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ABSTRACT: Microbial nucleic acids in the extracellular milieu are
recognized in vertebrates by Toll-like receptors (TLRs), one of the
most important families of innate immune receptors. TLR9
recognizes single-stranded unmethylated CpG DNA in endosomes.
DNA binding induces TLR9 dimerization and activation of a potent
inflammatory response. To provide insights on how DNA ligands
induce TLR9 dimerization, we developed a detailed theoretical
framework for equilibrium ligand binding, modeling the binding of
the ssDNA at the two main sites on the TLR9 ectodomain. Light
scattering and fluorescence anisotropy assays performed with
recombinant TLR9 ectodomain and a panel of agonistic and
antagonistic DNA ligands provide data that restrain the binding
parameters, identify the likely ligand binding intermediates, and
suggest cooperative modes of binding. This work brings us one step
closer to establishing a rigorous biochemical understanding of how TLRs are activated by their ligands.

Vertebrates rely on the innate immune system as their first
line of defense against pathogens.1 Innate immune

receptors detect pathogen-associated molecular patterns
(PAMPs) that are common and conserved in microbes, but
absent in the host. A major family of innate immune receptors is
the Toll-like receptors (TLRs).2 TLR3, TLR7, TLR8, and TLR9
are found in endosomes and recognize nucleic acid PAMPs.3−7

TLR9 recognizes single-stranded DNA (ssDNA) containing
unmethylated CG nucleotide sequence motifs (CpGs).7 CpGs
are more prevalent in bacteria and viruses than in the
mammalian genome, in which most CG sequences are
methylated.8,9

The crystal structures of TLR9 ectodomain fragments from
mouse, horse, and cow have been determined without ligand
(apo), bound to antagonistic ligands 4084 and iSUPER, and
bound to 1668-12mer,10 a truncated version of the activating
oligonucleotide ligand 1668.11 These structures provided the
structural basis for the CpG specificity of TLR9 ligand
recognition. The apo-TLR9 structure was monomeric, but the
TLR9 ectodomain formed a dimer with bound 1668-12mer,
suggesting a model of TLR9 signal activation through
dimerization. Full-length membrane-inserted TLR9 is thought
to form loosely assembled inactive homodimers prior to binding
ssDNA, with ligand binding inducing a conformational
rearrangement and tightening of the dimer assembly necessary
to activate signaling.12 The two TLR9 ectodomains assemble
around two 1668-12mer oligonucleotides to form a 2:2
TLR9:oligonucleotide complex.10 The oligonucleotides, sand-
wiched between the two ectodomains, function as “molecular

glue” between the two TLR9 subunits.10 Each ligand in the
dimer interacts with two distinct binding surfaces on TLR9, near
the N- and C-terminal ends of the ectodomain, respectively.10

An additional binding site in TLR9 was recently identified in the
central region of the ectodomain, with specificity for short
ssDNA oligonucleotides containing the motif 5′-xCx,13 which
function as auxiliary ligands to enhance signaling.14 Auxiliary
ligands with analogous functions in signal augmentation have
been identified for TLR7 and TLR8.15,16

Although structural studies have shed light on how TLR9
recognizes ssDNA ligands, key open questions remain
concerning the signaling mechanism of TLR9. A reductionist
approach to determine the minimal sequence requirements for
an oligonucleotide to maximally activate TLR9 identified a
length of between 23 and 29 nucleotides as the optimal length
for mouse TLR9 agonists, with a 5′-TCC motif and CpG motif
located 5−7 nucleotides from the 5′ end.17,18 It remains unclear
why extending the length of the ligand beyond the 12
nucleotides observed in the TLR9:1668-12mer structure
enhances signaling. Moreover, modeling of ssDNA binding
has been limited by the use of either a 1:1 binding model (rather
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than a 2:2 model) or of the Hill equation.10,13,19,20 Although it is
known that the ligand-saturated state of a signaling-competent
TLR9-ssDNA complex is a 2:2 dimer, the set of assembly
intermediates through which this complex assembles is
unknown. TLR9 dimerization upon ligand binding can
theoretically occur if two TLR9 ectodomains first form 1:1
protein:ligand complexes and then come together to form 2:2
dimers, or alternatively if a single TLR9 first binds two
oligonucleotides (one at each binding site), and this 2:1
complex then recruits a free TLR9. Determining the most
prevalent intermediates in TLR9 dimerization and measuring
binding cooperativity would provide key missing links in our
understanding of TLR9 activation. Here, we propose an
equilibrium binding model for ligand-dependent dimerization
of TLR9 ectodomain, providing a theoretical framework for
different possible modes of binding. We support and refine our
model with biochemical and biophysical analyses of ligand
binding. Our work brings us one step closer to establishing a
detailed and rigorous understanding of the assembly inter-
mediates and energy landscape of DNA-dependent TLR9
activation.

■ MATERIALS AND METHODS
Purification of Mouse TLR9 Ectodomain (mTLR9-ECD).

A pMT plasmid encoding mTLR9-ECD with a secretion signal
and a C-terminal protein A tag was cotransfected with pCoBlast
at a 10:1 pMT:pCoBlast molar ratio into S2 insect cells. Stable
cell lines were selected with 100 μg/mL blasticidin. Protein
expression was induced with 0.5 mM copper sulfate. Five days
postinduction, the culture media was concentrated by
tangential-flow filtration on a 30 kDa cutoff membrane
(Merck). mTLR9-ECD was purified by protein A-affinity
chromatography with IgG Sepharose 6 Fast Flow resin (Cytiva)
in PBS. mTLR9-ECD was eluted with 0.1 M glycine−HCl pH
3.5 and 0.15MNaCl and immediately neutralized with 1/20 (v/
v) 1 M Tris pH 8. mTLR9-ECD was further purified on a
MonoS 4.6/100 PE ion-exchange column (Cytiva) in 10 mM
MES pH 6.0, 0.06−1 M NaCl. Protein eluting at 0.25−0.32 M
NaCl was pooled, cleaved, and further purified on a Superdex
200 10/300 size-exclusion column (Cytiva) in 10 mM Tris pH
7.4, 0.15 M NaCl. Uncleaved protein eluted as a mixture of
monomer and dimer. To remove the tag and proteolytically
activate mTLR9-ECD, the protein was incubated with 1/20−1/
50 (w/w) GluC protease (NEB) for 24−48 h at 4 °C. GluC was
removed with Benzamidine Sepharose 4 Fast Flow resin
(Cytiva). Cleaved mTLR9-ECD eluted as a monomer.
Dynamic Light Scattering (DLS). mTLR9-ECD (2 μM)

was incubated with 2 μMoligonucleotide (Sigma-Aldrich) in 10
mMMES pH 6, 0.15MNaCl, for 1 h at room temperature. After
spin-filtering through a 0.22 μm membrane (Costar), 30 μL
samples were loaded into black, clear-bottomed, 384-well plates
(Corning). Data were collected on a Wyatt Technologies
DynaPro II plate reader at 25 °C. Five acquisitions were
collected for each sample, with five measurements per
acquisition.
Size-Exclusion Chromatography Coupled to Multi-

angle Light Scattering (SEC-MALS). mTLR9-ECD (8 μM)
was incubated with 20 μM oligonucleotide 1668. The mixture
was loaded onto a Superdex 200 10/300 column in 10 mMMES
pH 6.0, 0.15 M NaCl, with a flow rate of 0.5 mL min−1 at 293 K.
Protein was detected with a UV detector at 280 nm (Agilent
Technology 1260), a quasielastic light scattering module
(DAWN-8+, Wyatt Technology), and a differential refractom-

eter (Optilab T-rEX,Wyatt Technology). Molar masses of peaks
in the elution profile were calculated from the light scattering
and protein concentration, quantified using the differential
refractive index of the peak, assuming dn/dc = 0.186, with
ASTRA6 (Wyatt Technology).

Relative Fluorescence Anisotropy. mTLR9-ECD was
titrated into a solution of oligonucleotide labeled at the 5′ end
with Alexa 488 (Sigma-Aldrich). The oligonucleotide concen-
tration used was 2 or 5 nM. Protein was added to a maximum
concentration of 100 nM. 30 μL samples were assayed in 384-
well black, clear-bottomed plates (Corning) with a ClarioSTAR
plate reader (BMG Labtech) using a 482/530 nm filter.
Data were fitted with a 1:1 binding model that accounted for

ligand depletion,21 using the following equation:
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where Af denotes the anisotropy of the free ligand, Ab the
anisotropy of the bound ligand, L the total ligand concentration,
andR the total protein concentration. Lwas fixed, andAb,Af, and
Kd were fitted using the known values of R and A. The fit was
performed with Prism8 (GraphPad).
For competition assays where fluorescent oligonucleotide was

displacing unlabeled oligonucleotide (Figure S1A), 2 μM
oligonucleotide 4084 was briefly incubated at room temperature
with increasing amounts of mTLR9-ECD. Fluorescent
oligonucleotide (5 nM) was then added. For competition assays
where unlabeled oligonucleotide was displacing bound fluo-
rescent oligonucleotide (Figure 3E,F, Figure S1B), 100 nM
mTLR9-ECD and 2 nM fluorescent oligonucleotide were
preincubated for 30 min at room temperature in 10 mM MES
pH 6, 0.15 M NaCl. Unlabeled oligonucleotide was titrated in,
and measurements were taken at 1.5 and 4.5 h. The inhibitor
constant, Ki, was calculated with the Cheng−Prusoff equation:
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Anisotropy Simulations. A custom script was written in
Python 3.7.3 to solve a system of equations as defined by the
relationships between KA, KB, and the components of the
system, P, D, PD, PD2, and P2D2. A similar script was used for
simulation with a simplified model using only K1 and K4 and for
fitting K1 and K4 to data. The scripts are available upon request
or at https://github.com/StevieReikine/TLR9_Anisotropy.

Mass Photometry. 100 nM uncleaved mTLR9-ECD was
incubated with 100 nM 1668 oligo or buffer control. 10 μL of the
protein was applied to 10 μL of buffer on a coverslip on a RE-
FEYN OneMP mass photometry system (RE-FEYN). Movies
were acquired for 60 s. The mass was calculated using a standard
protein calibration curve.

■ RESULTS
Equilibrium Ligand Binding Model for TLR9. To

generate a quantitative description of ligand-induced dimeriza-
tion of TLR9, we first need to establish a model of complex
formation that can be tested experimentally. A stoichiometric
binding equilibrium model representing the possible inter-
mediate states in TLR9 dimerization is presented in Figure 1A.
The model allows for assembly of the 2:2 active TLR9:DNA
complex via TLR9 dimerization upon binding two ligands, a
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single ligand, or no ligands. The term [PD] represents the
apparent binding of a DNA oligonucleotide (D) to TLR9 (P).
Since TLR9 has two oligonucleotide binding sites, [PD] is the
sum of [PDA] and [PDB], representing the oligonucleotide
bound at site A or site B, respectively. Hence, the macroscopic
equilibrium constants K1, K2, and K3 are each composed of at
least two microscopic binding constants, which describe the
equilibria between [PDA] and [PDB] and the previous or
subsequent state. These macroscopic binding constants will also
include other microscopic constants if binding induces a
conformational change or is cooperative. This model notably
describes the interactions between activating ligands and the
TLR9 ectodomain at the two primary sites and does not take
into account potential contributions of the auxiliary 5′-xCx
binding site, the transmembrane and TIR domains, or
membrane-tethering to complex assembly.
Our model has implications for the relationships between the

macroscopic binding constants (Figure 1B). Since mTLR9
ectodomain (mTLR9-ECD) remains predominantly mono-
meric at high protein concentrations,10 our model predicts that
K7 is large relative to K1. Moreover, given that K1K3 = K7K8, K3
would thus be very large. Similarly, if we assume that in the
presence of DNA TLR9 preferentially forms 2:2 TLR-DNA
dimers, even at low protein concentrations, K1K4 would be
relatively small, which would imply that K5 is very small, since
K1K4 = K3K5, and K3 is very large. This would lead to the
interesting hypothesis that the 2:1 TLR9:DNA dimer species
(P2D) rarely occurs. Our general model of equilibrium binding
can be solved for the concentration of bound ssDNA, [D]bound,

accounting for mass action (Figure 1C). [D]bound can be
measured experimentally in a ligand binding assay. A complete
solution of all macroscopic constants is not readily accessible
experimentally, but numerical solutions or simulations could in
principle be used to identify possible values for each constant.
Our equilibrium binding model is expressed in terms of

macroscopic binding constants, but considering its implications
for the microscopic constants is also informative. First, we
considered the scenario where the two ssDNA binding sites are
independent and not cooperative. The microscopic binding
constants forK1 areKA andKB, describing DNA binding to site A
and site B, respectively. Writing K1 in terms of the microscopic
constants, we obtain the following:
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For K2, the microscopic binding constants are also KA and KB,
provided ligand binding at one site does not alter the binding
affinity at the second site, for example, through a conformational
change in TLR9 or other allosteric mechanism. Writing K2 in
terms of the microscopic constants, K2 = KA + KB. The
macroscopic constants K1 and K2 are therefore related as
follows:

= +
+

= + +
l
moo
noo

|
}oo
~oo

K
K

K K
K K

K K
K
K

K
K

( )
22

1
A B

A B

A B

B

A

A

B

Since the constants cannot be negative, K2 > K1. This analysis
suggests that the most common intermediates in ligand-induced
TLR9 dimerization are 1:1 protein:DNA (PD) complexes with
one of the binding sites saturated with ligand, which then
assemble into 2:2 dimers (P2D2) (Figure 1D). However, this
analysis assumes that the two binding sites are independent. If
binding of the second ligand is cooperative, K2 could be smaller
than K1.
The microscopic binding constants for K3 are more complex

than for K1 and K2. The binding affinity of a free protein to an
ssDNA that is part of a protein:DNA complex is different than its
binding affinity to free DNA. Additionally, protein:protein
interactions may promote the K3 transition. In summary, our
theoretical analysis of TLR9 ligand binding based on a specific
set of assumptions makes testable predictions, specifically K3 >
K1 and K2 > K1, and provides a framework for experimental
characterization of ligand-induced TLR9 dimerization.

Agonists Induce TLR9 Dimerization. We set out to test
our equilibrium binding model and measure key parameters
experimentally with recombinant mTLR9-ECD and selected
ligands. Oligonucleotides 1668 and 1668-12mer were shown
previously to induce dimerization of mTLR9.10 Other agonistic
ligands are thought to activate TLR9 in the samemanner,22 but a
systematic comparison of the effect of different ligands on the
oligomeric state of TLR9 has not been performed. Hence, we
measured the oligomeric state of recombinant mTLR9-ECD in
the presence of five oligonucleotides (Table 1) by dynamic light
scattering (DLS). Our panel of ligands included the prototypical
agonists 1668 and 2006;11,23 the 1668-12mer oligonucleotide
used in the structural studies;10 minM, identified in cell-based
assays as the minimal DNA sequence required for potent
activation of mouse TLR9;17,18 and antagonistic oligonucleotide
4084, as a control for binding without dimerization.10

As expected, the hydrodynamic radii and molecular masses
calculated from DLS indicated that mTLR9-ECD formed a 1:1
complex with the antagonist 4084, and 2:2 complexes with all

Figure 1. Proposed general equilibrium model for TLR9-ECD agonist
binding. (A) Stoichiometric representation of the possible species in
equilibrium as TLR9 (P) binds an activating ssDNA ligand (D) and
dimerizes. The macroscopic equilibrium binding constants are labeled.
(B) Relationships between the macroscopic constants. (C) Solution for
the concentration of bound ssDNA, [D]bound. (D) Schematic of DNA
ligand-dependent TLR9 ectodomain dimerization. The two TLR9-
DNA interaction sites, sites A and B, are labeled on the protein and
ligand. The line width of the arrows represents the approximate
frequency of the indicated interaction in solution.
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four agonistic oligonucleotides (Figure 2A,B). The experimen-
tally determined molecular diameters of the complexes were
slightly larger than expected and the molecular masses
correspondingly smaller, because the DLS data were fitted to a
globular model whereas mTLR9-ECD has a nonglobular
horseshoe shape.

To obtain a more direct measure of the mass of a TLR9 dimer,
size-exclusion chromatography coupled to multiangle light
scattering (SEC-MALS) was performed on mTLR9 bound to
oligonucleotide 1668. As expected, the measured mass of 232
kDa was consistent with a 2:2 dimer (Figure 2C). We note that
the experimental hydrodynamic radii (Rh) determined from
SEC-MALS and DLS (5.3−5.6 nm) were approximately 10%
larger than the theoretical radius predicted from the
TLR9:1668-12mer crystal structure (4.9 nm; Figure 2D). This
slight discrepancy could be due to the method used to calculate
Rh (which was based on the root-mean-square distance from the
center of mass), or to the eight additional nucleotides in 1668
versus 1668-12mer, which were not taken into account.

Agonist Binding Assays Are Not Accurately Fitted by a
1:1 Model. To further investigate the binding modes of TLR9
ligands, relative fluorescence anisotropy ligand binding assays
were performed. mTLR9-ECD was titrated into 2 nM solutions
of oligonucleotides 1668, 1668-12mer, and 4084 labeled with

Table 1. Sequences and Properties of TLR9 DNA ssDNA
Ligands Used in This Study

oligonucleotide sequence notes

1668 tccatgacgttcctgatgct mouse TLR9 agonist11

1668-12mer catgacgttcct in TLR9 crystal structure10

2006 tcgtcgttttgtcgttttgtcgtt human TLR9 agonist17

minM tcctttcgttttttttttttttt minimal sequence for maximal
mTLR9 activation18

4048 cctggatgggaa inhibitor11

Figure 2. Ligand binding assays with mTLR9 ectodomain (mTLR9-ECD) in the presence of various ssDNA ligands. (A) Molecular diameter
histograms from dynamic light scattering (DLS). The data shown are representative of at least two independent experiments (see Data Set S1). (B)
Table of experimental and theoretical molecular diameters andmasses calculated fromDLS data. The polydispersity of each sample, related to the peak
width in part A, is listed. The theoretical diameters were calculated as twice the radius of gyration, Rg, of monomeric or dimeric TLR9 from the crystal
structures10 divided by 0.775, to convert to diameter of hydration, Rh (assuming Rh = Rg/0.775). (C) SEC-MALS of 8 μMmTLR9-ECD with 20 μM
oligonucleotide 1668. (D) Masses, Rh, and Rg determined from SEC-MALS data or calculated from the crystal structure.
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Alexa 488. The binding curves were fitted with a 1:1 ligand
binding model, accounting for receptor depletion (Figure 3A−
D). The apparent mTLR9 binding affinities were 29 nM for
4084 (95% confidence interval (CI) 18−48 nM, n = 1); 11 nM
for 1668-12mer (95% CI 8−15 nM, n = 4); 2.8 nM for 1668
(95% CI 1.7−4.4 nM, n = 3); and 3.2 nM for minM (95% CI
1.7−5.9 nM, n = 1). These values are consistent with
expectations, since minM is the most potent ligand, and 1668-
12mer has a shorter than optimal sequence. The anisotropy data
fitted the 1:1 binding model well for oligonucleotide 4084,
which does not induce dimerization. For the agonistic ligands,
the data points follow a steeper sigmoidal trajectory than the 1:1
model curve. The 1:1 binding model, while yielding reasonable
overall binding curve fits, consistently fails to capture the full
cooperativity of the 2:2 dimer complex assembly observed in the
data. Without additional data constraining some of the
parameters, the 2:2 model in Figure 1 contains too many
variables to produce a fit to the anisotropy data with a single
well-constrained solution.
Competition Assays Suggest Slow Oligonucleotide

Dissociation. The binding sites of the 1668-12mer agonist and

4048 antagonist oligonucleotides partially overlap.10 To
establish whether these two oligonucleotides bind compet-
itively, a competition experiment was performed by titrating in
mTLR9-ECD preincubated with a molar excess of unlabeled
4048 oligonucleotide into a solution containing Alexa 488-
labeled 1668-12mer. No binding of 1668-12mer was observed,
indicating that binding of 1668 and 4084 is competitive (Figure
S1A). We examined the equilibrium dynamics of this
competition by preincubating mTLR9 with Alexa 488-labeled
1668-12mer, titrating in a molar excess of unlabeled 4084 and
monitoring displacement of 1668-12mer over time. Unexpect-
edly, the competition experiments took several hours to reach
equilibrium (Figure 3E,F). This was also true when unlabeled
1668-12mer was used instead of 4084 as the competing
oligonucleotide (Figure S1B). We conclude that oligonucleo-
tides dissociate from the dimer very slowly, on the time scale of
hours.

Deconvolution of the Two Binding Sites Reveals
Cooperativity. To deconvolute the contributions of the two
ligand binding sites in mTLR9, two key residues involved in
ligand binding at site B were mutated. The mutations, E617A

Figure 3. Apparent binding affinities of mTLR9-ECD for various ligands measured by relative fluorescence anisotropy. (A−D) The equilibrium
binding affinities of different Alexa 488-labeled oligonucleotides for proteolytically activated mTLR9 were calculated from fitting to a 1:1 binding
model. The average Kd’s from replicate experiments are shown. Numbers in parentheses indicate 95% confidence intervals. (E, F) Competition
fluorescence anisotropy experiments reveal slow oligonucleotide dissociation. (E) Change of anisotropy over time after unlabeled 4084 was added to a
solution containing 100 nM mTLR9-ECD preincubated with 5 nM fluorescent 1668-12mer. (F) Anisotropy as a function of unlabeled 4084
concentration 1.5 h (black) and 4.5 h (green) after addition to mTLR9-ECD bound to 1668-12mer. The red dotted lines mark the anisotropy of the
fluorescent 1668-12mer, which is the expected anisotropy if all of the fluorescent oligonucleotide has been competed off the protein. (A−F) The data
shown are representative of one to four independent experiments (see Data Set S1).
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and H642A, are predicted to inhibit ligand binding at site B.
Since the H642A mutation alone abolished TLR9-dependent
signaling in a cell-based assay,10 we also predicted that these
mutations would inhibit dimerization. Indeed, Alexa 488-labeled
1668 oligonucleotide bound mTLR9-E617A/H642A with an
anisotropy response curve fitting a 1:1 binding model similar to
the binding curve for uncleaved mTLR9 (Figure 4A), suggesting
that the mutations in site B prevent dimerization. The binding
affinity of mTLR9-E617A/H642A for 1668 was 40 nM (95%CI
23−53 nM, n = 2). This provides the affinity of oligonucleotide
1668 for site A, which corresponds to the microscopic constant
KA.
To similarly determine the microscopic constant KB,

mutations predicted to disrupt ligand binding to site A, W96A
and Y132A,10 were introduced, and the affinity for oligonucleo-
tide 1668 was measured. The anisotropy data for mTLR9-
W96A/Y132A binding to Alexa 488-labeled 1668 yielded a
binding affinity for KB of 141 nM (95% CI 40−169 nM, n = 2),
calculated from fitting to a 1:1 binding model (Figure 4B). The
curve did not fit the 1:1 binding model as well as the site B
mutant, however, suggesting that the W96A/Y132A mutations
weakened but did not abolish binding of the ligand to site A.
Indeed, mass photometry analysis showed that a fraction of
mTLR9-W96A/Y132A dimerized in the presence of ligand
(Figure S2). The number of contact sites between the protein
and ligand at site A is greater than at site B,10 and it may not be
possible to fully inhibit binding to site A without destabilizing
the fold of mTLR9-ECD.
Cleavage of the ectodomain by an endosomal protease is

necessary for dimerization but not for ligand binding.10,24,25 To
confirm this in our system, fluorescence anisotropy was

measured with uncleaved mTLR9-ECD and Alexa 488-labeled
1668. The binding affinity was 12 nM (95%CI 6−24 nM, n = 2),
with a relatively good fit to a 1:1model curve, consistent with the
expected inability of the uncleaved ectodomain to dimerize
(Figure 4C). Moreover, since uncleaved TLR9 cannot dimerize,
this binding affinity reports on only two of the macroscopic
equilibrium constants defined in Figure 1, K1 and K2. The
deviation in the data from the theoretical fit (Figure 4C) is likely
due to the presence of two ligand binding sites on TLR9, sites A
and B, which the crystal structure suggests have different binding
affinities.10 Hence, early in the titration the ligand will primarily
bind the high-affinity site (site A), with the low-affinity site (site
B) becoming saturated with ligand last.
To evaluate whether the experimental binding curves could be

accurately predicted, computer simulations of binding curves for
1668 to uncleaved mTLR9-ECD were performed with micro-
scopic constants KA and KB set to values within the ranges
determined in Figure 4A,B. Simulations assuming no cooper-
ativity between sites A and B generated binding curves that were
shallower than the experimental binding curve (Figure 4C).
Lower values of KA (10−20 nM) improved the fit to the
experimental data, with KA = 10 nM and KB = 50 nM producing
the best-fitting simulated curve, but all simulated curves were
less sigmoidal than the data. This suggests that there is
cooperativity between the two binding sites, which is
unexpected given their physical separation.
We hypothesize above that the most common intermediates

in ligand-induced TLR9 dimerization are 1:1 protein:DNA
(PD) complexes with one of the binding sites saturated with
ligand, which then assemble into 2:2 dimers (P2D2). If the two
sites are independent, then modeling the binding as taking place

Figure 4. Experimental and simulated ligand binding assays with mTLR9-ECD variants show evidence of cooperativity between the two
oligonucleotide binding sites. (A) Affinity of Alexa Fluor 488-labeled oligonucleotide 1668 for mTLR9-ECD mutated at site B. (B) Equilibrium
binding affinity of oligonucleotide 1668 to mTLR9-ECDmutated at site A. Despite the mutations, this TLR9 variant remained partially competent for
dimerization (see Figure S2). (C) Affinity of oligonucleotide 1668 for mTLR9-ECD without proteolytic activation. Simulated curves calculated using
different values of KA and KB are shown alongside the experimental data. (A−C) The data shown are representative of two independent experiments
(see Data Set S1). The average Kd’s of the replicates are shown. Numbers in parentheses indicate 95% confidence intervals. (D) A simplified model
fittingK1 andK4 alone produced a similar curve (pink) as the 1:1 bindingmodel for 1668 (black). The fitted value forK1 (8.5 nM) is consistent with the
observedKd for uncleaved mTLR9 binding to 1668 (panel C), which is the same asK1 ifK2 = 0. The experimental data in panel D are the same as those
in Figure 3D.
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only through the pathways described by the macroscopic
constants K1 and K4 should be a good approximation (Figure
1D). To test this, simulations were performed on mTLR9-ECD
and 1668 data from Figure 3D using a simplified model in which
only K1 and K4 were fitted. This simulation produced a similar
curve as the 1:1 model for 1668 and failed to fully capture the
sigmoidal shape of the data (Figure 4D). This simulation
provides further indirect support that there is cooperativity
between the two sites. Binding cooperativity between sites A and
B would explain the more sigmoidal shape of all fluorescence
anisotropy binding curves presented in this study relative to
theoretical or simulated curves plotted assuming the sites were
independent.

■ DISCUSSION
Here, we present a robust theoretical equilibrium binding model
for TLR9 binding to DNA ligands complemented by in vitro
biophysical data onmTLR9-ECD binding to ligands. Our ligand
binding assays confirm that agonistic oligonucleotides induce
dimerization of proteolytically activated mTLR9-ECD, whereas
it remained monomeric in the presence of antagonistic ligand
4084. All ligands bound TLR9 tightly with overall apparent Kd
values in the low nanomolar range.More importantly, binding of
ligands that induced TLR9 dimerization did not fit a 1:1 binding
model, consistent with a more complex binding mode. The
shape of the fluorescence anisotropy binding curves is more
sigmoidal than predicted from a 1:1 binding model, suggesting
that binding of DNA to sites A and B is cooperative and involves
two or more binding events. Moreover, the unexpectedly long
time that it took ligand competition experiments to reach
equilibrium (several hours) revealed that dissociation of the
dimeric complex (P2D2) is very slow, despite the rate of dimer
assembly being relatively rapid.
Binding assays with a TLR9 variant containing mutations at

site B provided clear evidence that both oligonucleotide binding
sites are required for dimerization and provided the microscopic
constant for ligand binding to site A, KA (28 nM). Together,
these experiments and the DLS data for apo-TLR9 provide
experimental evidence that K3 > K1. Computational modeling of
uncleaved mTLR9-ECD binding to two ligands with a range of
KA and KB values further supports that the two sites are
cooperative. With both KA and KB known, ligand binding curves
for uncleaved TLR9, an obligatemonomer, could be fitted to our
2:2 binding model to further verify whether sites A and B are
cooperative, in contrast to what is suggested by the crystal
structure.
We present a theoretical model which can be tested

experimentally, as advances in biophysics will allow more
sensitive equilibrium measurements. The model could be
further constrained, for example, by determining whether the
species PD2 can be observed in equilibrium conditions
containing excess DNA, thus constraining K2 and K4.
Our ligand binding studies were performed with a soluble

ectodomain fragment in the absence of auxiliary oligonucleo-
tides (5′-xCx), which were recently shown to augment signaling.
The purpose of this study was to develop an accurate model for
TLR9-ECD binding to agonistic oligonucleotides and including
auxiliary oligonucleotides would have complicated interpreta-
tion of ligand binding data. However, the role of auxiliary
oligonucleotides is an important area for further study. In
particular, it will be important to examine whether 5′-xCx
oligonucleotide binding at the auxiliary site is independent of
ligand binding at sites A and B, and to determine the mechanism

through which auxiliary ligands promote dimerization. Future
studies with full-length membrane-inserted TLR9 are also
required to understand how the transmembrane and TIR
domains may contribute to complex formation.
A complete model for TLR9-DNA binding is presented, and

while there are many solutions for the macroscopic equilibrium
constants a priori, the experimental data presented narrow the
relationships between the macroscopic binding constants. To
obtain a unique solution for the complex 2:2 binding model of
TLR9 to its ligands, further experimental and numerical analyses
are required. Given the structural and mechanistic similarities to
other TLRs, most notably TLR7 and TLR8, this work will help
establish a more general model for TLR activation and guide
future efforts to design TLR9 agonists or antagonists.
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