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SUMMARY

Toll-like receptor 7 (TLR7) is a single-stranded RNA
(ssRNA) sensor in innate immunity and also responds
to guanosine and chemical ligands, such as imida-
zoquinoline compounds. However, TLR7 activation
mechanism by these ligands remain largely un-
known. Here, we generated crystal structures of
three TLR7 complexes, and found that all formed
an activated m-shaped dimer with two ligand-bind-
ing sites. The first site conserved in TLR7 and TLR8
was used for small ligand-binding essential for its
activation. The second site spatially distinct from
that of TLR8 was used for a ssRNA-binding that
enhanced the affinity of the first-site ligands. The first
site preferentially recognized guanosine and the sec-
ond site specifically bound to uridine moieties in
ssRNA. Our structural, biochemical, and mutagen-
esis studies indicated that TLR7 is a dual receptor
for guanosine and uridine-containing ssRNA. Our
findings have important implications for understand-
ing of TLR7 function, as well as for therapeutic
manipulation of TLR7 activation.

INTRODUCTION

Toll-like receptors (TLRs) are membrane receptors that play
a crucial role in the innate immune system (Takeuchi and Akira,
2010). TLRs are type | membrane glycoproteins that have been
structurally characterized to harbor extracellular leucine-rich
repeat (LRR) domain, a single transmembrane domain, and
a cytoplasmic Toll/interleukin-1 receptor (TIR) domain (Bell
et al., 2003; Matsushima et al., 2007). TLRs function as sensors
for a limited number of pathogen-associated molecular patterns
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and for danger-associated molecular patterns (Aderem and Ule-
vitch, 2000; Janeway and Medzhitov, 2002; Takeuchi and Akira,
2010). Once TLRs recognize certain molecules through their
LRR domains, such as double-stranded RNA in the case of
TLRS3 (Alexopoulou et al., 2001; Liu et al., 2008), lipopolysaccha-
ride for the TLR4-MD-2 complex (Hoshino et al., 1999; Nagai
et al., 2002; Ohto et al., 2012; Park et al., 2009; Poltorak et al.,
1998), single-stranded RNA (ssRNA) for TLR7, TLR8, and
TLR13 (Diebold et al., 2004; Heil et al., 2004; Oldenburg et al.,
2012; Song et al., 2015; Tanji et al., 2013; Tanji et al., 2015),
and CpG-containing DNA for TLR9 (Hemmi et al., 2000; Ohto
et al., 2015), the cytoplasmic TIR domains recruit downstream
TIR domain-containing adaptor molecules such as myeloid
differentiation factor 88 (MyD88) and TIR domain-containing
adaptor inducing interferon-f (TRIF) (Song and Lee, 2012). The
signal-transduction pathways thus initiated eventually lead to
the production of proinflammatory cytokines and type | inter-
ferons that mobilize host immune responses (Takeuchi and
Akira, 2010).

TLRs are located either in the cell membrane or the endo-
somal membrane (Takeuchi and Akira, 2010). Endosome-local-
ized TLR7 and TLR8, the TLRs that are most similar in both
sequence and function, recognize viral ssRNAs, a class of imi-
dazoquinoline compounds, and guanosine analogs (Diebold
et al., 2004; Heil et al., 2003; Heil et al., 2004; Hemmi et al.,
2002; Jurk et al., 2002; Lee et al., 2003; Shibata et al., 2015).
Exogenous ssRNAs originating from viruses such as human im-
munodeficiency virus type 1 (Heil et al., 2004), hepatitis C virus
(Takahashi et al., 2010), and influenza A virus (Wang et al., 2008)
are considered naturally occurring ligands for these receptors,
although synthetic small interfering RNAs (siRNAs) also activate
TLRY through either one or both of the separated strands (Hor-
nung et al., 2005). Moreover, self ssRNAs such as microRNA
let-7 (a gene-expression regulator in the CNS) and ssRNAs
released from disrupted cells can also activate TLR7 and are
regarded as causes for, respectively, neurodegeneration and
autoimmune diseases such as systemic lupus erythematosus
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Figure 1. Agonist Ligands Induce TLR7 Dimerization

The effects of ligands on the dimerization state of TLR7 were examined using
(A) gel-filtration chromatography and (B) SV-AUC analyses. TLR7 alone
(black), TLR7 with polyU_9-mer (red), TLR7 with guanosine (orange), TLR7 with
polyU_9-mer and guanosine (blue), and TLR7 together with R848 (green) were
analyzed. The figure lists the elution times and the ratios of the absorbance at
260 and 280 nm (in parenthesis). The obtained c(s) distributions were
normalized relative to the maximal value. Dimer ratios are indicated in per-
centages.

See also Figure S7.

(Lehmann et al., 2012; Santiago-Raber et al., 2009; Savarese
et al., 2006).

Our recent studies revealed that TLR8 recognizes the degra-
dation products of ssRNAs, uridine and short oligonucleotides,
at two distinct ligand-binding sites (Tanji et al., 2013; Taniji
et al., 2015), and that these two ligands synergistically activate
TLR8. Furthermore, we also biochemically demonstrated that
TLR7 responds to guanosine and its derivatives (Shibata
et al.,, 2015). However, the underlying reason and mechanism
of TLR7 activation by ssRNAs and small chemical ligands remain
largely unknown. Specifically, why the closely related receptors
TLR7 and TLR8 exhibit distinct ligand preferences is unclear.
Here, we reported three crystal structures of TLR7 bound to ag-
onist(s) and performed a biochemical and biophysical character-
ization of TLR7. TLR7 recognized, at distinct sites, guanosine
and uridine-containing ssRNA. Synergistic coorperation of gua-
nosine and ssRNA was required for TLR7 activation. Our results
provided insights into the mechanism by which TLR7 was acti-
vated by both natural and artificial ligands, and our findings
should facilitate progress in the development of therapeutic
methods to target TLR7.
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RESULTS

Preparation, and Biochemical and Structural
Characterization of TLR7

To gain structural insight into activation mechanism of TLR7, we
recombinantly expressed the extracellular domain of TLR7 from
various species in Drosophila S2 cells. Our screening showed
that among the expressed proteins, recombinant TLR7 from
monkey (Macaca mulatta; Mm) (96.8% sequence identify with
human TLR7) was obtained in sufficient quantities for crystal-
lographic studies. Because the activation of TLR7-family re-
ceptors, TLR7-TLR9, requires proteolytic cleavage at the loop
region between LRR14 and LRR15 (Z-loop) (Figure S1) (Ewald
et al., 2011; Ewald et al., 2008; Hipp et al., 2013; Ishii et al.,
2014; Park et al., 2008; Sepulveda et al., 2009), we prepared
an artificially cleaved form of TLR7 by introducing a thrombin-
recognition sequence before the Z-loop. All the results pre-
sented herein were obtained using the Z-loop-cleaved form of
MmTLR?.

First, we investigated how ligands affected the dimerization
state of TLR7. Because TLR7 responds to guanosine applied
in combination with polyuridine ssRNA (polyU) (Shibata et al.,
2015), we used guanosine and polyU as ligands, and we also
used the known agonistic chemical ligand R848. Unlike TLRS,
which exists as a dimer irrespective of the presence of ligands
(Taniji et al., 2013), TLR7 existed as a monomer in the absence
of ligands, and TLR7 dimerization was induced by R848 alone,
but not by polyU or guanosine alone, although these two ligands
synergistically triggered TLR7 dimerization, as shown by the re-
sults of gel-filtration chromatography and sedimentation veloc-
ity-analytical ultracentrifugation (SV-AUC) analyses (Figure 1).
Next, we screened the conditions required for crystallization
and successfully obtained crystals of MmTLR7 in complex with
(1) guanosine and polyU_19-mer (MmTLR7-G-polyU), (2) loxori-
bine (7-allyl-7,8-dihydro-8-oxo-guanosine) and polyU_19-mer
(MmTLR7-Loxo-polyU), and (3) R848 (MmTLR7-R848), and
then determined the structures of these three complexes (Table 1
and S1). TLR7 contained 26 LRR units with the Z-loop (residues
445-493) inserted between LRR14 and LRR15, and the TLR7
protomer formed a donut-like ring with its C- and N-termini inter-
acting directly with each other (Figures 2A and 2B). The struc-
tures of all agonist-bound TLR7 complexes were almost identical
and formed a symmetrical m-shaped homodimer in which the
two C-termini of the protomers were positioned in the center,
as in the case of TLR8 and TLR9 (Ohto et al., 2015; Taniji et al.,
2013; Tanji et al., 2015) (Figures 2C and 2D and S2A).

Strcutural and biochemical studies showed that unliganded
TLR7 was monomeric and ligand binding induced an activated
m-shaped dimer of TLR7.

TLR7 Contains Two Distinct Ligand-Binding Sites for
Small Ligands and ssRNA
In the MmTLR7-G-polyU structure, as in the TLR8 structure,
electron densities corresponding to guanosine and a portion of
polyU (UUU) were observed at two distinct sites, the first and
second sites, respectively (Figures 2A, 2C, 3, and S2B and
S2C). The first site corresponded to the same position that was
previously identified for uridine or chemical ligands in TLR8 (Taniji
et al., 2015). The second site was a ssRNA-binding site, but this
FDA-CBER-2022-1614-1036118



Table 1. Data Collection and Refinement Statistics

MmTLR7- MmTLR7- MmTLR7-
G-polyU Loxo-polyU R848
Data collection
Beamline PF-AR SPring-8 PF-AR
NE3A BL41XU NE3A
Space group P1 P2, P242424
Cell dimensions
a, b, c(A) 98.1, 111.3, 98.3, 99.4, 99.1, 140.1,
113.4 112.1 151.1
o, B,y (%) 93.8, 94.3, 98.6 -
91.5
Resolution (A) 2.50 2.60 2.20
(2.64-2.50) (2.64-2.60) (2.24-2.20)
5 0.112 0.080 0.103
(0.921) (0.410) (0.937)
/sl 8.9(1.4) 15.1 (1.8) 21.3(1.9)
Completeness (%) 97.6 (96.3) 93.9 (88.5) 98.8 (98.1)
Redundancy 3.5 (3.6) 2.8 (2.7) 13.5 (13.1)
Refinement
Resolution (A) 50.0-2.50 50.0-2.59 50.0-2.20
No. reflections 153,109 58,705 100,054
Ruwork / Riree 0.207/0.243 0.215/0.258 0.185/0.224
No. atoms
Protein 25,188 12,330 12,528
First site ligand 80 48 46
Second site ligand 256 128 -
Water 157 33 653
B-factors (A?)
Protein 51.9 68.4 42.0
First site ligand 36.5 70.7 37.3
Second site ligand  62.6 69.6 -
Water 37.3 49.0 40.6
R.m.s deviations
Bond lengths (;Z\) 0.013 0.012 0.017
Bond angles (°) 1.78 1.67 1.86

Each dataset was collected with one crystal. Highest resolution shell is
shown in parenthesis. See also Table S1.

site of TLR7 is spatially and structurally distinct from that of
TLR8: UUU in the second site of TLR7 neighbored the dimeriza-
tion interface (Figures 3 and S3), whereas UG in the second site
of TLR8 is completely outside the dimerization interface (Fig-
ure S4A). We performed a sequence alignment of TLR7 from
multiple species and human TLR8 and found that the residues
forming the first and second sites were highly conserved among
TLRY7 from various species (Figure S1). Moreover, between TLR7
and TLR8, the residues forming the first site were highly homol-
ogous, but the amino acid composition and location of the
second site were completely different (Figures S1 and S4). The
position of ssRNA in the TLR7 dimer partially overlapped with
that of CpG-DNA in the TLR9 dimer (Figure S4B). In a similar
manner, we modeled loxoribine and UUU into the first and sec-
ond sites, respectively, in the MmTLR7-Loxo-polyU structure
(Figures S2A-S2C). To determine whether these structures con-

tained UUU or a longer nucleotide with its terminal(s) disor-
dered in the structures, we conducted liquid chromatography-
mass spectrometry (LC-MS) analysis on dissolved crystals
of MmTLR7-G-polyU (Figure S2D). We detected guanosine
and 3-mer to 5-mer polyU but only a trace amount of intact
polyU_19-mer. The most abundant oligonucleotides were
polyU_4mers, including pUUUU, UUUUp, and UUUU-OH. On
the basis of the results of LC-MS and structural analyses, we
concluded that the ssRNAs bound at the second site were
a mixture of truncated polyU of distinct lengths and that the
3-mer was the smallest oligonucleotide recognized by TLR7.
These results indicated that TLR7 used two distinct ligand-bind-
ing sites to detect viral ssRNAs present in the form of their degra-
dation products.

In contrast to the aforementioned complexes, MmTLR7-R848
formed an activated dimer when only the first site was occupied
by R848 and the second site was empty and showed no detect-
able electron density (Figure 2D). This result demonstrated
that chemical ligands could activate TLR7 by binding to only
the first site.

Ligand Recognition at the First Site

Our results showed that all ligands at the first site were
embedded in the TLR7 dimerization interface (Figures S3A and
S3B) and bridged two TLR7 molecules (TLR7 and TLR7*) (Fig-
ures 3B and 4). Throughout this paper, asterisks are used to
indicate the second TLR7 and its residues in dimeric TLR7.
LRR8, LRR11-14, and LRR16*-18* (and LRR8*, LRR11*-14*,
and LRR16-18) formed the first site (Figures 2A and S1).

In the MmTLR7-G-polyU structure (Figures 3B and 4A), gua-
nosine bound to TLR7 in the syn conformation, where the
5'-OH group of a ribose formed an intramolecular hydrogen
bond with the N3 of a guanine base. The guanine moiety was sur-
rounded by Y356, F408, K432, T532*, D555%, L557*, and 1585%,
and the ribose part of guanosine was surrounded by Y264,
F351, Q354, V355, V381, L557*, 1585*, and T586*. The guanine
ring was sandwiched by the side chains of F408 and L557*, form-
ing a face-to-face m-m stacking interaction with F408. Moreover,
the imidazole ring of guanine engaged in a perpendicular edge-
to-face NH-7t interaction with the Y356 side chain. Hydrogen
bonding occurred between the N1 and N2 atoms of guanine
and the D555* side chain and between the carbonyl group of
guanine and the K432 side chain. In contrast to the strict recog-
nition of the guanine moiety, the ribose moiety was loosely
recognized by TLR7, with one hydrogen bond formed between
the 5'-OH group and the N of T586*. In the MmTLR7-Loxo-polyU
complex, loxoribine was recognized by TLR7 and intramolecular
hydrogen bonds were formed in similar manner as in the case of
guanosine (Figures 4A and 4B). The Y356 side chain was shifted
by ~1 A to accommodate the allyl group at N7 and the carbonyl
group at C8 of loxoribine (Figure 4A). While several residues at
the pocket entrance are distinct, the recognition mode of guano-
sine by TLR7 is smilar to that of uridine by TLR8 (Figure S4D).

The imidazoquinoline ligand R848 was recognized by TLR7 in
manner that was both similar to and distinct from the manner
in which guanosine was recognized (Figures 4A and 4C). The
recognition of the quinoline moiety of R848 resembled that of
the guanine base, with interactions occurring with F408 and
Y356, and with L557*, and the amidine group (N1 and N2 atoms)

FDA-CBER-2022-1614-1036119
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engaged in hydrogen bonding with the D555* side chain.
Conversely, additional hydrogen bonding and hydrophobic in-
teractions were only observed in the MmTLR7-R848 structure:
The amidine N2 atom and the N atom of the imidazole moiety
formed hydrogen bonds with T586* O and T586* N, respectively,
and the ethoxymethyl group, which is a characteristic feature of
R848, engaged in hydrophobic interactions with the hydropho-
bic pocket formed by the side chains of the residues F349,
F351, V381, and F408. Furthermore, the O atom of the ethoxy-
methyl group interacted with G584* O through a water molecule.
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Figure 2. Agonist-Bound TLR7 Complexes
Form Symmetrical M-Shaped Dimers

(A) Schematic representation of the domain
organization of monkey TLR7 (MmTLR7). The
ring shape, the helix, and the pentagon
indicate the extracellular LRR domain, the trans-
membrane domain, and the intracellular TIR
domain, respectively. The N-terminal half (LRRNT-
14), the Z-loop, and the C-terminal half (LRR15-
CT) are shown in green, magenta, and gray,
respectively. The LRRs that form the first site and
the second site are highlighted using red and blue
dots, respectively. The yellow line indicates the
disulfide bond between C98 and C475.

(B) Front view of the protomer structure of the
MmTLR7-G-polyU dimer. Guanosine in the first
site and UUU in the second site are shown in
space-filling and stick representations, respec-
tively. The N- and C-termini of each fragment are
shown as spheres. The C, O, N, and P atoms of
the ligands are colored yellow (guanosine) or gray
(UUU), red, blue, and orange, respectively. The
C98-C475 disulfide bond is shown as a yellow
stick.

(C) Front (left) and side (right) views of the
MmTLR7-G-polyU dimer. TLR7 and its dimeriza-
tion partner are colored green and cyan, respec-
tively. The distance between the two C-termini is
shown. Guanosine and UUU are recognized at
the first and second sites, respectively.

(D) Front (left) and side (right) views of the
MmTLR7-R848 dimer shown similarly as in Fig-
ure 2C. The C atoms of R848 are colored light
purple.

See also Figures S2A, S3A, and S4A-S4C.

In addition to ligand-protein interac-
tions, protein-protein interactions were
observed at the first site, which further
contributed to TLR7 dimerization. In the
MmTLR7-G-polyU structure, the K432
S side chain formed a salt bridge to the
> D555* side chain and also formed a
hydrogen bond with S530* (Figure 3B).
T586* formed hydrogen bonds with the
side chains of Y264 and N265, and the
side chains of F408, Y579*, and 1585*
engaged in hydrophobic interactions at
the bottom of the ligand-binding pocket.
Similar protein-protein interactions were
also observed in the MmTLR7-Loxo-
polyU and MmTLR7-R848 structures
(Figures 4B and 4C), except that the K432 side chain was not
involved in the interaction in the MmTLR7-R848 structure.

Multiple interactions observed between TLR7 and the ligands
defined the ligand specificity of TLR7 at the first site. In addition,
ligand-mediated protein-protein interactions were also structur-
ally important for dimerization.

ssRNA Recognition at the Second Site

In the MmTLR7-G-polyU structure, UUU was encompassed

by the concave surface of LRR1-5, LRR20*, and a part of the
FDA-CBER-2022-1614-1036120



Figure 3. Guanosine and polyU Are Specif-

| First site\
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ically Recognized at Two Distinct Ligand-
Binding Sites

(A) Front view of the MmTLR7-G-polyU dimer (top)
and side view showing the concave surface of the
dimer (bottom). The N-terminal and the C-terminal
halves of TLR7 and TLR7*, respectively, are shown
in semitransparent surface representations. UUU
here is shown as a cartoon model.

(B) Detailed views of ligand recognition at the first
site. The first site is composed of residues of
LRR8, LRR11-14, and LRR16*-18*. Hydrogen
bonds are shown as dashed lines.

(C) Disulfide bonds critical for forming the second
site. The disulfide bonds C98-C475 (LRR2 and

Z-loop), C100-C112 (LRR2 loop), and C183-C189
(LRR5 loop) are shown. UUU is shown in stick

Second site

Concave
surface

representation.

(D) Detailed views of UUU recognition at the sec-
ond site. The second site consists of residues of
the Z-loop, LRR1-5, and LRR20*. Red spheres
indicate water molecules. Hydrogen bonds are
shown as dashed lines.

See also Figures S2B-S2D and S3B.

~R186 LRR*
L105 S and LRR5 that were directly involved in
oligonucleotide recognition (Figure 3C).
The structurally ordered region of the
Z-loop interacted hydrophobically with
LRR8 and LRR11, which formed a part
of the first site. Moreover, the Z-loop
and the loop regions of LRR2 and LRR5
directly participated in dimerization by in-
teracting with LRR18*-22* (Figure S3C).

The middle U (U,) in UUU was most

Z-loop (Figures 3A, 3C, 3D and S1). The ordered region of the
Z-loop of TLR7 was important for forming the second site. The
structures of the Z-loop after processing differed completely
among TLR7, TLR8, and TLR9 (Figure S4C). The Z-loop of
TLR9 is positioned at the concave surface of the C-terminal frag-
ment and is not associated with ligand recognition (Ohto et al.,
2015). The ordered regions of the Z-loops appeared to overlap
in the concave surface of the N-terminal fragment between pro-
tomers of TLR7 and TLR8, and both regions were involved in
ssRNA recognition, but they were oriented in the reverse direc-
tion (Tanji et al., 2013; Tanji et al., 2015).

Disulfide bonds (C98-C475, C100-C112, and C183-C189)
were also structurally important for forming the second site (Fig-
ure 3C). C475 from the latter half of the Z-loop formed a disulfide
bond with C98 of LRR2 and thereby tethered the long flexible
Z-loop to the concave surface of LRR by covalently linking the
cleaved N- and C-terminals (Figures 2A and 2B and S4C). The
C98-C475 disulfide bond was a unique feature of TLR7 (Fig-
ure S1) and is essential for the function of TLR7 (Kanno et al.,
2013). Furthermore, the C100-C112 and C183-C189 disulfide
bonds stabilized, respectively, the loop conformations of LRR2

strictly recognized through both uracil-
specific and ribose-specific interactions
(Figures 3C and 3D). The uracil base of
U, as plunged into the pocket formed
between the concave surface of the N-terminal fragment
(R97, C98, D135, E156, A157, and Q181) and the Z-loop
(R473, S474, and C475) and engaged in uracil-specific
hydrogen bonding: the C4 carbonyl group with the side chains
of R97 and R473, N3 with the E156 side chain, and the C2
carbonyl group with the Q181 side chain. The ribose-specific
2'-OH group formed hydrogen bonds with the Q181 side chain
and R473 O. Both the 3'- and 5'-phosphate groups of U,
formed hydrogen bonds with TLR7, the 3’-phosphate group
with the side chains of Y184 and R186, the 5'-phosphate
group with the N of C475. In contrast to the completely buried
U, base, U; and U3 bases were partially exposed to the sol-
vent and only two base-mediated hydrogen bonds were
observed, between the C4 carbonyl group of Uy and the H76
side chain, and between the C2 carbonyl group of Us; and
the R467 side chain. UUU in the MmTLR7-Loxo-polyU
complex adopts highly similar conformations (Figure S2C).
Because U, was specifically recognized but U; and Us were
loosely recognized, these findings indicate that diverse oligo-
nucleotides can be recognized at the second site as long as
they contain uridine.

FDA-CBER-2022-1614-1036121
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Both the First and Second Sites Are Essential for the
ssRNA-Induced TLR7 Activation

To validate the functional importance of the first and second
sites, we mutated the residues of these sites to alanine and
then conducted nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) dependent luciferase reporter assays;
in these assays, we expressed human TLR7 in human embry-
onic kidney 293 cells stably expressing the SV40 large T anti-
gen (HEK293T cells) and stimulated the cells with the chemical
ligand R848 and phosphorothioated RNA9.2 s (RNA9.2sS), or
co-stimulated the cells with guanosine and phosphorothioated
polyU_19-mer (polyU_19merS) (Figure 5A). Mutations in the
residues F408, D555, L557, and T586, all of which directly
recognized first-site ligands, completely abolished the respon-
siveness of TLR7 to all types of stimulation, which indicated
that the first site was essential for both chemical ligand- and
ssRNA-induced TLR7 activation. In accordance with the struc-
tural observation that K432 participated in the recognition of
guanosine but not R848 (Figures 4A and 4C), the K432A
mutant lost its responsiveness to ssRNA ligands but not
R848 (Figure 5A). In contrast to the first-site mutations, most
of the second-site mutations of TLR7 (alanine substitutions
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f40d'Q
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Figure 4. Recognition Mechanism of Gua-
nosine, Loxoribine and R848 by TLR7 at
the First Site

(A) Left, overlay of three first-site ligands, guano-
sine (yellow), loxoribine (orange), and R848 (light
purple), in the structures of MmTLR7-G-
polyU (green), MmTLR7-Loxo-polyU (cyan), and
MmTLR7-R848 (gray), respectively. Right, sche-
matic representation of interactions between
guanosine and TLR7 in the MmTLR7-G-polyU
structure. The red sphere indicates a water
molecule. Hydrogen bonds are indicated by
dashed lines.

(B) Left, magnified view of the first site of the
MmTLR7-Loxo-polyU structure. Right, schematic
representation of interactions between loxoribine
and TLR7.

(C) Left, magnified view of the first site of the
MmTLR7-R848 structure. Right, schematic rep-
resentation of interactions between R848 and
TLRY7. The orange arc indicates hydrophobic in-
teractions between the ethoxymethyl group of
R848 and TLR7.

See also Figures S2B and S4D.

at 174, H76, R97, L105, E156, Q181,
Y184, and R473) reduced but did not
abolish the ability of the receptors to
respond to R848, but the mutations
severely impaired the response of the re-
ceptors to the ssRNA ligands. These re-
sults suggested that the second site was
essential only for the ssRNA-induced
activation of TLR7.

The importance of the second site in
ssRNA binding was further confirmed by
performing gel-filtration chromatography
analyses by using the recombinant
mutant proteins (Figure 5B). In agreement with the results of
the NF-«kB reporter assay, the second-site mutants showed
reduced binding to polyU_12-mer when compared with wild-
type TLRY7, as judged based on the ratios of the absorbance at
260 and 280 nm, but the ability of the mutants to dimerize in
response to R848 was not affected (Figure 5B). The lower af-
finities of second-site mutations (R97A, C112S, R186A) for
polyU_12-mer were also confirmed by isothermal titration calo-
rimetry (ITC) analysis (Figure S5A). Mutation of R186, which inter-
acts with the phosphate backbone, resulted in either retention or
slight reduction in NF-kB activity though this mutant had lower
ability to bind polyU_12-mer. This retained activity in NF-«B
assay was possibly due to the ssRNA with phosphothioate
backbones. In fact, the R186A mutant had almost the same affin-
ity for phosphothioated polyU_12-mer as did wild-type TLR7
(Figure S5B).

Residues that were located inside the dimerization interface
but were not directly involved in ligand recogntion were also
of functional importance. Mutations of E583, L528, and R553
to alanine or arginine substantially abolished the ability of
the receptors to respond to both R848 and ssRNA ligands
(Figure S3D).
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Figure 5. Both First and Second Sites Are Necessary for ssRNA-Induced TLR7 Activation

(A) NF-kB reporter activity measured for human TLR7 mutants expressed in HEK293T cells; cells were stimulated with 1 ng/mL R848 (top), 0.1 mM guanosine
(G) + 10 ng/mL polyU_19merS (middle), and 20 pg/mL RNA9.2sS (bottom) (the suffix S in the ssRNA name indicates phosphorothioation). Data represent the
mean fold induction of NF-«kB activity (n = 3, +SD), calculated as the relative light units (RLU) of cells stimulated with the ligand divided by the RLU of non-
stimulated cells. A paired t test was used to determine statistical significance between wild-type (WT) and each mutants. Double and single asterisks indicate p <
0.01 and p < 0.05 (t test), respectively. Dotted lines indicate a activity of WT. Data shown are representative of three independent experiments.

(B) Gel-filtration chromatography analysis of wild-type and mutant forms of MmTLR7 without ligand (black) or with polyU_12-mer (red) or R848 (green).
Absorbance values measured at 280 and 260 nm are indicated by solid and dotted lines, respectively. Elution times and the ratios of absorbance at 260 and

280 nm (in parenthesis) are shown.
See also Figures S3D and S6.

Our results showed that the first site was indespensible for
TLRY7 activation by all types of ligands, whereas the second
site was only essential for the ssRNA-induced activation.

TLR7 Senses Guanosine and Shows Synergistic
Activation by Oligonucleotides
TLRY7 has been reported to function as a guanosine sensor based
on the results of a cell-based assay (Shibata et al., 2015), and our
structural work here revealed, at an atomic level, the mechanism
by which guanosine was recognized by TLR7. To bolster these
findings, we first performed ITC analysis (Table 2; Figure S6)
to determine the binding affinity of TLR7 for various nucleosides
(guanosine, adenosine, thymidine, cytidine, uridine, inosine, and
xanthosine) and also chemical ligands (R848 and loxoribine). In
accordance with the structural features, binding affinity could
be determined only for guanosine among the nucleosides tested
with a dissociation constant (Ky) value of 13.5 uM. As compared
to guanosine, R848 and loxoribine bound to TLR7 more strongly
(Kq =0.49 and 5.6 uM, respectively) (Table 2A; Figure S6A).
Next, we examined the synergistic activation of TLR7 by either
guanosine or chemical ligands and the oligonucleotides by per-

forming ITC, gel-filtration chromatography, and sedimentation
velocity analytical ultracentrifugation (SV-AUC) analyses. ITC
analysis was used to measure the binding affinity of guanosine
or chemical ligands (R848 and loxoribine) for TLR7 in the pres-
ence of polyU (Table 2B; Figure S6B). The affinities of guanosine,
loxoribine, and R848 for TLR7 were markedly enhanced (to
Ky = 0.93, 0.57, and 0.10 uM, respectively) in the presence
of polyU_19-mer. Moreover, polyU_12-mer, polyU_9-mer, and
polyU_6-mer enhanced the affinity for guanosine to similar ex-
tents, yielding Ky values of 1.2, 1.6, and 1.5 uM, respectively.
In agreement with these findings, the results of gel-filtration anal-
ysis showed that guanosine and polyU_12-mer acted synergisti-
cally and caused TLR7 dimerization, and the results of SV-AUC
analysis showed that the dimeric proportion was increased
when guanosine and polyU were added together (Figures 1B
and S7A-S7C).

As UUU bound at the second binding site was not directly
involved in TLR7 dimerization (Figures S3A-S3C), we hy-
pothesized that polyU did not directly induce the dimerization
of TLR7. We performed SV-AUC analysis to examine the
ability of polyU of various lengths to trigger TLR7 dimerization.
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Table 2. Isothermal Titration Calorimetry Data

Cell Titrant
CrLrz (uM) RNA Cgrna (LM) Ligand Cigana (LM) Kq (uM) AH (kcal/M) AS (cal/mol/deg) N

A 100 - - Guanosine 1000 135 -10.8 -14.0 0.64
100 - - Loxoribine 1000 5.6 —10.1 -9.7 0.85
100 - - R848 1000 0.49 —4.1 15.1 0.71
30 - - Uridine 1000 N.D
30 = = Adenosine 1000 N.D
30 - - Thymidine 1000 N.D
30 - - Cytidine 1000 N.D
30 - - Inosine 1000 N.D
30 - - Xanthosine 1000 N.D

B 30 polyU_19-mer 30 Guanosine 250 0.93 -9.3 -35 0.57
30 polyU_19-mer 30 Loxoribine 300 0.57 —7.6 3.1 0.71
30 polyU_19-mer 30 R848 300 0.10 -24 23.6 0.53
30 polyU_12-mer 30 Guanosine 300 1.2 —10.2 —-7.2 0.69
30 polyU_9-mer 30 Guanosine 300 1.6 -9.8 —6.5 0.60
30 polyU_6-mer 30 Guanosine 300 1.5 —7.1 2.9 0.55

C 10 - - polyU_19-mer 100 0.37 -32.3 —78.8 0.42
10 - - polyU_12-mer 100 0.08 —20.1 —34.8 0.65
10 - - polyU_9-mer 100 0.09 -25.2 -52.3 0.49
10 - - polyU_6-mer 100 0.22 -21.4 —41.2 0.50
10 - - polyU_3-mer 100 N.D

D 30 - - Guanosine 1000 7.6 -2.0 16.6 1.62
30 Uuu 30 Guanosine 1000 3.9 -6.9 1.7 0.94
30 AAA 30 Guanosine 1000 9.2 -2.0 16.3 1.75
30 GGG 30 Guanosine 1000 12.0 —-24 14.3 1.27
30 CCC 30 Guanosine 1000 10.2 -2.1 15.8 1.60
30 ucu 30 Guanosine 1000 9.7 —-24 15.0 1.46
30 uGu 30 Guanosine 1000 9.8 —-24 14.7 1.36

Each result was generated from a single titration. All data were collected using identical proteins purified at the same time. N.D stands for “not de-

tected.” See also Figure S6.

PolyU_6-mer and _9-mer alone did not induce the dimerization
of TLR7 (Figures 1B and S7A), although their binding affinities
for TLR7 were as high as those of polyU_12-mer and
polyU_19-mer (Table 2C; Figure S6C). Conversely, the addition
of guanosine effectively induced TLR7 dimerization (Figure S7B).
To further characterize the dimerization of TLR7 in the presence
of polyU together with/without guanosine by using SV-AUC, we
analyzed the isotherms of weight-average sedimentation coeffi-
cients as a function of protein concentration. Concentration-
dependent dimerization of TLR7 was observed, and the Ky
values for the dimer formed with and without guanosine were
estimated to be approximately 3 and 77 uM, respectively (Fig-
ure S7C). PolyU_19-mer and polyU_12-mer used alone also
induced the dimerization of TLR7 (Figure S7A); however, we
did not consider this to correspond to the activated form of the
dimer because such long RNAs could concurrently bind to mul-
tiple TLR7 molecules.

Biochemical and biophysical studies here demonstrated that
TLR7 exhibited preference for guanosine among nucleosides
although its binding was weak. ssRNA alone did not directly
induce the activation of TLR7 but enhanced the affinity of TLR7
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for guanosine. TLR7 showed the synergistic actiivation by gua-
nosine and ssRNA.

A Non-Terminal Uridine in RNA Is a Prerequisite for the
Synergistic Effect on TLR7

To investigate whether TLR7 discriminated between ssRNA
and ssDNA, we examined the binding of polydU by perform-
ing gel-filtration chromatography. Relative to polyU_12-mer,
polydU_12-mer showed extremely weak binding to TLR7, as
determined from the ratios of the absorbance at 260 and
280 nm (1.02 for polyU_12-mer versus 0.59 for polydU_12-
mer), which demonstrated that TLR7 prefered ssRNA to ssDNA
(Figure S7D). This agreed with the structural feature that the
2’-OH group of the U, ribose in UUU at the second site was
recognized by Q181 and R473 (Figure 3D).

Next, we investigated the ssRNA sequence specificity of the
second site. Our structural analysis had revealed that only the
U, moiety of UUU was strictly recognized through uridine-spe-
cific interactions. To verify that the uridine was essential for the
synergistic effect, we conducted ITC analysis by using trinucle-
otides (UUU, AAA, GGG, CCC, UCU, and UGU) (Table 2D;
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Figure S6D), and found that among these trinucleotides, only
UUU exhibited a synergistic effect on guanosine binding to
TLRY. The K4 for guanosine was changed from 7.6 to 3.9 uM in
the presence of UUU. We could not detect the direct binding
of UUU to TLRY7 in the ITC experiment, and RNA shortening
reduced the synergistic effect to certain extent (Tables 2B-2D),
but the synergism was still observed in the case of UUU, which
indicated that UUU bound to TLR7. By contrast, none of the
other trinucleotides tested —all of which lacked a uridine in the
second position—affected any of the ITC parameters (K4, AH,
AS, and N values) measured for guanosine binding to TLR7,
which indicated that these trinucleotides did not bind to TLR7.
These results demonstrated that a uridine at a non-terminal po-
sition is indispensable for ssRNA binding to TLR7.

DISCUSSION

Here, we have reported the crystal structures of the activated
forms of TLR7 complexed with agonistic ligands. Members of
the TLR7 family are considered to remain inactive until Z-loop
processing occurs in the endosomal compartment (Ewald
et al., 2011; Ewald et al., 2008; Hipp et al., 2013; Ishii et al.,
2014; Kanno et al., 2013; Ohto et al., 2015; Park et al., 2008; Se-
pulveda et al., 2009; Tanji et al., 2016). Previous work has
demonstrated that the precise cleavage site of mouse TLR7 is
after L460 or E461 (L460 or E461 in MmTLR7) and that the gener-
ated N-terminal fragment remains associated with the C-termi-
nal fragment through the C98-C475 disulfide bond that is crucial
for TLR7 activation (Kanno et al., 2013). MmTLR7 used in this
study was artificially cleaved after the position 443 and the resul-
tant N- and C-terminals were found to be cooperatively involved
in ligand recognition, which suggested that the precise site of
cleavage in TLR7 was not critical. The results of our structural
and mutational analyses also demonstrated the importance of
the unique disulfide bond in TLR7 between the N- and C-terminal
fragments (C98-C475) for the formation of the second binding
site and ssRNA recognition.This study has also revealed similar-
ities and differences in the functional significance of the Z-loop
among the receptors TLR7, TLR8, and TLR9. Although one of
most critical functions of the Z-loop is to prevent receptor dimer-
ization by sterically occluding the approaching dimerization
partner, as recently demonstrated structurally in TLR8 (Taniji
et al., 2016), the Z-loop of TLR7 also participated in the ssRNA
recognition.

Our study has revealed that TLR7 specifically accommodated
guanosine. In the case of the pyrimidine nucleosides cytidine,
thymidine, and uridine, the recognition mode would be impaired
due to their molecular size, whereas adenosine was not
preferred because it lacks the 2-amino group, which, in guano-
sine, is specifically recognized by D555*. The similarities in the
amino acids and the structure of the first site between TLR7
and TLR8 (43% identity, 72% similarity) explained why both
can accommodate certain imidazoquinoline compounds such
as R848 and gardiquimod. Conversely, TLR7 and TLR8 prefer-
entially bind to guanosine and uridine nucleosides, respectively
(Shibata et al., 2015; Taniji et al., 2015). Although the recognition
modes used by these receptors are highly similar, the volume of
their ligand-binding pocket and the electrostatic potentials at
the pocket entrance (L557 in human TLR7, D545 in human

TLR8) are distinct, and this might account for their divergent
nucleoside specificity. Further studies will be required to
address it.

TLRY7 is activated by guanosine analogs such as deoxyguano-
sine, 8-hydroxydeoxyguanosine, 7-thia-8-oxoguanosine, and
loxoribine (Lee et al., 2003; Shibata et al., 2015). We demon-
strated that loxoribine bound to TLR7 in a similar manner as gua-
nosine. Thus, the addition of the substituent at N7 and C8 of the
guanine base could be tolerated, and the binding affinity of lox-
oribine was even slightly higher than that of guanosine. The
ribose-specific 2’-OH group did not engage in any specific inter-
action, which can explain why 2’-deoxyguanosine exhibited
similar affinity as guanosine (Shibata et al., 2015). As compared
with guanosine, 8-hydroxydeoxyguanosine exhibited lower af-
finity, but induced a stronger cellular response (Shibata et al.,
2015); however, a caveat to consider is that the biological
response measured in a cellular assay is affected not only by
ligand affinity but also by the transportation process and the
metabolic stability of the ligand.

The sequence specificity of TLR7 activation has been widely
studied, but no specific consensus sequences involved in acti-
vating TLR7 have thus far been identified conclusively (Diebold
et al.,, 2004; Diebold et al., 2006; Heil et al., 2004; Hornung
et al., 2005). We demonstrated that uridine was essential for
ssRNA binding to the second site of TLR7. Furthermore, in terms
of ssRNA length, we observed the synergistic effect when we
used the 3-mer UUU. Therefore, by combining this finding with
the structural observation that 3-mer RNA is specifically recog-
nized, we concluded that ssRNAs longer than a 3-mer and con-
taining a uridine base in non-terminal positions could potentially
activate TLR7.

Guanosine alone cannot effectively activate TLR7 in cellular
assays (Heil et al., 2004; Lee et al., 2003; Shibata et al., 2015),
partly because the binding affinity of guanosine for TLR7 is lower
than that of the chemical ligand R848. Therefore, the collabora-
tion of the ssRNAs was indispensable here, as in the case of
TLR8 (Taniji et al., 2015). The binding of guanosine to TLR7 was
strengthened > 10-fold in the presence of polyU, and the resul-
tant Ky, approximately 1.0 pM, was comparable to that of
R848. Similar synergistic effects were also observed with loxor-
ibine and R848. Considering that the Z-loop interacted with the
loop regions of LRR2 and LRR5 in the dimerization interface,
and with LRR8 and LRR11 of the first site, we speculated
that the mechanism underlying the synergistic effect involved
ssRNA-dependent stabilization of both the first and second
sites, leading to a conformation that was more suitable for
dimerization.

To summarize, our findings have uncovered a mechanism
of TLR7 activation (Figure S7E): In the process of viral ssRNA
recognition, TLR7 acts as a dual receptor for guanosine
and uridine-containing ssRNAs, and ssRNA binding to the
second site primes TLR7 for interaction with guanosine at
the first site and subsequent dimerization. Conversely, chem-
ical ligands are adequately potent to induce TLR7 dimerization
by binding to the first site alone. The concept that TLR7 acti-
vation can be regulated by two distinct ligand-binding sites
will facilitate not only further understanding of the func-
tional role of TLR7, but also the development of therapeutic
interventions.
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EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Crystallization

The DNA encoding the extracellular domain of TLR7 from Macaca mulatta
(Mm), followed by a thrombin-cleavage sequence (LVPRGS) and a protein
A tag, was inserted into pMT/BiP/V5-His vector. To mimic the cleavage
at the Z-loop, residues 440-445 were replaced by a thrombin-cleavage
sequence. To prepare proteins with less glycosylation for crystallization,
four Asn residues were mutated to Gin residues (N167Q, N389Q, N488Q
and N799Q). Drosophila S2 cells were stably co-transfected with the TLR7
and pCoHygro vectors. Protein expression was induced by addition of
0.5 mM CuSO,. For the expression of crystallization samples, 1.5 mg/L kifu-
nensine (kif) was added into the culture medium. Proteins were purified by
immunoglobulin G Separose from culture supernatant and was incubated
overnight at 4°C with thrombin. Kif-untreated samples were then purified
by Superdex 200 gel filtration chromatography in 10 mM Tris-HCI pH 7.5
and 0.15 M NaCl, and used for ITC, SV-AUC, and gel-filtration chromatog-
raphy analyses. Kif-treated samples for crystallization were incubated over-
night at 25°C with endo Hf for saccharide trimming and then purified by
gel-filtration chromatography.

Crystallization were conducted with sitting-drop vapor-diffusion methods at
20°C. The droplets were made by mixing the equivolume (0.3-1.0 pL) of protein
solution and reservoir solution. Detailed crystallization conditions were sum-
marized in Table S1.

Data Collection and Structure Determination

Diffraction datasets were collected with a wavelength of 1.0000 A on beam-
lines PF-AR NE3A (Ibaraki, Japan) and SPring-8 BL41XU (Hyogo, Japan)
under cryogenic conditions at 100 K. Crystals were soaked into cryoprotec-
tant solutions (Table S1) and were flash cooled in the cryostream or liquid
nitrogen. The diffraction datasets were processed with the HKL2000 pack-
age (Otwinowski and Minor, 1997) or XDS (Kabsch, 2010). The initial phases
for MMTLR7-G-polyU were determined with the molecular replacement
method by using the program MOLREP (Vagin and Teplyakov, 2010) with
the coordinates of the human TLR8 structure (PDB ID: 3W3J). The model
was further refined with stepwise cycles of manual model building using
the COOT (Emsley and Cowtan, 2004) program and restrained refinement
using REFMAC (Murshudov et al., 1997). The qualities of the final structures
were validated with the PDB validation server (http://wwpdb-validation.
wwpdb.org/). The statistics of the data collection and refinement are sum-
marized in Table 1. The figures representing structures were prepared with
PyMOL.

NF-kB-Dependent Luciferase Reporter Assay

HEK293T cells were cultured in DMEM with 10% FBS, 1X penicillin-strepto-
mycin-glutamine and 50 uM 2-ME. HEK293T cells were seeded in collagen-
coated 24-well plates at a density of 2 x 10° cells per well, and transiently
transfected with wild-type or mutant human TLR7 cDNAs in pMX-puro-
IRES-rat CD2 plasmid (200 ng), together with mouse Unc93B1 cDNA in
pMX-puro plasmid (200 ng) and a pELAM1-luc reporter plasmid (1 ng), using
PEI (Polyethylenimine “Max,” MW 40,000). At 30 hr post-transfection, trans-
fected cells, reseeded in collagen-coated flat 96 well plates at a density of
5 x 10* cells per well, were stimulated with indicated ligands for 6 hr and sub-
jected to luciferase assay using the Luciferase Assay System (Promega). When
cells were stimulated by RNA9.2sS alone, the ligand was complexed with
30 ul/mL DOTAP transfection reagent. The relative light unit of chemilumines-
cence was measured by GloMax Explorer (Promega).

Isothermal Titration Calorimetry

ITC experiments were carried out at 25°C in the buffer condition of 10 mM MES
pH 5.5 and 150 mM NaCl by using a MicroCal iTC200 (GE Healthcare). The
titration sequence included a single 0.4 pl injection followed by 18 injections,
2 ul each.

Liquid Chromatography-Mass Spectrometry Analysis of Dissolved
Crystals

Crystals of MmTLR7-G-polyU was washed three times with 4 M NaCl, 10 mM
sodium HEPES, pH 7.0, and dissolved into 10 ul of 10 mM MES buffer pH 5.5
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containing 50 mM NaCl. The detailed procedures of the LC-MS analysis were
carried out as described previously (Taoka et al., 2009).

Sedimentation Velocity Analytical Ultracentrifugation

Samples for AUC were prepared so that the final salt concentrations were iden-
tical (147 mM NaCl, 8.3 mM MES, and 1.5 mM Tris) and pH was 5.5. SV-AUC
experiments were conducted at 20°C in a ProteomelLab XL-I analytical ultra-
centrifuge (Beckman Coulter) at 42,000 rpm using absorbance optics.

Gel Filtration Chromatography Analysis of TLR7
The recombinant MmTLR7 without the glycosylation mutations was subjected
to gel-filtration chromatography using Superdex 200 Increase 5/150 GL col-
umn (GE Healthcare) in the presence of various ligands. Buffer used for the
chromatography contained 10 mM MES pH 5.5 and 150 mM NaCl.

More detailed experimental procedures were provided in Supplemental
Experimental Procedures.
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