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TLR3 (Toll-like receptor 3) recognizes dsRNA, a potent indi-
cator of viral infection. The extracellular domain of TLR3
dimerizes when it binds dsRNA, and the crystal structure of the
dimeric complex reveals three sites of interaction on each extra-
cellular domain, two that bind dsRNA and one that is responsi-
ble for dimer formation. The goal of this study was to determine
which amino acid residues are essential for forming a stable
receptor-ligand complex and whether dimerization of TLR3 is
required for dsRNA binding. Using a novel ELISA to analyze
dsRNA binding by mutant TLR3 constructs, we identified the
essential interacting residues and determined that the simulta-
neous interaction of all three sites is required for ligand binding.
In addition, we show that TLR3 is unable to bind dsRNA when
dimerization is prevented by mutating residues in the dimeriza-
tion site or by immobilizing TLR3 at low density. We conclude
that dimerization of TLR3 is essential for ligand binding and
that the three TLR3 contact sites individually interact weakly
with their binding partners but together form a high affinity
receptor-ligand complex.

Many viruses produce dsRNA at some stage in their replica-
tion cycle. Although short stretches of dsRNA are normally
found in the microRNA, tRNA, and rRNA of most cells, only
viruses synthesize long dsSRNA molecules. Therefore, dsSRNA
longer than ~30 bp can serve as a potent molecular signature of
viral infection in higher organisms, including man. Conse-
quently, dsRNA is recognized by a number of pattern recogni-
tion receptors of the innate immune system, including TLR3
(Toll-like receptor 3) (1-3). TLR3 is a type I transmembrane
receptor with an N-terminal extracellular domain (ECD),? a
single transmembrane helix, and a C-terminal cytoplasmic sig-
naling domain of the TIR (Toll/IL-1 receptor) family. The ECD
of TLR3 is located in the interior of endosomes, where it
encounters and binds dsRNA and transduces signals that ini-
tiate inflammatory and adaptive antiviral responses. dsSRNA
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enters the endosomes either by direct uptake from the medium
or by phagocytosis of virally infected cells (4), and as the dsRNA
transits from early to late endosomes, the pH decreases pro-
gressively from pH ~6.2 to 5.5 (5).

Recent crystallographic studies have shown how TLR3 rec-
ognizes dsRNA at the molecular level (for a review, see Ref. 6).
The TLR3 ECD can be described as a coil comprising 23 tan-
dem leucine-rich repeat (LRR) motifs bent into the shape of a
horseshoe and capped at the N- and C-terminal ends by
specialized structures known as the LRR-NT and LRR-CT
domains, respectively (7, 8). The TLR3 ECD is decorated with
15 N-linked glycans and has one surface that is devoid of glycan
and free to interact with dsSRNA. Recombinant TLR3 ECD pro-
tein binds dsRNA under mildly acidic conditions, at pH values
similar to those found in early and late endosomes (9).
Although the TLR3 ECD is monomeric in solution, it binds as
dimers to 45-bp segments of dsRNA, and several dimers can
bind to long dsRNA strands (9). The x-ray structure of a single
TLR3 ECD dimeric complex with 46-bp dsRNA (10) reveals
that dsRNA interacts with two widely spaced sites on the gly-
can-free surface of each TLR3 ECD monomer (see Fig. 1, A and
B), one near the N terminus and one close to the C terminus. In
addition, the two TLR3 ECDs interact homotypically at their
LRR-CT domains. This is the only contact between the two
molecules of the dimer (see Fig. 1C) and is therefore responsible
for dimer formation. In the intact TLR3 molecule, a short linker
connects the LRR-CT domain to the transmembrane domain,
and it is likely that dimerization of ECDs transduces a signal
across the endosomal membrane by bringing the TIR domains
together on the cytoplasmic side of the membrane. Impor-
tantly, no conformational change in the TLR3 ECD occurs
upon ligand binding.

The crystal structure identifies the amino acid residues that
interact with either dsSRNA or the other ECD in the TLR3
ECD-dsRNA complex but does not indicate which residues are
essential for forming a stable complex. Previous studies (10—
14) showed that a number of mutations in the N- and C-termi-
nal dsRNA-binding site regions (summarized in supplemental
Table S1) block dsRNA-dependent activation of TLR3, but it
was not known if these mutations affect the binding of dsSRNA
to TLR3 or if an intact dimerization site is required for ligand
binding or activation. In this study, we identified essential res-
idues using a newly developed ELISA to measure dsRNA bind-
ing to mutant TLR3 proteins. We show that dimerization is
required for ligand binding and that dsRNA recognition and
signaling by TLR3 require the simultaneous interaction of the
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two dsRNA-binding sites and the dimerization site, each of
which by itself interacts weakly with its binding partner.

EXPERIMENTAL PROCEDURES

Vector Construction and Site-directed Mutagenesis—Muta-
tions of human TLR3 in pUNO (InvivoGen) were made using a
QuikChange® site-directed mutagenesis kit (Stratagene) as
described (10, 11). DNA encoding monomeric YFP (a gift from
Dr. Susan Pierce, NIAID) with an N-terminal GGGGGG linker
was inserted into BamHI and Nhel sites at the 3'-end of each
TLR3 construct. All constructs were verified by sequencing.

dsRNA Generation and Biotin Labeling—The synthesis and
purification of dsRNA oligonucleotides were described previ-
ously (9). dsRNA was end-labeled with biotin as described (9) or
was biotin-labeled using a LabellT kit (Mirus Bio).

Transfection—HEK293 cells (8 X 10°) were transfected with
20 wg of WT or mutant pUNO-TLR3-YFP plasmid DNA using
Lipofectamine 2000 (Invitrogen) and harvested 48 h post-
transfection. Pellets containing 107 cells were lysed with 1 ml of
lysis buffer (1% Triton X-100, 10 mm Tris (pH 7.4), 150 mm
NaCl, 5 mm EDTA, and protease inhibitors (Roche Applied
Science)) on ice for 40 min. After centrifugation at 16,000 X g
for 20 min at 4 °C, supernatants were stored at —80 °C. Control
lysates were generated from untransfected cells.

dsRNA Binding Assay—This assay is shown schematically in
supplemental Fig. S1. Corning/Costar 96-well microplates were
coated with goat anti-mouse IgG2a (Fcy-specific; Jackson
ImmunoResearch Laboratories) at 4 ug/ml in PBS for 2 h at
37 °C. Plates were washed; blocked with 5% BSA in 10 mm Tris
(pH 7.4), 150 mm NaCl, and 0.1% Tween 20 for 1.5 h at 37 °C;
and coated with mouse anti-GFP mAb 3E6 (Invitrogen) at 0.5
pg/ml (except where stated otherwise) in PBS for 2 h at 37 °C.
After washing, cell lysates (50 ul of a 1:10 dilution in lysis buffer
of stock lysate, except where stated otherwise) were added to
the wells and allowed to bind overnight at 4 °C. All subsequent
steps were performed at room temperature. The wells were
washed three times with lysis buffer and three times with PiBST
(20 mmM PIPES, 150 mm NaCl, and 0.1% Tween 20 at the indi-
cated pH). Biotin-labeled 540-bp (unless stated otherwise)
dsRNA (bio-dsRNA; 50 ul in PiBST at the indicated concen-
tration and pH) was incubated with plate-bound TLR3-YFP
at room temperature for 2 h, washed four times with PiBST,
and labeled with horseradish peroxidase (HRP)-conjugated
streptavidin (1:5000 in PiBST; Thermo Scientific). The rela-
tive amount of plate-bound TLR3-YFP was quantified for
each lysate using rabbit anti-GFP polyclonal antibody (1
pg/ml, 50 pl/well; Invitrogen), followed by HRP-conju-
gated goat anti-rabbit IgG (1:5000, 50 pl/well; Jackson
ImmunoResearch Laboratories). Bound bio-dsRNA and bound
TLR3-YFP were detected using HRP substrate reagent (R&D
Systems) and a FLUOstar OPTIMA plate reader (BMG
Labtech). Duplicate wells were used for all samples. Data are
presented as the mean * S.D. of A, ,(dsRNA)/A,5,(TLR3-
YFP). All TLR3 mutants were assayed in at least three inde-
pendent experiments.

TLR3 Stimulation—TLR3 activation was followed using an
NE-kB reporter system as described (11, 15). Briefly, HEK293
cells (2.5 X 10*in 100 wl/well) were plated in 96-well plates and
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cultured overnight. Cells were transfected using Lipofectamine
2000 with a mixture of pUNO-TLR3 (WT or mutant), pSV-3-
galactosidase (12 ng), IgkB-firefly luciferase (6 ng), and empty
vector (total DNA, 400 ng). At 16-18 h post-transfection,
540-bp dsRNA was added to a final concentration of 10 pg/ml.
The B-galactosidase and luciferase activities were determined
6 h later. Each sample was measured in triplicate, and each
mutant was assayed in a minimum of three separate experi-
ments. Statistical comparisons between groups were made
using analysis of variance and the Holm-Sidak method for mul-
tiple pairwise comparisons. p < 0.05 was considered to be sig-
nificant. Data were analyzed using SigmaStat (SPSS, Inc.).

RESULTS

The C-terminal Dimerization Site Is Essential for TLR3
Signaling—TLR3 dimerization is mediated by intermolecular
contacts between LRR-CT domains. The site of dimerization is
located on a 2-fold symmetry axis and contains two hydrogen
bond pairs, Asp®*®/Thr®”® and Glu®*?/His®®?, and a structural
proline residue, Pro®®° (Fig. 1C). Because it was not known if the
dimerization interaction is necessary for signaling, we intro-
duced a number of mutations designed to disrupt this interac-
tion and tested their effects on the dsRNA-dependent activa-
tion of NF-kB. First, we found that all mutant proteins were
expressed in transfected HEK293 cells (supplemental Fig. S2).
We then tested their capacity to activate an NF-kB reporter
plasmid in response to dsRNA in HEK293 cells. As shown in
Fig. 2, three mutants, D648A, T679A, and P680L, were totally
unresponsive to dsRNA, whereas H682A and E652A were par-
tially active compared with WT TLR3. Cells transfected with
high amounts of WT or mutant TLR3 were constitutively
active, indicating that the mutants were still capable of signal-
ing when forced to dimerize at high membrane densities. We
conclude that the responsiveness of TLR3 to dsRNA requires
an intact dimerization site. Whether this site also influences
ligand binding is examined below.

dsRNA Binding to TLR3—To address how amino acids in the
TLR3 ECD contribute to the binding of dsRNA, we developed
an ELISA that detects the binding of bio-dsRNA to immobi-
lized TLR3 derived from transfected cell lysates (shown sche-
matically in supplemental Fig. S1A). As shown in Fig. 34, TLR3
bound bio-dsRNA at pH 5.5 and 6.0 and less at pH 6.5, and no
binding was observed at pH 7.0. The binding of bio-dsRNA was
saturable because it reached a plateau at higher dsRNA concen-
trations (Fig. 34) and was inhibited by comparable concentra-
tions of unlabeled 540-bp dsRNA (Fig. 3B). As expected, bind-
ing was also inhibited by poly(I)poly(C), a high molecular
weight dsRNA analog, but not by DNA, which does not bind to
or activate TLR3 (1, 9). Moreover, a minimum length of ~48 bp
was required for binding, and the affinity of binding increased
with dsRNA length (Fig. 3C), in agreement with previously
reported surface plasmon resonance results (9). Because the
ELISA detected a saturable binding site with the same specific-
ity and pH dependence found previously for pure TLR3 ECD
protein (9), we conclude that it provides a reliable semiquanti-
tative method for measuring dsRNA binding to TLR3.

Binding Efficiency Increases with TLR3 Density—To deter-
mine whether multimerization of TLR3 is important for ligand
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to each well, and binding was
C-terminal dsRNA site  detected as described under “Exper-
imental Procedures.” As seen, at
low densities, TLR3 was unable to
bind dsRNA; however, the dsRNA:
TLR3 ratios increased sharply as
the amount of immobilized TLR3
increased. This result strongly sug-
gests that multiple TLR3 molecules
are required to bind dsRNA. In a
second experiment (Fig. 4, open cir-
cles), increasing amounts of anti-
GFP mAb were immobilized and
then treated with saturating con-
N-terminal dsRNA site centrations of TLR3-YFP. In this
case, because the anti-GFP mAb is
divalent, we would expect TLR3-
YFP molecules to bind to the plate
in dimeric clusters (supplemen-
tal Fig. S1C). Interestingly, when
bound to the plates in this way, even
low densities of immobilized TLR3
were able to bind dsRNA, suggest-
ing that two closely spaced TLR3
molecules are sufficient for ligand
binding.

An Intact Dimerization Site Is
Required for dsRNA Binding—Be-
cause the data of Fig. 4 suggest that
TLR3 oligomerization is essential
Dimerization site for dsRNA binding, we asked

¢ H108

whether the LRR-CT dimerization
site is also essential for ligand bind-
ing. For these experiments, we
tested mutants used in the experi-
ment of Fig. 2 for dsRNA binding.
As shown in Fig. 5, P680L failed to

bind dsRNA at all pH values tested,

whereas T679A and D648A bound
weakly at pH 5.5 but did not bind
dsRNA at higher pH. Pro®*° appears

FIGURE 1. The three sites of interaction on the TLR3 ECD. Three orthogonal views of the TLR3 ECD-dsRNA  to stabilize a prominent loop in the

complex are shown. A, view looking down the 2-fold symmetry axis of the complex from the top. The C-termi-

dimerization site that includes

nal dsRNA-binding site is shown in detail. B, side view of the complex showing the “horseshoe” shape of the 679 11 K
TLR3 ECD. The N-terminal dsRNA-binding site is shown in detail. C, view of the complex looking down the Thr®” (Fig. 1C) but does not itself
dsRNA helical axis. Note that the two TLR3 ECD molecules contact each other only at a single site near their  jnteract with other amino acids.

C-terminal ends. The dimerization site is shown in detail. In A-C, the two TLR3 ECDs in the complex are colored
pink and blue, and the dsRNA is colored orange and depicted in schematic form. N-Linked glycans are colored

Interestingly, this Pro residue is

yellow. Contacting residues in the N- and C-terminal dsRNA-binding sites are colored dark blue and magenta, ~ conserved in all human TLR paral-
respectively, and the dimerization site is colored green. Coordinates are from Protein Data Bank code 3ClY, and ogs, but in contrast to TLR3, it is not

interacting residues are identified in Ref. 10. The figures were generated using PyMOL.

required for activation of other
TLRs.®> We conclude that the TLR3

binding, we measured the amount of dsSRNA bound per TLR3  C-terminal dimerization site is essential for dSRNA binding
molecule at increasing levels of immobilized TLR3. We rea- even though it does not interact directly with dsRNA (Fig. 1C).
soned that if dsRNA binding required multiple TLR3 mole- Both dsRNA-binding Sites Are Required for Ligand Binding—
cules, then no binding would occur until a critical density of Previous studies (10-14) showed that mutations in the two
TLR3 molecules was achieved. In the experiment shown in Fig.  dsRNA-binding site regions of TLR3 abrogate signaling, but it
4 (closed circles), increasing amounts of TLR3-YFP were added

to immobilized anti-GFP mAb on the ELISA plate (supplemen-

tal Fig. S1B). A constant amount of bio-dsRNA was then added Y. Wang, unpublished data.
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FIGURE 2. Mutations in the dimerization site render TLR3 nonresponsive
to dsRNA. HEK293 cells were transfected with normal or high amounts of
plasmid expressing WT or mutant TLR3 or empty vector (Ctrl) and then stim-
ulated with 540-bp dsRNA and tested for NF-kB activation. Data are pre-
sented as the mean = S.E. (n = 3). %, p < 0.001.
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FIGURE 3. Binding of dsRNA to TLR3 is saturable, specific, and depends
upon pH and dsRNA length. A, serial dilutions of bio-dsRNA were added to
immobilized WT TLR3-YFP at the indicated pH values. B, increasing concen-
trations of unlabeled 540-bp dsRNA, poly(l)-poly(C), or plasmid DNA were
mixed with bio-dsRNA (0.5 wg/ml) and added to immobilized WT TLR3-YFP at
pH 6.0. C, bio-dsRNA oligonucleotides of increasing lengths were tested for
binding toimmobilized WT TLR3-YFP at pH 5.5 and 6.0. Bound bio-dsRNA and
TLR3-YFP were quantified as described under “Experimental Procedures.” At
least three independent experiments were performed for each WT or mutant
TLR3 protein. Data are presented as the mean = S.D.from one representative
experiment. Where error bars are not indicated, they are smaller than the
symbol.

is not known how these mutations affect ligand binding. In the
N-terminal dsRNA-binding site, three conserved histidine res-
idues, His*®, His®°, and His'%, form salt bridges with consecu-
tive dsRNA phosphate groups (Fig. 1B). In signaling studies, the
H39A and H60A mutants were inactive, whereas H108A still
responded to dsRNA stimulation (supplemental Table S1). In
agreement with the signaling results, H39A lost the capacity to
bind dsRNA at all pH values tested (Fig. 6), indicating that the
imidazole group of His®® is essential for forming a stable
TLR3-dsRNA complex. However, the H60A mutant retained
binding capacity similar to WT levels at pH 5.5 but showed
diminished binding relative to WT TLR3 only at pH 6.0 and
above. Because H60A bound dsRNA at pH 5.5, the inability of
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FIGURE 4. dsRNA binding depends upon the density of immobilized
TLR3-YFP. @, ELISA plates were coated with anti-mouse Fc, followed by anti-
GFP mADb (which cross-reacts with YFP) and increasing concentrations of cell
lysate containing WT TLR3-YFP; O, anti-mouse Fc-coated plates were incu-
bated with increasing amounts of anti-GFP mAb, followed by a saturating
concentration of WT TLR3-YFP. In both cases, the amount of bound bio-
dsRNA/TLR3-YFP was determined as indicated under “Experimental Proce-
dures.” See also supplemental Fig. S1 AU, absorbance units.
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FIGURE 5. An intact dimerization site is required for dsRNA binding.
Shown is the binding of bio-dsRNA to WT TLR3 and mutants D648A, T679A,
and P680L in the dimerization site of TLR3 at pH 5.5, 6.0, 6.25, and 6.5. These
mutants were inactive in signaling experiments (Fig. 2). A diagram of this site
is shown in Fig. 1C.

H60A-transfected reporter cells to respond to dsRNA sug-
gests that the pH of the intracellular compartment in which
TLR3 encounters dsRNA is higher than 5.5, consistent with
binding occurring in early, but not late endosomes. Interest-
ingly, Pirher et al. (12) found that H39R, a mutation that
replaces a positively charged imidazole side chain with a pos-
itively charged guanidinium group, retained almost full sig-
naling capacity. This was also reflected in binding capacity
because the H39R mutant bound dsRNA equivalently to WT
TLR3 at pH below 6.5 (Fig. 6).

In the C-terminal dsRNA-binding site, two residues that are
important for signaling, His*** and Asn®*', contact a phosphate
group and a 2'-hydroxyl, respectively, in dsRNA (Fig. 1A4).
H539E and N541A were inactive in signaling assays (11, 14),
and as shown in Fig. 7, these mutants were unable to bind
dsRNA atall pH values tested. A third mutant, H539A, retained
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dsRNA-binding site. Shown is the binding of dsRNA to WT TLR3 and N-ter-

minal dsRNA-binding site mutants H39A, H39R, H60A, and H108A at pH 5.5-
6.5. A diagram of this site is shown in Fig. 1B.
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FIGURE 7. The C-terminal dsRNA-binding site is required for ligand bind-
ing. Shown is the binding of dsRNA to C-terminal binding site mutants
H539A, H539E, and N541A. A diagram of this site is shown in Fig. 1A.

partial signaling activity, which was also reflected in its binding
capacity. At pH 5.5, the H539A mutant bound dsRNA equiva-
lently to WT TLR3, but at higher pH, binding was markedly less
compared with WT TLR3. We conclude that the amide group
of Asn®*! is essential for dSRNA binding and that the imidazole
group of His”*® contributes to binding but is not essential for
signaling. The substitution of a negatively charged carboxyl
group for a positively charged imidazole in H539E most prob-
ably leads to electrostatic repulsion of a phosphate group on the
dsRNA and total loss of binding. The observation that Asn®*! is
essential for dsSRNA binding and interacts with a 2'-hydroxyl
provides one explanation for why TLR3 binds dsRNA but not
dsDNA.

DISCUSSION

Our previous studies showed that the TLR3 ECD binds as
dimers to dsRNA and that dimerization is mediated by inter-
molecular interactions between the LRR-CT domains (9, 10).
However, it was not known whether dimerization is essential
for either ligand binding or signaling. Here, we have shown that
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both ligand binding and signaling require receptor dimeriza-
tion. First, we found that if dimerization was prevented by
immobilizing TLR3 at low density, TLR3 was unable to bind
dsRNA (Fig. 4). However, TLR3 molecules that were immobi-
lized in dimeric clusters at the same low overall density readily
bound dsRNA. Second, mutation of several contacting residues
in the dimer interface resulted in a loss of dsSRNA binding and
signaling by TLR3 (Figs. 2 and 5). These residues are far
removed from dsRNA in the crystal structure and could not
have interacted directly with the ligand, implying that the inter-
action responsible for dimerization is essential for ligand bind-
ing and signaling. From these results, we conclude that TLR3
dimerization is not only a result of ligand binding but also plays
an essential role in forming the receptor-ligand complex.

Mutational analyses also showed that stable dsRNA binding
requires functional C-terminal dsRNA-binding sites. These
findings were consistent with previous results (Refs. 10—14;
summarized in supplemental Table S1) in which several N and
C-terminal dsRNA-binding site mutations resulted in loss of
signaling capacity of TLR3 in reporter cell experiments.
Whereas some of these mutations prevented dsRNA binding at
all pH values tested (H39A and N541A), others (H60A and
T648A) retained partial binding capacity, particularly at lower
pH. We also identified other mutations (H108A and H539A)
that showed decreased ligand binding but were nevertheless
active in signaling experiments. Thus, results from signaling
experiments do not strictly correlate with binding in all situa-
tions. The loss of binding and signaling capacities induced by a
single mutation at one site in the TLR3 ECD implies that
together the other two sites interact too weakly to form a stable
complex. Because mutations at each of the three interacting
sites render TLR3 inactive, we conclude that no two sites
together provide sufficient energy for stable complex forma-
tion, but instead, a stable TLR3-dsRNA complex requires the
cooperation of three weakly interacting, widely spaced sites.
Previous studies (9) indicated that the binding of dsRNA to
TLR3 is positively cooperative. This could best be explained if a
TLR3 molecule first binds weakly to dsRNA by its N- and C-ter-
minal dsRNA-binding sites and then forms a stable complex by
interacting with a second molecule at its dimerization site per-
haps by sliding or jumping along a dsRNA strand.

The requirement for the simultaneous interaction of the
three TLR3 binding sites for stable complex formation provides
several advantages for dsRNA recognition. First, the weak
interaction of the two dsRNA-binding sites with dsRNA pre-
vents the formation of stable complexes in which single TLR3
molecules are located far apart from each other on a long
dsRNA strand and are therefore unable to trigger downstream
signaling pathways. Stable binding occurs only when two mol-
ecules come together. In addition, because the homotypic
dimerization interaction by itself is weak, TLR3 does not di-
merize and signal in the absence of dsRNA, except at abnor-
mally high membrane densities. Finally, short dsSRNA seg-
ments, such as those present in self-tRNA, microRNA, and
ribosomes, cannot activate TLR3 because dsRNA can form a
stable complex with TLR3 only by interacting with both
dsRNA-binding sites on both molecules of the dimer, which
requires a minimum length of ~45 bp.
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The low affinity contributed by each site is likely due to the
fact that the interactions involved in complex formation consist
for the most part of hydrogen bonds or salt bridges (10), which
are intrinsically weak in an aqueous environment. These types
of interactions are quite distinct from those stabilizing the
other known TLR:ligand complexes, LPS with TLR4:-MD-2, and
lipopeptides with TLR1-TLR2 or TLR6*TLR2 (16 —18). In those
complexes, fatty acids from the ligand cross-link TLRs by form-
ing strong interactions with hydrophobic amino acid side
chains in the TLR ECD or in MD-2, often in hydrophobic pock-
ets or cavities. It is remarkable that although the contact resi-
dues in TLR3 are nonstructural, hydrophilic, and exposed to
the medium, they are nevertheless strictly conserved in all
known TLR3 orthologs (10). This suggests that the cooperation
of three widely spaced, weak binding sites represents an ancient
strategy used by most vertebrates for the detection of viral
infection.
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