector. 48 h after transfection, cells were either analyzed
by flow cytometry to determine the cell surface expression level of the construct or were lysed, and expression of TM-TIR-TLR4 was determined by Western blot
analysis using anti-FLAG antibody. A representative histogram of mock-transfected cells (filled areas) or cells transfected with TM-TIR-TLR4 DNA (solid lines) and
immunoblot analysis results are shown. Molecular weight marker sizes are given in kDa. D, expression profile of the GFP-modified TM-TIR-TLR4 and TIR-TLR4
deletion variants. HEK293 cells were transiently transfected with plasmid DNA encoding the TM-TIR-TLR4-CHERRY or TIR-TLR4-CERULEAN constructs (100 ng
each). 24 h after transfection, cell membranes were stained with appropriate dyes, and expression profiles of both constructs were examined by confocal
microscopy.

The Transmembrane and/or Cytoplasmic Domains of TLR4 DISCUSSION
Can Modulate MD-2/TLR4 Signaling by Sequestering Down-
stream Adapter Proteins—Despite their lack of constitutive
activity, the TM-TIR-TLR4 and TIR-TLR4 deletion variants
were functional because they inhibited LPS-dependent MD-2/
TLR4 signaling as well as activation of cells by the constitutively
active TLR chimeras in a concentration-dependent manner
(Fig. 6A). This was not accomplished by modulating the level of
the signaling-competent cell-surface expressed receptor as
demonstrated by CD14-TM-TLR4 and TMCYTO-TLR4 coex- tively (18, 19). Furthermore, in addition to LPS, many other
pression (Fig. 6B) but was due to the sequestration of down- €X0genous (40-50) as well as some endogenous (8 -14) TLR4
stream adapter proteins, as deletion variants also inhibited cell ~agonists have been proposed.
activation induced by MyD88-overexpression (C). This can be We have investigated the additional roles of the TLR4 ect-
explained by the tendency of the TLR4 TIR domains to odomain inreceptor activation and subsequent signal trans-
dimerize, thereby creating a scaffold for binding of MyD88. duction by its replacement and deletions. We have demon-
Inhibition results from the fact that signaling can only be initi- ~ strated that the TLR4 ectodomain on one hand provides
ated from the cell surface, whereas the TM-TIR-TLR4 and TIR-  stable association of the transmembrane and cytoplasmic
TLR4 variants do not anchor into the cell membrane. domains with the plasma membrane, wherefrom signaling

TLR4 is probably the most studied among the TLRs, as it is
unique in many aspects. TLR4 is the only known TLR to require
a coreceptor molecule for ligand recognition, as the response to
LPS is entirely dependent on the presence of MD-2 (20, 22, 23).
TLR4 is also the only TLR with the ability to signal through two
distinct adaptor proteins, MyD88 and TRIF, inducing either
inflammatory cytokine secretion or IFN-B production, respec-
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teins. A, the TM-TIR-TLR4 and TIR-TLR4 deletion variants inhibit MD-2/TLR4 and constitutive signaling. HEK293 cells were transiently cotransfected with
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transiently cotransfected with reporter plasmids, 120 ng of TM-TIR-TLR4 expression plasmid, and 1 ng of the MD-2-TM-TLR4-, CD14-TM-TLR4-, CHERRY-TM-
TLR4-, or TLR4A569-encoding plasmids. Luciferase activity was measured in the cell lysates 26 h after transfection. B, inhibitory effect of the TMCYTO-TLR4
deletion variant on constitutive cell activation is not achieved through receptor down-regulation from the cell surface. HEK293T cells were transiently
transfected with 500 ng of the CD14-TM-TLR4 and 1500 ng of TM-TIR-TLR4 expression plasmids. Cell surface expression levels of CD14-TM-TLR4 were
determined by flow cytometric analysis 48 h after transfection. Histograms of TM-TIR-TLR4-transfected cells (filled area) or cells transfected with either
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variants inhibit signaling induced by overexpression of MyD88. HEK293 cells were transiently transfected with reporter plasmids, a plasmid encoding MyD88
(5ng), as well as plasmid DNA encoding either the TM-TIR-TLR4 or TIR-TLR4 deletion variants (100 ng). After 36 h, luciferase activity was measured in the cell

lysates.

can be initiated, whereas on the other hand, it inhibits their
spontaneous, ligand-independent dimerization. Strong
dimerization of TIR domains is a unique feature of TLR4
among all the TLRs, as demonstrated by Zhang et al. (51) on
an example of TLR chimeras with integrins « and S as the
fusion partners to the transmembrane and cytoplasmic
domains of separate TLRs. Additionally, we have found that
in contrast to TLR4, the replacement of the ectodomain of
TLR3 by a small polypeptide domain does not lead to recep-
tor activation (unpublished results)®. Lee et al. (52) used the
reconstitution of B-lactamase fragments at the C termini of
the TLR4 TIR domains to monitor dimerization. However,
in that case, dimerization detected by a 3-lactamase comple-
mentation did not lead to substantial activation. Our results
explain these observations, as we have shown that the bio-
logical activity of the dimeric cytoplasmic domains of TLR4
depends on their membrane localization. Although their sta-
ble anchoring into the plasma membrane imparts induction

3 ). Lonzari¢ and R. Jerala, unpublished results.
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of signaling, their cytoplasmic localization on the other hand
leads to inhibition of WT TLR4 signaling.

Although the transmembrane and cytoplasmic domains of
TLRs define their subcellular targeting (37, 53), they alone
are insufficient to provide stable anchoring to the plasma
membrane and require the presence of an ectodomain. Ect-
odomains can be very diverse protein domains, as all of the
chimeric TLR4 molecules used in this work localized to the
plasma membrane, irrespective of the extracellular fusion
partner used. The lack of constitutive activity of the OVA-
L9-TM-TLR4 construct cannot be attributed solely to the
size of OVA, as chimeras with integrins or CD4, both larger
than OVA, exhibited constitutive activity in previous exper-
iments (17, 51, 54). However, CD4 is an elongated molecule,
and its diameter around their rotational axis at the C-termi-
nal fusion site to the TLR4 TM segment is smaller than that
of ovalbumin. Additionally, CD4 and integrins promote
dimerization (51, 55, 56), which could contribute to consti-
tutive signaling. On the other hand, a monomeric fusion
partner alone does not necessarily prevent the constitutive

VOLUME 286-NUMBER 26-JULY 1, 2011



activity, as the CHERRY-TM-TLR4 chimera still constitu-
tively activated the cells despite the monomeric nature of
mCherry. Thus, a number of factors, among them particu-
larly size, shape, and aggregation propensity combined, seem
to provide the inhibitory action to the transmembrane and
cytoplasmic domain dimerization in the TLR4 chimeras.

Because the cytoplasmic linker between the transmembrane
and TIR domain is relatively long and could be extended with-
out affecting receptor activation (57), we conclude that the
transmembrane segment must also contribute to the intrinsic
receptor dimerization propensity. This is in agreement with the
data of Weber et al. (58), who demonstrated increased basal
activity of the chimeric Drosophila Toll (dToll), where the
transmembrane and cytoplasmic segments of the native pro-
tein have been replaced for those of TLR4, as compared with
the dToll chimera, where only the cytoplasmic domain of dToll
was replaced for that of TLR4.

In contrast to ovalbumin, in the wild-type receptor the size of
the ectodomain does not play the main role in terms of prevent-
ing spontaneous receptor activation. This is evidenced by
N-terminal deletions of substantial parts of the TLR4 ectodo-
main, and the TLR4A542 deletion variant fails to render the
receptor constitutively active despite the relatively small size of
the remaining ectodomain. Therefore, we conclude that the
specific structural features of the C-terminal part of the ectodo-
main prevent dimerization. This somewhat contrasts the
findings of Weber et al. (58) for dToll, reporting that the jux-
tamembrane segment is critical for stable, high-affinity recep-
tor-receptor interactions and thus activation or derepression of
the downstream signaling pathway. This is similar to the results
of Hu et al. (59), who proposed a conserved juxtamembrane
cysteine-rich motif as a self-inhibitory module to dToll activa-
tion. The C-terminal parts of the TLR4 and dToll ectodomains
contain a conserved stretch of cysteine residues that in dToll is
involved in the formation of two intramolecular disulfide
bonds, maintaining receptor rigidity, and is required for the
controlled responsiveness to the ligand. Mutation of either one
of these cysteines results in constitutive activity of the receptor
(30, 59). However, we were unable to create the constitutively
active variant of TLR4A542 by mutating the cysteine 583 to
alanine. Furthermore, the TLR4A569 variant, despite retain-
ing all four conserved juxtamembrane cysteines, was constitu-
tively active. Therefore, it seems that in the case of TLR4, the
mechanism of inhibition of receptor dimerization is not
restricted specifically to the cysteine residues nor to the cys-
teine-rich domain alone and thus differs from that of dToll.

Thus, long-range interactions must govern the inhibitory activ-
ity of the TLR4 ectodomains to TM-TIR domain dimerization.
Electrostatic repulsion because of the pattern of charged residues
may be involved, although the net charge of this segment is only
slightly negative. Nevertheless, we have shown previously that
insertion of a peptide linker between the TLR4 ectodomain and
the transmembrane domain decreases receptor activation, which
could be due to the interaction of the ectodomain with the mem-
brane surface (57). It has been discovered recently that the TLR4
ectodomain is cross-linked by nickel ions mediated by noncon-
served histidine residues, contributing to the nickel allergy (60). In
this case, the TLR4 ectodomain cross-linking with nickel ions is
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sufficient to provide the stabilizing interactions to overcome the
inhibition exerted by the ectodomains and allow interaction
between the transmembrane and cytosolic domains of TLR4.

The ability of the TM-TIR-TLR4 and TIR-TLR4 deletion vari-
ants to suppress signaling is in agreement with the results of Du et
al. (61), demonstrating the effect on a mouse macrophage cell line.
Although the TM-TIR-TLR4 variant is capable of interacting with
the WT TLR4, as demonstrated by means of an in vivo B-lacta-
mase complementation assay (52), this mechanism cannot be
responsible for the observed inhibitory effect. Interaction of TM-
TIR-TLR4 with the WT TLR4 at the cell surface would be
expected to trigger or potentiate signaling rather than inhibit it, as
a dimeric interaction surface at the plasma membrane would be
created, capable of binding the adapter proteins, thus initiating the
downstream signal propagation. However, the B-lactamase com-
plementation assay was unable to distinguishing between the cell
surface-expressed TLR4 and the cytosolic pool. Therefore, inhibi-
tion of signaling can be attributed to the engagement of the
adapter molecules. This is supported by the inhibition of cell acti-
vation induced by overexpression of MyD88 with the TLR4 dele-
tion variants. The TM-TIR-TLR4 and TIR-TLR4 variants thus
sequester adapter proteins.

Constitutive TLR4 induced-cell activation is 100—-500 times
more potent than the activation exerted by constitutive dimeric
versions of other TLRs (54). The role of the ectodomain of TLR4 in
preventing dimerization of the TIR domains is therefore essential
in maintaining the receptor in an inactive state prior to the recog-
nition of the ligand. Activation of TLR4 can therefore be viewed as
arelease from inhibition rather than ligand-induced dimerization.
A similar concept has previously been proposed by Brunn et al.
(62), suggesting that under quiescent conditions, TLR4 is kept in
an inactive state by the intact extracellular matrix, whereas the
release of proteases, as it occurs in tissue injury, degrades the extra-
cellular matrix, simultaneously relieving the constraint on TLR4
function as well as generating endogenous ligands, thus allowing
them to stimulate the receptor. We have shown that truncation of
the TLR4 ectodomain from its N terminus ultimately leads to con-
stitutively active receptor variants. It is therefore tempting to spec-
ulate that activation of TLR4 could also be achieved directly by
cleavage of the TLR4 ectodomain by an as yet unidentified pro-
tease(s) released in the inflammatory milieu or by an infecting
microorganism. The proteolytic cleavage of the ectodomains of
TLR7 and TLR9 has already been demonstrated to play a role in
receptor activation (63, 64). Based on the reports of the mediation
of the proinflammatory effects of some proteases through TLR4
(65—67), the role of proteolytic cleavage of the TLR4 ectodomain
for receptor activation remains to be thoroughly examined. We
could, however, not detect cell activation of TLR4-transfected
HEK293 cells by elastase, which has been reported previously (67).
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