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Toll-like receptor 4 (TLR4) mediates the host response to lipopolysaccharide (LPS) by promoting the
activation of pro- and anti-inflammatory cytokine genes. To activate each gene, numerous signal transduction
pathways are required. The adaptor proteins MyD88 and TIRAP contribute to the activation of several and
possibly all pathways via direct interactions with TLR4’s Toll/interleukin-1 receptor (IL-1R) (TIR) domain.
However, additional adaptors that are required for the activation of specific subsets of pathways may exist,
which could contribute to the differential regulation of target genes. Furthermore, it remains unknown whether
direct interactions that have been reported between TIR domains and other proteins are required for TLR4
signaling. To address these issues, we systematically mutated the TLR4 TIR domain in the context of a
CD4/TLR4 fusion protein. Several exposed residues defining at least two structural surfaces were required in
macrophages for activation of the proinflammatory IL-12 p40 and anti-inflammatory IL-10 promoters, as well
as promoters dependent on individual transcription factors. Interestingly, the same residues were required by
all promoters tested, suggesting that the signaling pathways diverge downstream of the adaptors. The mutant
phenotypes provide a framework for future studies of TLR4 signaling, as the interaction supported by each
critical surface residue will need to be defined.

The innate immune system provides a first line of defense
against invading foreign microbes. The contribution of macro-
phages to innate immunity requires the recognition of micro-
bial products by germ line-encoded pattern recognition recep-
tors (35). One well-known example of such a microbial product
is the lipopolysaccharide (LPS) found on the cell walls of
gram-negative bacteria. When exposed to LPS, macrophages
produce numerous regulators of the innate immune response,
including pro- and anti-inflammatory cytokines (38, 57). To
better understand the innate immune response and its connec-
tion to adaptive immunity, the LPS-stimulated signaling path-
ways that regulate cytokine gene expression must be eluci-
dated.

In macrophages, LPS stimulates numerous signaling path-
ways, including pathways that activate I�B kinase (2), phos-
phatidylinositol 3-kinase (21, 49), protein kinase C (33), two
Src family kinases, lyn and Hck (9, 14, 55), and three mitogen-
activated protein kinases (MAPKs), ERK1/2, p38, and JNK
(19). The protein that is largely responsible for transmitting the
LPS signal across the plasma membrane is Toll-like receptor 4
(TLR4) (2, 6, 36). The central role of TLR4 in LPS signal
transduction is evident from the severe hyporesponsiveness of
TLR4 mutant mice (1, 7, 24, 46, 47).

The cytoplasmic domain of TLR4 is commonly referred to as
a Toll/interleukin-1 receptor (IL-1R) (TIR) domain on the
basis of its extensive homology to the corresponding domains

of all members of the Toll, TLR, and IL-1R families (43). The
importance of the TIR domain for TLR4 signaling was dem-
onstrated by the constitutive activation of endogenous cytokine
genes by a protein containing the TIR and transmembrane
domains of TLR4 fused to the extracellular domain of CD4
(CD4/TLR4) (36, 37, 40).

Although the precise signaling pathways required for the
induction of a given cytokine gene are not known, multiple
pathways usually need to be activated. The proinflammatory
IL-12 p40 and anti-inflammatory IL-10 genes, which are most
relevant to the present study, can be used as examples. Induc-
tion of the murine IL-12 p40 gene, whose regulation has been
characterized only partially, requires NF-�B, C/EBP, and AP-1
proteins, as well as the inducible remodeling of a positioned
nucleosome spanning the promoter (39, 44, 60, 62). Induction
of NF-�B requires dissociation from I�B proteins and often
the posttranslational modification of NF-�B subunits (17). In-
duction of AP-1 activity generally requires phosphorylation of
c-Jun by JNK and transcriptional induction of the c-fos gene
(52). Induction of C/EBP in macrophages is poorly understood
but may require p38 MAPK activity and possibly other events
(4, 45). The pathways leading to remodeling of the nucleosome
spanning the p40 promoter are not known. However, remod-
eling appears to be independent of NF-�B, C/EBP, and AP-1
yet may require p38 MAPK (48, 59). Interestingly, LPS induc-
tion of the anti-inflammatory IL-10 gene appears to be inde-
pendent of NF-�B, and functionally relevant binding sites for
NF-�B, C/EBP, and AP-1 have not been identified in the IL-10
promoter (5, 8, 30, 41). Instead, IL-10 promoter activity in
macrophages is strongly dependent on a binding site for SP1,
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which may be a direct or indirect target of LPS-stimulated
pathways (10, 34).

Elucidation of the complete mechanisms by which the TLR4
TIR domain activates the many pathways required for induc-
tion of pro- and anti-inflammatory cytokine genes is an enor-
mous challenge. The only well-documented role of the TIR
domain is to support homotypic interactions (1, 37). In partic-
ular, dimerization or multimerization of the TIR domain may
be required for TLR4 signaling (28, 40). The TLR4 TIR do-
main can also interact with two TIR domain-containing adap-
tor proteins, MyD88 and TIRAP (MAL) (16, 22, 37, 40). Dis-
ruption of the MyD88 gene resulted in a severe defect in TLR4
signaling (25, 26). Disruption of TIRAP function using a cell-
permeable TIRAP peptide revealed that it is also critical for
TLR4 signaling (22). The precise relationship between MyD88
and TIRAP remains unknown.

In addition to the direct interactions with MyD88 and TI-
RAP, TLR4 assembles into complexes containing other impor-
tant signaling proteins, including IL-1R-associated kinases
(IRAKs), tumor necrosis factor receptor-associated factor 6,
receptor-interacting protein 2 (11), and protein kinase R (22).
However, these interactions appear to be indirect, and at least
a subset are mediated by the MyD88 or TIRAP adaptors.
Although no other proteins have been reported to interact
directly with the mammalian TLR4 TIR domain, the TIR
domain of the Drosophila Toll protein can interact directly with
Pelle, the Drosophila IRAK homologue (53, 56), and dMyd88,
the Drosophila Myd88 homologue (23). Furthermore, there
has been speculation that the Drosophila Tube protein may be
a Toll adaptor, although a direct interaction has not been
reported (3). Therefore, it remains unknown whether oli-
gomerization and the binding of MyD88 and TIRAP are suf-
ficient for TLR4 signaling or whether the TLR4 TIR domain
interacts directly with other proteins that may be critical for the
induction of some or all downstream pathways. The observa-
tion that different TLR proteins stimulate different sets of
target genes provides further support for the hypothesis that
each TIR domain may interact with unique sets of proteins
(13).

Although further characterization of MyD88, TIRAP, and
other known proteins will yield valuable information about
their functions, it will be difficult to determine when the com-
plete set of TLR4 adaptors has been identified and whether
there are adaptors that are dedicated to specific TLR proteins
or signaling pathways. To begin to address these issues, we
constructed a large panel of TLR4 substitution mutants to
identify critical surface residues and to determine whether the
residues required for the activation of various promoters are
identical or different. The results provide valuable information
about the point of divergence of signaling pathways and a
framework for future studies of TLR4 signaling.

MATERIALS AND METHODS

Plasmids. The murine IL-12 p40 chloramphenicol acetyltransferase (CAT)
reporter containing sequences from positions �378 to �55 has been described
previously (44). A CAT reporter containing three C/EBP sites from the mouse
IL-12 p40 promoter (C/EBP IL-12 CAT) was constructed by inserting the fol-
lowing primer and its complement between the BglII and KpnI sites of pCAT T/I
(44): CGTGTTGCAATTTGATATCGGGTGTTGCAATTCGCAAGTCTGTGT
TGCAAT. A CAT reporter containing three NF-�B sites from the IL-12 p40
promoter (NF-�B IL-12 CAT) was constructed similarly using the following

primer: CTAAAATTCCCCGCCTAAAATTCCCCGCCTAAAATTCCCCGCCA.
The pAP-1 reporter was from Stratagene. The NF-�B ELAM LUC reporter was
a gift from Paul Godowski (Genentech) and Robert Modlin (University of
California, Los Angeles). Murine IL-10 promoter-luciferase (LUC) reporters
were described previously (10).

pSR�, containing the CD4/TLR4 cDNA, was a gift from Ruslan Medzhitov
and Charles Janeway (Yale University). The CD4/TLR4 cDNA was amplified by
PCR and cloned between the HindIII and ClaI sites of pFLAG-CMV-1 (Sigma).
In the process, the murine CD4 leader (amino acids 1 to 26) was replaced with
a preprotrypsin leader and FLAG tag. Mutagenesis of the TIR domain was
performed by the Quikchange method (Stratagene). Deletion mutants were
created by introducing the TGA stop codon. Plasmids were verified by restriction
mapping and sequencing.

Cell lines and reagents. The RAW 264.7 murine macrophage line and 293T
human embryonic kidney line were maintained in Dulbecco modified Eagle
medium (Gibco) supplemented with 10% fetal calf serum (Omega Scientific).
Superfect (Qiagen) was used to transfect RAW 264.7 cells. The p38 MAPK
inhibitor SB203580 was from Calbiochem.

RAW 264.7 cell lines pcDNA3 and I�B-DA were generated by stably trans-
fecting cells with an empty pcDNA3 vector or a plasmid encoding an I�B-
estrogen receptor (ER) fusion. Clonal lines expressing I�B-ER were generated
by drug selection and limiting dilution. Cells were maintained in Dulbecco
modified Eagle medium supplemented with 10% fetal calf serum, 1 mg of G418
(GibcoBRL) per ml, and 1 mM sodium pyruvate (Omega Scientific).

Flow cytometry. 293T cells were transfected with 8 �g of the expression
plasmids by the CaPO4 method (27). Cells were stained on ice with phyco-
erythrin-conjugated anti-mCD4 monoclonal antibody (Pharmingen catalog no.
09005B). A total of 10,000 cells were counted using a FACSCalibur (Becton
Dickinson) flow cytometer and CELLQuest software. Cells whose fluorescence
signal in the FL2 channel was above that of mock-transfected cells were gated.

Reporter assays. For CAT and LUC assays, half a million RAW 264.7 cells per
well were seeded on six-well plates. The next day, cells were transfected with
Superfect (Qiagen). Three microliters of Superfect was used per microgram of
DNA; cells were incubated with Superfect/DNA mix for 3 h. Cells were harvested
24 h after transfection and used in reporter assays (44).

Sequence alignment and homology modeling. Protein sequence alignment
(using CLUSTALW algorithm) and secondary structure predictions were per-
formed on the NPS@ server (http://npsa-pbil.ibcp.fr). Homology modeling was
based on a known crystal structure of TLR2 (61) and was performed using the
Geno-3D server (http://geno3d-pbil.ibcp.fr). Additional minimization and mod-
eling were performed with the InsightII software package (Accelrys, Inc., San
Diego, Calif.) on the SGI Octane workstation. The software program GRASP
was used to construct the molecular surfaces presented in Fig. 7 (42). The
program MOLMOL (29) was used to calculate solvent-accessible surfaces (1.4-Å
probe radius).

RESULTS

The chimeric receptor CD4/TLR4 activates the murine
IL-12 p40 promoter. The goal of this study was to identify
residues within the TIR domain of human TLR4 that are
essential for the activation of a variety of signal transduction
pathways. The strategy was to transiently express a large panel
of TLR4 proteins containing alanine substitution mutations in
a physiologically relevant cell line and to monitor the effect of
each mutation on signaling pathways by cotransfection of ap-
propriate reporter plasmids. The cell line chosen for this anal-
ysis was the murine macrophage line RAW 264.7 because it
responds well to LPS and therefore is likely to contain most or
all of the relevant signal transduction molecules. Because this
line expresses endogenous TLR4, it was necessary to use a
strategy that allows signaling from the transiently expressed
wild-type and mutant proteins to be distinguished from that of
endogenous TLR4. The CD4/TLR4 chimeric receptor de-
scribed by Medzhitov et al. (36) was appropriate for this pur-
pose. When transiently expressed in macrophage cell lines, this
chimeric receptor is constitutively active and stimulates endog-
enous pro-inflammatory cytokine genes, suggesting that it
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is competent for activation of all of the relevant pathways
(36).

Although a large number of signal transduction pathways
are activated by LPS and presumably by CD4/TLR4, we pri-
marily focused on pathways that may contribute to activation
of the murine IL-12 p40 promoter. To confirm that signaling
via CD4/TLR4 can activate this promoter, RAW 264.7 cells
were cotransfected with the CD4/TLR4 expression plasmid
and a reporter plasmid, p40 CAT, which contains murine IL-12
p40 promoter sequences from positions �378 to �55 (relative
to the transcription start site) fused to a CAT reporter gene
(44). This promoter was strongly activated by the chimeric
protein (Fig. 1A, lanes 6 and 7). In contrast, the cytomegalo-
virus (CMV) promoter and a minimal core promoter contain-
ing a TATA box and Inr element were only weakly affected by
CD4/TLR4 (Fig. 1A, lanes 2 to 5). Activation of the p40 pro-
moter was dependent on binding sites for C/EBP and NF-�B
proteins, as a mutation in either site (from positions �93 to
�88S [�93/�88S] and �132 to �127S [�132/�127S], respec-
tively) greatly diminished activity (Fig. 1A, lanes 8 to 11).
These results, which are reminiscent of our findings following
LPS stimulation of RAW 264.7 cells (44), are presented graph-
ically in Fig. 1B.

CD4/TLR4 activates NF-�B, C/EBP, and AP-1 signaling
pathways. The results presented above suggest that CD4/TLR4
efficiently activates the NF-�B and C/EBP proteins that con-
tribute to p40 induction. To monitor the activation of these
proteins individually, CAT reporter plasmids were tested.
These plasmids contain three tandem recognition sites for ei-
ther NF-�B or C/EBP upstream of a minimal core promoter,
with the recognition sequences derived from the murine p40
promoter. Strong activation of both promoters by the CD4/
TLR4 protein was detected (Fig. 2). A recent study demon-
strated that efficient activation of the murine p40 promoter
also requires a functional binding site for AP-1 proteins (62).
In RAW 264.7 cells, CD4/TLR4 activated transcription from a
LUC reporter plasmid containing several AP-1 binding sites
(see below). The activation of NF-�B and AP-1 signaling path-
ways by CD4/TLR4 is consistent with the original analysis of
this fusion protein (37).

CD4/TLR4 activates the IL-10 promoter. LPS and microbial
antigens activate IL-10 gene transcription in human monocytes
(10, 18, 58). Induction of the murine IL-10 promoter requires
a binding site at positions �88 to �79 for transcription factor
Sp1, which may be a direct or indirect target of LPS-activated
signal transduction pathways (10, 34). To determine whether
TLR4 signaling is sufficient to activate the IL-10 promoter,
RAW 264.7 cells were cotransfected with the CD4/TLR4 ex-
pression plasmid and LUC reporter plasmids containing either
a 1.6-kb fragment of the murine promoter (positions �1536 to
�64) or a 182-bp minimal IL-10 promoter containing the Sp1
site (positions �118 to �64). CD4/TLR4 strongly activated
transcription from both reporter plasmids (Fig. 3). Promoter
activity was abolished by a substitution mutation in the Sp1
binding site that is essential for LPS induction (Fig. 3, m�88/
�79) (10).

Different signaling pathways activate transcription from the
various reporter plasmids. Because a major goal of this anal-
ysis was to compare the TLR4 residues required for activation
of different signal transduction pathways, it was important to

confirm that the promoters within the various reporter plas-
mids are indeed monitoring different pathways. To determine
the degree to which each promoter depends on signaling
through I�B, we generated RAW 264.7 cells expressing an
I�B-ER fusion protein (see Materials and Methods), which
acts as a dominant active repressor of NF-�B activity (32). The
I�B component of this fusion protein lacks the I�B kinase
phosphoacceptor sites and, therefore, is not targeted for pro-
teasome degradation upon cell activation. Although the initial
reason for using an ER fusion protein was to suppress NF-�B
activity only in the presence of tamoxifen, suppression was
observed in the absence of the drug (M. E. Haberland and G.
Cheng, unpublished data).

The suppression of NF-�B activity in one I�B-ER-express-
ing line (I�B-DA) is apparent in Fig. 4A. Although CD4/TLR4
strongly activated transcription from the NF-�B CAT reporter
plasmid in a RAW 264.7 line containing a stably integrated
pcDNA3 vector, activation was not observed in the I�B-DA
line (Fig. 4A, lanes 3 and 4). Activation of the p40 CAT
reporter gene was also strongly diminished (lanes 7 and 8); the
residual activation of this reporter gene probably results from
the activation of C/EBP and AP-1, consistent with the residual
promoter activity detected when the NF-�B binding site is
disrupted in the p40 promoter (Fig. 1A, lane 11). With the
C/EBP CAT reporter gene, activation by CD4/TLR4 was re-
tained in the I�B-DA line, although the CAT conversion was
reduced from 20 to 6.5% (Fig. 4A, lanes 5 and 6; Fig. 4B). With
a LUC reporter plasmid containing seven AP-1 binding sites,
LUC activity following CD4/TLR4 activation was reduced
from 1,700 U in the pcDNA3 line to 600 U in the I�B-DA line
(Fig. 4C). Interestingly, with both the C/EBP and AP-1 report-
ers, the basal activities appeared to increase in the I�B-DA
line, after normalizing to the activity of a CMV promoter-
reporter (Fig. 4B and C). At face value, these data suggest that
the I�B signaling pathway makes a significant contribution to
C/EBP and AP-1 activation. However, since these pathways
have not been connected in previous studies, a more likely
explanation is that the stable overexpression of I�B alters the
overall physiology of the cells, leading to indirect effects on
many signaling pathways. For the purposes of this study, the
significant activation retained in the I�B-DA line confirms that
the C/EBP and AP-1 reporters can be activated by pathways
that are independent of I�B.

Finally, activation of an IL-10 promoter-reporter gene by
CD4/TLR4 was monitored in the I�B-DA line. Consistent with
previous evidence that IL-10 expression is independent of the
I�B/NF-�B pathway (8, 10, 34), IL-10 promoter activity was
unaffected (Fig. 4C).

Previous studies suggested that p38 MAPK contributes to
LPS induction of C/EBP proteins in macrophages (4, 15). Con-
sistent with these data, activation of the C/EBP CAT reporter
gene by CD4/TLR4 was strongly diminished by a p38 inhibitor,
SB203580 (12) (Fig. 5A, lanes 6 to 8). In contrast, comparable
amounts of the dimethyl sulfoxide solvent used to dissolve the
inhibitor had minimal effects (Fig. 5A, lanes 3 to 5). Low
concentrations of inhibitor slightly elevated activation of an
NF-�B-LUC reporter gene by CD4/TLR4, with activity return-
ing to normal levels in the presence of higher concentrations of
inhibitor (Fig. 5A, lanes 10 to 16). The NF-�B-LUC reporter,
which served as a p38-independent negative control in this
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experiment, contains the ELAM-1 promoter, whose activity
depends almost exclusively on three NF-�B binding sites (50).
Finally, the SB203580 inhibitor was found to diminish activity
of the IL-10 promoter (Fig. 5B), suggesting that p38 plays a
role in the activation of Sp1 or another protein that contributes
to IL-10 promoter activity. This finding is consistent with pre-
vious evidence that p38 is involved in transcriptional induction
of the human IL-10 gene by LPS (34).

To summarize, five reporter plasmids that are likely to serve
as readouts for signal transduction pathways activated by CD4/
TLR4 have been characterized. When analyzing the panel of

CD4/TLR4 substitution mutants described below, the activity
of the NF-�B reporters will be reduced when mutants that
disrupt the I�B signaling pathway are tested. The activity of the
AP-1 reporter will presumably be reduced when mutants that
disrupt the JNK pathway and perhaps pathways contributing to
the induction of Fos family proteins are tested. The activity of
the C/EBP reporter will be reduced when mutants that disrupt
the p38 pathway and possibly other pathways that may be
required for optimal C/EBP activation are tested. Activity of
the p40 CAT reporter should be reduced when mutants that
disrupt any of the pathways involved in NF-�B, AP-1, or

FIG. 1. CD4/TLR4 activates the murine IL-12 p40 promoter. (A) RAW 264.7 cells were mock transfected (lane 1) or transfected (�) with the
CAT reporter plasmids and CD4/TLR4 expression plasmid as indicated (lanes 2 to 11). Data are from one representative experiment. (B) The
means and standard errors of the means (error bars) from four independent experiments (after phosphorimager quantitation) are shown. WT, wild
type.
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C/EBP activation are tested. Finally, like C/EBP reporter ac-
tivity, the activity of the IL-10 promoter-reporter should be
reduced when mutants that disrupt the p38 pathway are tested.
IL-10 promoter activity may also be reduced when mutants
that disrupt other pathways that contribute to induction of this
anti-inflammatory cytokine gene are tested.

Generation and expression of CD4/TLR4 mutants. Fifty-
seven mutants with alanine substitutions in the TLR4 TIR
domain were generated in the context of the CD4/TLR4 fusion
protein. For some of the mutants, the amino acids altered were
selected before TLR1 and TLR2 TIR domain crystal struc-
tures were available (61). After the crystal structures became
available, it became apparent that many of the altered amino

acids are internal and likely to contribute to the proper folding
and stabilization of the TIR domain. Therefore, using a TLR4
model derived from the TLR1 and TLR2 structures as a guide
(see below), a number of additional mutants that alter residues
at the surface of the protein were generated. The cDNAs for
all of the mutant proteins were inserted into the pFLAG-
CMV-1 vector, which drives transcription of the cDNA from a
CMV promoter-enhancer. This vector encodes a FLAG
epitope tag in frame with the N terminus of the expressed
protein, such that the protein expressed on the cell surface will
contain an extracellular FLAG tag (see Materials and Meth-
ods).

In addition to the substitution mutants, three deletion

FIG. 2. CD4/TLR4 activates NF-�B and C/EBP proteins. RAW 264.7 cells were mock transfected (lane 1) or transfected (�) with the CAT
reporter plasmids and CD4/TLR4 expression plasmid as indicated (lanes 2 to 6). Data are shown from one representative experiment.

FIG. 3. CD4/TLR4 activates the murine IL-10 promoter. RAW 264.7 cells were mock transfected (column 1) or transfected (�) with the LUC
reporter plasmids and CD4/TLR4 expression plasmid as indicated (columns 2 to 9). Means and standard errors of the means (error bars) from
four independent experiments are shown.
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mutants with part of the TLR4 TIR domain deleted were
generated in the context of the CD4/TLR4 protein. These
three C-terminal deletions, Y794STOP, R809STOP, and
W821STOP, were generated by introducing a stop codon into
the coding sequence.

The mutants analyzed are listed in the leftmost column of
Fig. 6. The amino acid numbering is based on the numbering
of the wild-type human TLR4 sequence (36) (GenBank acces-
sion number U93091). To compare their cell surface expres-
sion levels to that of wild-type CD4/TLR4, the expression
plasmids were transfected into 293T cells. After 48 h, the cells
were harvested and analyzed by flow cytometry using a mono-
clonal antibody to murine CD4. The geometric mean fluores-
cence observed with each mutant protein relative to the fluo-
rescence for the wild-type protein (100%) is shown in the
rightmost column in Fig. 6. All of the mutants, with the excep-
tion of mutants HYR708-711AAA and R809STOP, were ex-
pressed at approximately wild-type levels on the cell surface.
Thus, most mutations did not appear to affect the intracellular
localization of the CD4/TLR4 protein. Although expression
levels could not be determined in RAW 264.7 cells because of
low transfection efficiencies, the relative expression levels of
the wild-type and mutant proteins are likely to be comparable

to those determined in 293T cells. Attempts to use Western
blots to confirm that the expressed proteins were intact were
unsuccessful, due to insolubility and aberrant migration of the
transmembrane protein when analyzed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis, even when conditions
that are often compatible with transmembrane proteins were
used (data not shown).

Molecular phenotypes of CD4/TLR4 mutants. Expression
plasmids for the 60 mutant CD4/TLR4 proteins were trans-
fected into RAW 264.7 cells together with each of the five
reporter plasmids described above. The activity of each re-
porter plasmid when stimulated by each mutant is summarized
in Fig. 6. Reporter activities are presented as a percentage of
the activity observed with wild-type CD4/TLR4. In each re-
porter assay, basal activity (i.e., no CD4/TLR4 activator) was
subtracted from the activated signal. If the final value was
negative, it was set at zero.

The results obtained with all five of the reporter plasmids
were remarkably similar (Fig. 6). Most significantly, mutations
that reduced the activity of one reporter below 20% of the
wild-type value almost always reduced the activity of all other
reporters to a comparable extent. These results strongly sug-
gest that the same set of TLR4-mediated interactions is re-

FIG. 4. I�B dependence of reporter plasmids. (A) RAW 264.7 cell lines containing a stably integrated pcDNA3 vector or an I�B-ER expression
plasmid (I�B-DA line) were transfected (�) with reporter plasmids and the CD4/TLR4 expression plasmid as indicated. (B) The means and
standard errors of the means (error bars) from four independent experiments similar to those shown in panel A are shown, following normalization
to CMV-CAT activity. The activities in the pcDNA3 and IkB-DA lines are shown. (C) The pcDNA3 and I�B-DA cell lines were transfected with
the CD4/TLR4 expression plasmid and LUC reporter plasmids containing multiple AP-1 sites or the IL-10 promoter. Means and standard errors
of the means (error bars) from four independent experiments after normalization to CMV-CAT activity are shown.
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quired for the activation of all five promoters studied, includ-
ing the proinflammatory IL-12 p40 promoter and the anti-
inflammatory IL-10 promoter. In other words, divergence of
the various TLR4 signaling pathways is likely to occur down-
stream of the adaptors that interact directly with the TLR4
TIR domain.

Molecular modeling of CD4/TLR4 mutants. In addition to
the key conclusion described above, the results of this analysis
pinpoint structural motifs that contribute to TLR4 signaling.
For this analysis, a structural model of the TLR4 TIR was
needed. Because a crystal structure of TLR4 has not been
published yet, the published structures of the homologous TIR
domains from human TLR2 and TLR1 (61) were used to
prepare a model for the TIR domain of human TLR4. The

TLR4 sequence starting at position Y674 and ending at posi-
tion D817 was used for modeling. The structural model was
prepared using the NPS@ and Geno3D servers and the In-
sightII package (Accelrys, Inc.) and was subsequently visual-
ized using GRASP software (see Materials and Methods). The
TLR4 model folded similarly when the TLR1, TLR2, and
TLR2 P712H mutant structures (61) were used as the tem-
plates, implying that the model is reasonably accurate. Addi-
tional support for the validity of the model was provided by the
fact that a similar structure was produced with modeling tools
built into the InsightII software package (data not shown).

The alignment of the TLR2 and TLR4 primary sequences is
shown in Fig. 7A. The top line shows the phenotypes of the
TLR4 mutants, using a color code similar to that used for the

FIG. 4—Continued.
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surface representation model shown in Fig. 7B. The residues
that were not mutated are shown in black type. A few residues
that were mutated at the N and C termini are also shown in
black type because these residues were not included in the
TLR4 model or in the crystal structures of TLR1 and TLR2.
The residues that exhibit less than 25% exposed surface area in
the TLR4 model and TLR2 crystal structure are underlined in
the second and third lines of Fig. 7A. Three views of a GRASP
model of the TLR4 cytoplasmic domain are shown in Fig. 7B.

In Fig. 7B, the residues that were not mutated are shown in
white or gray.

In both Fig. 7A and B, residues shown in green are the
residues that, when altered, have no effect on promoter activity
or reduce promoter activity by an average of less than twofold.
Residues shown in yellow are those resides that, when altered,
reduce promoter activity by a value between two- and fivefold.
Amino acids shown in red are the amino acids that fulfill two
conditions: (i) when altered, these amino acids reduce pro-

FIG. 5. p38 MAPK dependence of reporter plasmids. RAW 264.7 cells were transfected (�) with reporter plasmids and the CD4/TLR4
expression plasmid as indicated. The SB203580 p38 MAPK inhibitor or the dimethyl sulfoxide (DMSO) solvent were added as indicated. Activities
of the NF-�B and C/EBP promoters (A) and of the IL-10 promoters (B) relative to that of untreated controls (100%) are shown. Means and
standard errors of the means (error bars) from four independent experiments are shown.
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FIG. 6. Phenotypes of the CD4/TLR4 mutants. Residues in the mutant designations are numbered according to the human TLR4 sequence. The
second through sixth columns show, for each mutant, the percentage of wild-type (WT) CD4/TLR4 activation of five different reporter plasmids. The
rightmost column shows the surface expression of each mutant expressed in 293T cells, as determined by flow cytometry. In columns 2 to 7, the colors
depict the percent activity of each mutant in each assay. In column 1, red, yellow, and green indicate the mean reporter activity from columns 2 to 6. Blue
depicts the subset of mutants in which at least one residue exhibits 25% surface exposure, if that mutant exhibits an average of 0 to 20% activity in the
reporter assays. White indicates the three deletion and two substitution mutants that alter residues that are not included in the homology model in Fig.
7. The data in columns 2 to 6 are the means and standard errors of the means from two (marked with an asterisk) or four experiments.
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moter activity by an average value of greater than fivefold, and
(ii) they exhibit greater than 25% exposed surface area. Amino
acids shown in blue are the amino acids that reduce promoter
activity by an average value of greater than fivefold but exhibit
less than 25% exposed surface area, suggesting a relatively high
probability that the structural integrity of the domain was com-
promised. If any residue within a double or triple mutant
exhibits less than 25% exposed surface area and if the mutant
reduced promoter activity greater than fivefold, all amino acids
altered in that mutant are shown in blue.

DISCUSSION

Common residues required for multiple signaling pathways.
The results of this analysis suggest that several and possibly all
signaling pathways activated by TLR4 diverge downstream of
the TIR domain. Of greatest significance is the finding that the
residues required for activation of the proinflammatory IL-12
p40 and anti-inflammatory IL-10 promoters were similar. Al-
though different signaling pathways are likely to be required
for the activation of these two promoters, we could find no
evidence that they require different TLR4 interaction surfaces.
The similar results obtained with reporter plasmids regulated
by NF-�B, C/EBP, and AP-1 proteins provide further evidence
against the existence of pathway-specific interaction surfaces.
Although these results suggest that the same set of adaptor
proteins may be required for the activation of all downstream
pathways, they leave open the possibility that, within a single
cell, two different adaptors may interact with the same TLR4
surface on different TLR4 molecules (or sequentially on the
same TLR4 molecule). In particular, MyD88 and TIRAP may
interact with the same surface yet may stimulate different
downstream pathways (16, 22).

The precise pathways required for the activation of each
reporter plasmid used for this analysis are difficult to deter-
mine. For example, for the reporter plasmids regulated by
three NF-�B recognition sites, it is not clear whether reporter
activation required only IKK activation or whether it also re-
quired the posttranslational modification of NF-�B subunits.
The direct activation of specific kinases will ultimately need to
be monitored, using either kinase assays or Western blots with
phosphorylation-specific antibodies. Unfortunately, these as-
says could not be used for the current analysis because of the
low transfection efficiencies of macrophage cell lines. For this
reason, it was also not possible to monitor nucleosome remod-
eling at the IL-12 p40 promoter; the restriction enzyme acces-
sibility assay used to monitor remodeling requires gene activa-
tion in a high percentage of cells. To monitor the TLR4
residues required for remodeling and the activation of specific
signaling pathways, it may be possible to use retroviral vectors
to express the mutant proteins.

Residues and structural surfaces involved in TLR4 signal-
ing. In addition to providing strong evidence that multiple
signaling pathways require the same TIR domain interactions,
the results of this analysis allow a detailed examination of the
interaction surfaces on the TLR4 TIR domain model. The
TLR4 model, like the TLR1 and TLR2 TIR domain structures,
contains a hydrophobic core, which includes 5 �-strands, sur-
rounded by 5 �-helices (61). A crystal structure of the TLR4
TIR domain will be needed to determine the validity of this
model.

The models shown in Fig. 7B reveal at least two exposed
surfaces that are critical for signaling. These two surfaces in-
clude the BB and DD loops. The BB loop can be visualized
most easily in view 3. The critical residues shown in red include
three that were altered simultaneously within the BB loop
itself (P714, G715, and V716) and five within the �B helix that
were altered in three separate mutants (I718, E725, G726,
F727, and K729). These residues form a contiguous surface
that has the potential to contribute to a protein-protein inter-
action.

The large patch shown in blue in view 3 in Fig. 7B includes
five other residues from the BB loop (Y709, R710, D711, F712,
and I713) and three residues from the �A helix (E697) and �B
strand (L705 and C706). Although mutations in these eight
residues eliminated TLR4 signaling, six of the eight (E697,
L705, C706, Y709, D711, and F712) are shown in blue because
they correspond to residues that exhibit less than 25% surface
exposure. The remaining two (R710 and I713) exhibit greater
than 25% surface exposure but are shown in blue because they
were mutated along with unexposed residues. One of these
exposed residues, R710, is a residue that contributes to a crit-
ical ion pair interaction (with E697) in TLR1 and TLR2 (61),
which greatly increases the probability that these residues play
an important structural role. Thus, although the low surface
exposure and ion pair contributions of seven of the eight res-
idues in this blue patch limit our ability to determine whether
they are required for a protein-protein interaction, there is a
reasonable chance that the critical interaction surface extends
into this region.

The patch of yellow below the blue patch in view 3 (Fig. 7B)
corresponds primarily to the AB loop (E698, P702, and Q704)
and indicates moderate importance for signaling. It is not clear
whether this region supports a protein-protein interaction that
modestly enhances but is not essential for TLR4 signaling or
whether the function of this region is solely structural.

It is important to note that residues within the BB loop were
previously shown to be critical for TLR and Drosophila Toll
signaling. These residues include those that correspond to
R710, D711, P714, and G715 in human TLR4 (51, 54, 61). In
fact, the widely studied Lpsd mutation in murine TLR4 (46),
which changes P712 to histidine, corresponds to P714 in hu-

FIG. 7. Structural model of the TLR4 TIR domain. (A) Amino acid alignment of TLR2 and TLR4. In the second and third lines, the TLR4
and TLR2 (49) residues that exhibit less than 25% exposed surface area are underlined. In the top line, the residues that were not mutated are
shown in black type. Residues that were mutated at the N and C termini are also shown in black. The phenotypes of the remaining substitution
mutants are shown using the same colors as in Fig. 6 (see “Molecular modeling of CD4/TLR4 mutants” for description). (B) Three views of the
GRASP model of the TLR4 cytoplasmic domain. For orientation purposes, the BB, DD, and EE loops are marked. Residues that were not mutated
are shown in white or gray.
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man TLR4. This mutation disrupts the interaction between
TLR4 and MyD88 (61), providing strong evidence that the
region shown in red in view 3 in Fig. 7B corresponds to the
MyD88 interaction interface. Although the previous analyses
of the P714 mutation suggested that the BB loop is responsible
for the MyD88 interaction, it was not previously known that
nearby surface residues within the �B helix are also critical for
TLR4 signaling. It will be interesting to determine whether
these residues, E725 and K729, are critical for the MyD88
interaction or for an interaction with the related TIRAP pro-
tein (16, 22).

The second patch of essential surface residues is best visu-
alized in view 1 in Fig. 7B. This patch contains four residues
from the DD loop (E775, K776, Q781, and Q782) and two
from the �C� helix (Y751 and E752). This region may support
an interaction with another signaling molecule or may be re-
quired for TLR4 oligomerization. It is interesting that two
critical residues, E775 and K776, are located on the underside
of the protruding region (see view 2), raising the possibility
that these residues contribute to an interaction that is distinct
from the interaction supported by the other critical residues in
this region.

In view 1 in Fig. 7B, a second patch of yellow is apparent in
the upper left corner. This region corresponds to the CD loop.
The data suggest that this loop may support a protein-protein
interaction that contributes to but is not essential for TLR4
signaling. Alternatively, a subset of residues within this loop
may make moderately important contributions to the TIR do-
main structure. Because all of the surface residues in yellow
exhibit less than 25% exposed surface area or were mutated
simultaneously with residues that exhibit less than 25% ex-
posed surface area, we favor the latter hypothesis.

Although mutations were introduced into a large percentage
of the TLR4 surface residues, the analysis was not complete.
However, it is unlikely that the unaltered surfaces of sufficient
size to support a protein-protein interaction. It is important to
note, however, that the alanine-scanning strategy used for this
analysis has the potential to miss important interaction sur-
faces. Loss of one or even two side chains that contribute to an
interaction may not reduce binding energy to a sufficient extent
to disrupt signaling.

One additional limitation is that many of the mutations
made before the crystal structures became available alter two
or three amino acids simultaneously. If any one amino acid
exhibits less than 25% solvent exposure, we interpreted the
results cautiously and highlighted all amino acids in blue. Over-
all, six amino acids that are greater than 25% exposed in the
TLR4 model (R710, I713, R731, R745, T793, and E796) were
shown in blue because they were mutated along with unex-
posed amino acids. Five other amino acids that are greater
than 25% exposed in the corresponding positions of the TLR2
crystal structure (D711, I723, S744, G765, and I766) were
shown in blue because they were mutated along with unex-
posed amino acids. These 11 exposed amino acids should be
mutated individually to determine whether they are critical for
signaling.

Deleting 19 amino acids from the C terminus of TLR4
(mutation W821STOP) had no effect on signaling, while de-
leting 31 (R809STOP) or 46 (Y794STOP) amino acids com-
pletely eliminated activity. The C terminus of TLR2 contains

an �-helix after the EE loop (61), and our structural model
suggests that the corresponding region of TLR4 also has an
�-helical structure. Mutant R809STOP is not expressed prop-
erly, and signaling is completely lost. This indicates that the
C-terminal �-helix may be essential for structural integrity.
This view is supported by the TLR2 crystal structure, which
indicates multiple intramolecular bonds between the C-termi-
nal �-helix and other structural elements. In accordance with
these results, an earlier study reported that a C-terminal de-
letion of only 30 amino acids from a related human type I
IL-1R causes a null phenotype (20). Also, deletion of 42 amino
acids from the C terminus of the mouse type I IL-1R destroys
function (31).

In conclusion, we have performed an extensive mutant anal-
ysis of the human TLR4 TIR domain, which revealed at least
two important surface patches. Careful in vitro studies are
needed to determine whether these surfaces correspond to
binding sites for adaptor proteins or are involved in receptor
oligomerization. Such studies would be of paramount impor-
tance for understanding the molecular mechanisms of LPS
signaling in macrophages and possibly other immune cells.
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