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Abstract

Background: Toll-like receptors (TLRs) play a central role in innate immunity. TLRs are membrane
glycoproteins and contain leucine rich repeat (LRR) motif in the ectodomain. TLRs recognize and respond
to molecules such as lipopolysaccharide, peptidoglycan, flagellin, and RNA from bacteria or viruses. The
LRR domains in TLRs have been inferred to be responsible for molecular recognition. All LRRs include the
highly conserved segment, LxxLxLxxNxL, in which "L" is Leu, lle, Val, or Phe and "N" is Asn, Thr, Ser, or
Cys and "x" is any amino acid. There are seven classes of LRRs including "typical” ("T") and "bacterial" ("S").
All known domain structures adopt an arc or horseshoe shape. Vertebrate TLRs form six major families.
The repeat numbers of LRRs and their "phasing” in TLRs differ with isoforms and species; they are aligned

differently in various databases. We identified and aligned LRRs in TLRs by a new method described here.

Results: The new method utilizes known LRR structures to recognize and align new LRR motifs in TLRs
and incorporates multiple sequence alignments and secondary structure predictions. TLRs from thirty-
four vertebrate were analyzed. The repeat numbers of the LRRs ranges from 16 to 28. The LRRs found in
TLRs frequently consists of LxxLxLxxNxLxxLxxxxF/LxxLxx ("T") and sometimes short motifs including
LxxLXLxxNxLxxLPx(x)LPxx ("S"). The TLR7 family (TLR7, TLR8, and TLR9) contain 27 LRRs. The LRRs
at the N-terminal part have a super-motif of STT with about 80 residues. The super-repeat is represented
by STTSTTSTT or _TTSTTSTT. The LRRs in TLRs form one or two horseshoe domains and are mostly
flanked by two cysteine clusters including two or four cysteine residue.

Conclusion: Each of the six major TLR families is characterized by their constituent LRR motifs, their
repeat numbers, and their patterns of cysteine clusters. The central parts of the TLRI and TLR7 families
and of TLR4 have more irregular or longer LRR motifs. These central parts are inferred to play a key role
in the structure and/or function of their TLRs. Furthermore, the super-repeat in the TLR7 family suggests
strongly that "bacterial" and "typical" LRRs evolved from a common precursor.
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Background

Toll-like receptors (TLRs) play a central role in innate
immunity [1-3]. TLRs are type I integral membrane glyco-
proteins consisting of leucine rich repeat (LRR) motif in
the ectodomain (ECD), and cytoplamic signaling
domains known as Toll IL-receptor (TIR) domains, joined
by a single trans membrane helix (Figure 1). They recog-
nize and respond to a variety of components derived from
pathogenic or commensal microorganisms principally
bacteria and viruses. These molecules include lipids such
as lipopolysaccharide (LPS) from Gram-negative bacteria
and peptidoglycan fragments from bacterial cell walls,
proteins such as flagellin and nucleic acids such as single-
stranded and double-stranded RNA and unmethylated
CpG DNA from bacteria or viruses. The ECDs including
LRRs have been inferred to recognize directly various lig-
ands. The TLR family counts 10 members in human and
12 in mice and Takifugu rubripes. Six major families of
vertebrate TLRs have been proposed in a molecular den-
drogram [4].

Leucine-rich repeat (LRR)-containing domains are present
in over 6000 proteins listed in PFAM, PRINTS, SMART,
and InterPro data bases [5-8]. All LRR repeats can be
divided into a highly conserved segment (HCS) and a var-
iable segment (VS). The HCS part consists of an eleven res-
idue stretch, LxxLxLxxNxL, or a tweleve residue stretch,
LxxLxLxxCxxL, in which "L" is Leu, Ile, Val, or Phe, "N" is
Asn, Thr, Ser, or Cys, and "C" is Cys, Ser or Asn [7,9].
Seven classes of LRRs have been proposed, characterized
by different lengths and consensus sequences of the VS
part of repeats [9,10]. They are "RI-like", "CC", "bacte-
rial", "SDS22-like", "plant specific", "typical", and
"TpLRR". Each subfamily of small leucine-rich repeat pro-
teoglycan (SLRP) has LRRs from more than one of the
seven classes [8,11]. The structures of twenty-two different
proteins that contain LRRs are available [12-51]. They
include TLR3 and CD14 [48-50]. The LRR domains in all
known structures adopt an arc shape. Most of the known
LRR structures have a cap, which shields the hydrophobic
core of the first LRR at the N-terminus or the last LRR at
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Figure |

Structural organization of vertebrate TLRs. Mangenta is signal
peptide sequence. Green is LRRNT (the cysteine clusters on
the N-terminal side of LRRs) and LRRCT (the cysteine clus-
ters on the C-terminal side of LRRs). Yellow is LRR domain.
Blue is transmembrane region. Light blue is TIR domain.
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the C-terminus. In extracellular proteins or extracellular
domains, these caps frequently consist of cysteine clusters
including two or four cysteine residues [8,9].

The indicated repeat number of LRRs and its "phasing"
(that is, what segment or residue corresponds to the
beginning of a repeating unit) in individual TLRs are dif-
ferent among the databases (or researchers) and species.
This difference reflects the irregularity of LRR motifs in
TLRs. Over one hundred complete TLRs are available. Sev-
eral methods of protein secondary structure predictions
such as Proteus and SSPro4.0 show a correspondence of
about 75% [52-54]. For the identification of LRRs we pro-
pose a new method, which uses the known structures of
several LRRs, multiple sequence alignments and second-
ary structure predictions of TLRs. This new method indi-
cates that each of the six recognized TLR families can be
characterized by its LRR motifs, their repeat number and
the motifs of two cysteine clusters flanking the LRRs. The
actual repeat number of LRRs is generally larger than
those reported in the databases. The present analysis leads
to the hypothesis that all the LRRs in TLRs form one or
two horseshoe domains.

Results

A new method for the identification of LRRs within TLRs
LRR known structures

All of the LRR domains in one protein form a single con-
tinuous structure and adopt an arc or horseshoe shape.
On the inner, concave face there is a stack of parallel -
strands and on the outer, convex face there are a variety of
secondary structures such as a-helix, 3,-helix, polypro-
line IT helix, or a tandem arrangement of B-turns [8,55].
The HCS part of all the LRRs consists of LxxLXxLxxNXxL or
LxxLxLxxCxxL,, as noted, in which "L" is Leu, Ile, Val, or
Phe, "N" is Asn, Thr, Ser, or Cys, and "C" is Cys, Ser or Asn
[7,9]. The short B-strands are mostly formed by three res-
idues at positions 3 through 5 in the HCS part. In most
LRR proteins the B-strands on the concave face and
(mostly) helical elements on the convex face are con-
nected by short loops or B-turns. Four leucine residues at
positions 1, 4, 6 and 11 participate in the hydrophobic
core in LRR arcs. Similarly, conserved hydrophobic resi-
dues in the VS parts of the seven LRR classes participate in
the hydrophobic core. The side chains of asparagine at
position 9 form hydrogen bonds in the loop structure [6].

Structural alignments of the known LRR structures reveal
that the LRR motif is surprisingly variable (Table 1). The
lengths of LRRs range from 20 to 43 residues. Leucines at
positions 1, 4, 6 and 11 of the HCS part are sometimes
replaced by Met, Ala, or Cys, as seen in TLR3 [49,50],
Internalin A (Inl-A) [26], and Internalin B (Inl-B) [22-24].
Leucines at positions 1 and 11 are also occupied by rela-
tively hydrophilic residues such as Gly, Thr, Asn and Tyr.
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Furthermore, asparagine at position 9 is occupied by
hydrophobic residues such as Val, Leu and Ile. It is clear
that many LRRs do not keep the complete HCS pattern
and are irregular. Eighteen of the 22 known structures
contain irregular LRRs. Most of the irregular HCSs can be
classified into four groups; LxxLxLxx(L/I/M)xL, LxxLx-
Lxx(R/K/E)xL, LxxLxLxx(N/S/T/A)xx, and LxxLxLxxxxx in
which residues in boldface are irregular. Also there are rare
examples, xVxxLxIxxNxL and PxxIxLxxNxL in follicle-
stimulating hormone receptor (FSHr), and LxxLxGxxS/PxI
in Inl-C and DLC1 (Table 1). Furthermore, an irregular
LRR with (L/x)xx(L/A)xCxx(L/R)xLxxVPxxIPxx, which
belongs to the "bacterial" motif, is frequently observed at
the first LRR (LRR1) at the N-terminus of the LRR domain
(Table 1).

Multiple sequence alignment

Mammalian TLR2 contains 20 LRRs, as described later.
The PFAM program detects only 5-7 of the 20 LRRs, while
the InterPro database (20 August, 2006) counts 13 in
chicken, 14 in human, Cynomolgus monkey, dog and
Chinese hamster, and 18 in bovine (Table 2). Figures 2
and 3 show the multiple sequence alignment of the LRR
domain in mammalian TLR2 from 14 species. The sixth
LRR (LRR6) shows canonical and irregular LRRs whose
HCS parts consist of LxxLxIxx(S/T/N)xL and LxxLxIxx(Q/
D)xL or LxxLxIxxLxL, respectively. The VS part is "typical".
Both canonical and irregular LRR are also seen in LRR9
and LRR10. Furthermore, the HCS part of LRR4 shows
LxxLxLxxNxY in which position 11 is tyrosine. This pat-
tern was recognized in the known structures of TLR3 and
lingo-1 (Table 1). The pairwise sequence identities are
>35%. Thus, all LRRs in TLR2s from the 14 species can be
reasonably regarded as an LRR motif.

Protein secondary structure prediction

The result of the protein secondary structure prediction of
human TLR2 having 20 LRRs is shown in Figure 4. Both
SSpro4.0 and Proteus predict that 15 of the 20 LRRs prefer
B-strands at positions 3 through 5 and/or its neighboring
positions in the HCS part. They include all five irregular
motifs, LRR4, LRR5, LRR7, LRR9, and LRR11. The occur-
rence of B-strands in LRRG is predicted only by Proteus.
However, LRR6 with the HCS part of LEELEIDASDL is
clearly a canonical LRR. All twenty including LRR6 can be
reasonably identified as LRR motifs.

The identification of LRRs within TLRs

These analyses of the known LRR structures, the multiple
sequence alignments and the secondary structure predic-
tions of TLR2 provide strong evidence that allow us to
identify LRRs over an extended range of sequences and
inferred structures. Taken together four steps for the iden-
tification of LRRs in each member of TLRs were used.

http://www.biomedcentral.com/1471-2164/8/124

Step 1. Detection of LRRs by the PFAM program

Step 2. Identification of a candidate LRR that can not be
recognized by PFAM.

Step 3: Evaluation of protein secondary structure predic-
tions by Proteus and SSpro4.0.

Step 4. Determination of all LRRs in each member based
on the results obtained by Steps 1-3.

In Step 2, the LRR candidates are selected using the crite-
rion that they are longer than 18 residues and that the
HCS part consisting of LxxLxLxxNxL occupies at least
hydrophobic residues at positions 4 and 6. The candidate
includes irregular motifs that are similar to LRRs recog-
nized by the known structures. In case there are TLRs from
many species, multiple sequence alignments are also con-
sidered for identification. In Step 3, the preference of B-
strand in the HCS part of the LRR candidate selected by
Step 1 and Step 2 was investigated. In Step 4, when the can-
didate prefers B-strand by either Proteus or SSpro4.0 (at
least in one species), it is identified as an LRR. In some
cases such as LRR12 in TLR14, the initial LRR candidate
was changed into another LRR based on the results of the
secondary structure prediction. The crystal structure of
human TLR3 [52,53] contains 25 LRRs. The present
method confirmed this. In contrast, the PFAM and SMART
programs predicted only 16-17 LRRs and the databases
have reported 22 LRRs (Table 2).

There are two exceptions. In five mammalian TLR6s with
20 LRRs, LRR9, PTLLN(E/V/L)TL(N/Q)H(I/V), that con-
tains Pro at position 1 is not predicted to have a -strand
by both prediction methods (Figure 4). However, this pat-
tern is seen in FSHr (Table 1). Similarly, in human and pig
TLR10 with 20 LRRs LRR10, GGK(A/V)YLDHNSE, is not
predicted to have a B-strand by both programs (Figure 4).
However, this pattern shows remarkable similarity with
the sixteenth LRR (LRR16) in TLR7 and TLR8 with 27
LRRs.

LRRs within TLRs

LRR motifs

The repeat number and "phasing” of LRRs in TLRs are
summarized in Table 2 and Figures 5, 6, 7, 8, 9, and 10.
The number of LRRs identified within TLRs range from 16
to 28; these numbers are larger than those reported in
most databases. The "typical”; "T", LRR, LxxLxXLxxNxLxx-
LxxxxFxxLxx, occurs most frequently followed by shorter
motifs including LxxIxLxxNxLxxLPx(x)LPxx ("bacterial";
"S") with 19-21 residues. Moreover, all of the C-terminal
LRR consists of LxxLxLxxNP(F/L)xCxCxxxx(F/L)xxxx. The
TLRs contain a variety of irregular LRRs (Figures 5, 6, 7, 8,
9, and 10). The first LRR at the N-terminus (LRR1) is fre-
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Table I: Irregular LRR motifs observed in the known structures of LRR-containing proteins

Protein? Nb Irregular LRRs PDB
Position Amino acid sequence¢
LxxLxLxxNxL
TLR3 25 LRRI HEVADCSHLKL TQVPDDLPTN 1ZIW
LRR9 LFGLFLNNVQL GPSLTEKLCLELANTS 12A0Z
LRR13 VRYLNLKRSFT KQSISLASLPKIDDFSFQWLKC
LRR15 LKYLSLSNSFT SLRTLTNETFVSLAHSP
LRR18 IFEIYLSYNKY LQLTRNSFALVPS
LRR19 LQRLMLRRVAL KNVDSSPSPFQPLRN
CDI4 | LRRI AADVELYGGGR SLEYLLKRVDTEADLGQFTDIIKSLS IWWL
LRR2 LKRLTVRAARI PSRILFGALRVLGISG
LRR3 LQELTLENLEV TGTAPPPLLEATGPD
LRR4 LNILNLRNVSW ATRDAWLAELQQWLKPG
LRR5 LKVLSIAQAHS LNFSCEQVRVFPA
LRR7 LQVLALRNAGM ETPSGVCSALAAARVQ
Slit 6 LRRI GTTVDCTGRGL KEIPRDIPLH IWS8A
Lingo-1 14 LRR8 LIVLRLRHLNI NAIRDYSFKRLYR 2ID5
LRR9 LKVLEISHWPY LDTMTPNCLYGLN
Decorin 12 LRRI LRVVQCSDLGL EKVPKDLPPD IXCD
Biglycan 12 LRRI LRVVQCSDLGL KAVPKEISPD 2FT3
FSHr 10 LRR6 LQKVLLDIQDN INIHTIERNSFVGLSFE IXWD
LRR7 SVILWLNKNGI QEIHNCAFNGTQ
LRR9 PVILDISRTRI HSLPSYGLEN
Inl-A 16 LRRI VTTLQADRLGI KSIDGLEYLNN 106V
Inl-C 7 LRRI VQNFNGDNSNI QSLAGMQFFTN IXEU
LRR7 VNWIDLTGQKC VNEPVKYQPEL
U2snRNPA' 5 LRRI DRELDLRGYKI PVIRNLGATLDQ 1A9N
RabGGTa 5 LRRI VRVLHLAHKDL TVLCHLEQLLL IDCE
DLCI 6 LRRI KVELHGMIPPI EKMDATLSTLKA 1DS9
TAP 4 LRRI QQALDLKGLRS DPDLVAQNIDVVLNRRSCMAATLRII IFT8
EENIPE
PGIP 10 LRRI VNNLDLSGLNL PKPYPIPSSLANLPYL 10GQ
YoPM 16 LRRI AHELELNNLGL SSLPELPPH 1G9U
LRR16 VEDLRMNSERV DPYEFAHETTDKLEDDVFE
hRI 16 LRR15 LEQLVLYDIYW SEEMEDRLQALEKDKP 1Z7X
pRI 17 LRRI W_NLDIHCEQL SDARWTELPLQQ 2BNH
RanGAP 10 LRR2 LEIAEFSDIFT GRVKDEIPEALRLLLQALLKCPK IYRG
cTmod 5 LRRI LEEVNLNNIMN IPVPTLKACAEALKTNTY 1100
LRR2 VKKFSIVGTRS NDPVAFALAEMLKVNNT
LRR4 LIELRIDNQSQ PLGNNVEMEIANMLEKNTT
LRR5 LLKFGYHFTQQ PRLRASNAMMNNNDLVRK
ceTmod 5 LRRI LKEVNINNMKR VSKERIRSLIEAACNSKH IPGV
LRR4 IVEFKADNQRQ SVLGNQVEMDMMMAIEENES
LRR5 LLRVGISFASM EARHRVSEALERNYERVRL
Skp2 I LRRI WQTLDLTGKNL HPDVTGRLLSQG IFQV
LRR4 LQNLSLWFLRL SDPIVNTLAKNSN 12ASS
LRR7 ITQLNLSGYRK NLQKSDLSTLVRRCPN
LRR10 LKTLQVFGIVP DGTLQLLKEA

aFSHr, follicle-stimulating hormone receptor; Inl-A, internalin A; Inl -C, internalin C; U2snRNPA!, spliceosomal U2A' protein; RabGGTa, rab

geranylgeranyltransferase o-subunit; DLC-1, Chlamydomonas outer arm dynein light chain I; TAP, mRNA export factor; PGIP, polygalacturonase-
inhibiting protein; R, ribonuclease inhibitor, RanGAP, GTPase-activating protein; Tmod, tropomodulin; Skp2, S-phase kinase-associated protein 2; h,
human, p, pig; ce, Caenorhabditis elegans: b N; the repeat number of LRRs identified in individual known LRR structures.c HCS, highly conserved
segment of LRR; VS, variable segment of LRR. Residues in boldface cause irregular motif.
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Table 2: The repeat number of LRRs and its flanking cysteine clusters in vertebrate TLRs

Famliy2 Protein SpeciesP N, < LRRNTd LRRCTd Nge
TLRI TLRI h, m, p 20(8-9) No CxCx5Cx50C |
" t 21 CxCxp9Cx4C CxCxy9Cx50C |
TLR2 h, m, p, b, r, d, ra, g, ho, dwb, ha, cm, n 20(14-18) CxsC CxCx74Cx5C |
TLR2.1 c 20(13) Cx,Cx5CxC CxCxp4CxC |
TLR2.2 c 20(13) Cx,Cx5CxC CxCxp4CxC |
TLR2 t 20 Cx,Cx5CxC CxCx,5Cx0C |
TLR2 if 19 Cx,Cx5CxC CxCxp5Cx50C |
TLR2 z 21 Cx3CxCxsCxC CxCxp4CxC |
TLRé h,m,r,p, b 20(13-14) No CxCxp5Cx50C |
TLRIO h,p 20(12) No CxCxp5Cx50C |
TLR14 tz 21 Cx,C CxCx5Cx50C |
TLR3 TLR3 h, m, b, r, bu, rm, z 25(22-24) CxgC CxCx,5CxgC |
" t 25 CxgC CxCxpeCxgC |
" if 27 CxgC CxCxp4CxgC |
TLR as 27 Cx5C CxCxp4CxgC |
" re 27 Cx5C CxCxp4CxgC |
" go 27 Cx4C CxCxp4CxgC |
TLRII re 27 Cx4Cx,,C CxCx,4Cx(gC |
TLR4 TLR4 h, Ig, pc, ob, or 23(21) CxoC CxCx3Cx7C |
" m, p, r, ch, ho, b, ab, n, 23(18-19) CxoC CxCxp3CxgC |
" ha, ra 23 CxoC CxCx3Cx5C |
TLR4b z 23 CxoC CxCxp3CxgC |
TLR4 h [Q5VZI17] 16 Cx;oC CxCxp3CxgC |
" d 16 No CxCxp3C |
TLR5 TLR5 h, m, r, p, b, jhm 22(15-16) Cx,,C CxCx,4Cx gC |
" t 22 Cx;oC CxCxp4Cx5,C |
" re 22 CxgC Cx,7C |
TLRS5 t 23 CxgC Cx5C |
TLRII TLRII M 25(11) Cx 7Gx Cx50C CxCxp4CxoC |
TLRI2 m 24(17) Cx,7Cx1 1 Cx50C CxCxp4CxoC |
TLRI3 m 27(21) Cx,C CxCxp4Cx6C |
TLR21 t 27 Cx,C CxCx,4CxsC |
TLR22 t 27 CxgC CxCxp4CxgC |
TLR23 t 27 Cx14C CxCxp4CxgC |
TLR7 TLR7 H, m,d 27(27-28) Cx,4,C CxCx,4Cx gC 2
" t 27 Cx,C CxCxp4CxgC 2
TLR8 h, m, p 27(24-26) Cx,C CxCxp4Cx gC 2
" t 27 Cx5C CxCxp4CxgC 2
TLR9 h, m, p, b, d, ca, ho, s, mnm 27(26) CxgC CxCx,3CxgC 2
" t, jf, gsb 27 Cx;oC CxCxp3CxgC 2
TLR gp 28, 26 ? CxCxp4Cx gC 2
Others TLRa Jl 21 CxgC CxCx,,C,C |
TLRb jl 21 CxgC CxCx97Cx,C |
TLRI5 c 21 No CxCxp4Cx0C 2

aThe six families and others. PAbbreviations: ab, American bison; as, Atlantic salmon; b, bovine; c, chicken; ca, cat; ch, Chinese hamster; cm,
Cynomolgus monkey; d, dog; dwd, Domestic water buffalo; g, goat; go, Goldfish; gp, green puffer; gsb, Gilthead sea bream; h, human; ha, hamster;
ho, horse; jf, Japanese flounder; jhm, Japanese house mouse; jl, Japanese lamprey; Ig, lowland gorilla; m, mouse; mnm, Ma's night monkey; n, Nilgai;
ob, Olive baboon; or, Orangutan; p, pig; pc, Pygmy chimpanzee; r, rat; ra, rabbit; rm, Rhesus macaque; rt, Rainbow trout; s, sheep; t, Takifugu
rubripes; z, Zebrafish. °N; the repeat number of LRRs. The number of parenthesis is N, reported in the Interpro datbase.d LRRNT, the cysteine
clusters on the N-terminal side of LRRs; LRRCT, the cysteine clusters on the C-terminal side of LRRs. ¢Njp; the number of horseshoe domains of
the LRRs.
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LRR1 LRR2 LRR3 LRR4
LxxLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL

bTLR2 | —————————] MPRALWTAWVWAVIILS-TEGASDQASSLSCDPTGVCDGHSRSLNSTPSGLTAGVKSLDLSNNDITYVGNRDLQRCVNLKTLRLGANETHTVEEDSFFHLRNLEYLDLSYNRLSNLSSSWFRSLYVLKFLNLLGNLYKTL
nTLR2 | ——————— MPRALWPAWVWATTILS-MEGASDKASSLSCDPTGVCDGRSRSLNSIPSGLTAGVKSLDLSNNEITYVGNRDLQRCVNLKTLRLGANETHTVEEDSFFHLRNLEYLDLSYNRLSNLSSSWFRSLYVLKFLNLLGNLYKTL
dwbTLR2 | —————————= MPRALWTAWVWAVI ILS-MEGASHQASSLSCDPTGVCDGHSRSLNSTPSGLTDGVKSLDLSNNEITYVSNRDLQRCVNLKTLRLGANETHTVEEDSFFHLRNLEYLDLSYNRLSNLSSSWFRSLYALKFLNLLGNVYKTL
gTLR2 | —————] MPRALWTAWVWAVIILS-MEGASHQASSLSCDPTGVCDGHSRSLNSIPSGLTDGVKSLDLSNNEITYVSNRDLQRCYNLKTLRLGANEIHTVEEDSFFHLRNLEYLDLSYNRLSNLSSSWFRSLYALKFLNLLGNVYKTL
pTLR2 | —————————] MPCALWTAWVLGIVISLSKEGAPHQASSLSCDPAGVCDGRSRSLSS TPSGLTAAVKSLDLSNNRTAYVGSSDLRKCVNLRALRLGANS THTVEEDSFSSLGSLEHLDLSYNHLSNLSSSWFKSLSTLKFLNLLGNPYKTL
hoTLR2 | —————————] MPHALWTVWVLGAVISLSKEGVPDQPSSLSCDPTGVCDGRSRSLNSIPSGLTAAVKSLDLSNNKIASVGNSDLWKCVNLKALRLGSNDINT IEEDSFSSLRSLEHLDLSNNHLSNLSSSWFRPLSSLKFLNLLGSTYKTL
hTLR2 MPHTLWMVWVLGVITSLSKEESSNQ-ASLSCDRNGICKGSSGSLNSTPSGLTEAVKSLDLSNNRITY ISNSDLQRCVNLQALVLTSNGINTIEEDSFSSLGSLEHLDLSYNYLSNLSSSWFKPLSSLTFLNLLGNPYKTL
cmTLR2 | ————————-] MPHTLWMVWVLGVIISLSKEESSNQ-ASLSCDHNGICKGSSGSLNSIPSGLTEAVKSLDLSNNRITY ISNSDLQRYVNLQALVLTSNGINTIEEDSFSSLGRLEHLDLSYNYLSNLSSSWFKPLSSLKFLNLLGNPYKTL
dTLR2 MSRVLWTLWVLGAVTNLSKEEAPDQSSSLSCDPTGVCDGRSRSLNSMPSGLTAAVRSLDLSNNEITY IGNSDLRDCVNLKALRLESNGINTIEEESFLSLWSLEHLDLSYNLLSNLSSSWFRPLSSLKFLNLLGNPYKSL
raTLR2 | ——————] MPPALWTVWALGAIVSLPTEG-APDLPSLSCDPAGICDGRSRSFQSIPSGLMATVKSLDLSNNEITY IRDSDLHRCVHLRALMLMSNGIDT IDEDSFSSLGSLEHLDLSNNHLSHLSAAWFRPLSSLKFLNLLENPYRTL
mTLR2 | =] MLRALWLFWILVAITVLEFSKR-CSAQESLSCDASGVCDGRSRSFTSIPSGLTAAMKSLDLSFNKITY IGHGDLRACANLQVLILKSSRINTIEGDAFYSLGSLEHLDLSDNHLSSLSSSWFGPLSSLKYLNLMGNPYQTL
rTLR2 ~MLQALWLFWILMAVIGLSREG-HSAQASLSCDAAGVCDGSSRSFTSTPSGLTANTKKLDLSFNKITY IGHGDLRACVNLRVLTLESSGINTIEGDAFYSLGSLEHLDLSNNHLSSLSSSWFRPLSSLKYLNLMGNPYRTL
chTLR2 | ————————— MLHVLWTFWILVAMTDLSRKG-CSAQASLSCDAAGVCDGRSRSFTSIPSGLTAAMKSLDLSNNKITSIGHGDLRGCVNLRALILQSSGINTIEEDAFSSLSKLEYLDLSDNHLSNLSSSWFRPLSSLKYLNLLGNPYRIL
cTLR2. 1 | MFNQSKQKPTMKLMWQAWL IYTALAAHLPEEQALRQACLSCDATQSCNCSFMGLDFIPPGLTGKITVLNLAHNRIKLIRTHDLQKAVNLRTLLLQSNQISS IDEDSFGSQGKLELLDLSNNSLAHLSPVWFGPLFSLQHLRIQGNSYSDL
c¢TLR2.2 | ——————————- MHTWKMWAICTALAAHLPEEQALRQACLSCDATQSCNCSFMGLDFIPPGLTGKITVLNLAHNRIKVIRTHDLQKAVNLRTLLLQSNQISSIDEDSFGSQGKLELLDLSNNSLAHLSPVWFGPLFSLQHLRIQGNSYSDL

LRR5 LRR6 LRR7 LRR8 LRR9 LRR10

LxxLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL
bTLR2 GETSLFSHLPNLRTLKVGNSNSFTETHEKDFTGLTFLEELEISAQNLQIYVPKSLKSIQNISHLILHLKQPILLVDILVDIVSSLDCFELRDTNLHTFHFSEASISEMSTSVKKL IFRNVQFTDESFVEVVKLFNYVSGILEVEFDDCTH
nTLR2 GETSLFSHLPDLRTLKVGNSNSFTETHEKDFTGLTFLEELETSAQNLQIYVPKSLKSTQNTSHL ILHLKQPVLLVDILVDIVSSLDCLELRDTNLHTFHFSEAS TSEMSTSVKKL IFRNVQFTDESFVEVVKLENYVSGIVEVEFDDCTH
dwbTLR2 | GETSLFSHLPNLRTLKVGNSNSFTEIHEKDFTGLIFLEELETSAQNLQIYVPKSLKSIQNISHLILHLKQPVLLVDILVDIVSSLDCLELRDTNLHTFHFSEASISEMNTSVKKLIFRNVQFTDESFVEVVKLENYVSGILEVEFDDCTH
gTLR2 GETSLFSHLPNLRTLKVGNSNSFTETHEKDFTGL IFLEELETSAQNLQTYVPKSLKSTQNTSHL ILHLKQPVLLVDILVDIVSSLDCLELRDTNLHTFHFSEAS TSEMNTSVKKL IFRNVQFTDESFVEVVKLENYVSGILEVEFDDCTH
pTLR2 GETPLFSHLPNLRILKIGNNDTFAEIQAKDFQGLTFLQELEIGASHLQRYAPKSLRS IQNTSHL ILHMRRPALLPKIFVDLLSSLKYLKLRNTDFSTENFSDVS INEPSTVMKKFTFRKAEITDASFTEIVKLLNYVSGALEVEFDDCTL
hoTLR2 GETSLFSHLTNLRILKVGN-IHFTEIQGKDFAGLTFLEELETIDATNLQRYEPKSFKSTQNTSHL ILRMKQPVLLPET ILDTLSSLEYLELRDTYLNTFHFAEVSDPETNTLIKKFTFRNVKITDESFDEIVKLLNY ISGVSEAEFDECTL
hTLR2 GETSLFSHLTKLQILRVGNMDTFTKIQRKDFAGLTFLEELEIDASDLQSYEPKSLKS IQNVSHL ILHMKQHILLLETFVDVTSSVECLELRDTDLDTFHFSELSTGETNSLIKKFTFRNVKITDESLFQVMKLLNQISGLLELEFDDCTL
cmTLR2 GETSLFSHLTKLRILRVGNMDTFTKIQRKDFAGLTFLEELEIDASDLQSYEPKSLKSTIQNVSHL ILHMKQHILLLETFVDLTSSVECLELRDTDLDTFHFSELSTGETNSLIKKFTFRNVKITDESLFQVMKLLSQISGLLELEFDDCTL
dTLR2 GETPLFSQLTNLRILKVGNIYSFTEIQDKDFAGLTFLEELETDASNLQRYEPKSLKSTQNTSYLALRMKQPVLLVETFVDLSSSLKHLELRDTHLDTFHFSEAS INETHTLVKKWTFRNVKVTDRSFTGVVRLLNYVSGVLEVEFEDCTL
raTLR2 GETSLFSHLPHLRILKVGSLYAFANTRRMDFAGVRSLEELEIDGSNLQSYEPRGLGS TPNVSRLVLHLRQPTLLLKLFPDLLSSVECLELRETDLEDFRFSGLSVTEPNPRITRF IFRSVKITDESCNEILKLLAYVPELLDLEFDDCTL
mTLR2 GVTSLFPNLTNLQTLRIGNVETFSEIRRIDFAGLTSLNELETKALSLRNYQSQSLKSIRDIHHLTLHLSESAFLLETFADILSSVRYLELRDTNLARFQFSPLPVDEVSSPMKKLAFRGSVLTDESFNELLKLLRY ILELSEVEFDDCTL
rTLR2 GETSLFSNLTNLQTLRVGNVDTFSEIRRIDFAGLTSLNELEIQVLSLGNYESRSLQSTRDIYHLTLHLSESAFLLGIFADILSSVRYLELRDTNLARFQFSELSVDEINSPMKKLAFRNADLTDKSFNELLKLLRY ILELMEVEFDHCTL
chTLR2 GETPLFLNLTHLQTLRVGNVATFSGIRRTDFAGLTSLDELETKALSLQNYEPGSLQSTQS THHLTFHLSQSDFLLGVFEDTLSSVGYLELRDANLDSFYFSELSTDEMNSPMKKLAFQNADLTDESFNELLKLLRY TPELLEVEFDDCTL
c¢TLR2. 1 | GESSPFSSLRNLSSLHLGN-PQFSIIRQGNFEGIVFLNTLRIDGDNLSQYEPGSLKSIRKINHMITSIRRIDVFSAVIRDLLHSAIWLEVREIKLDIENEKLVANSTLPLTIQKLTFTGASFTDKY ISQTAVLLKEIRSLRELEAIDCVL
c¢TLR2. 2 | GESSPFSSLRNLSSLHLGN-PQFSTIRQGNFEGIVFLNTLRIDGDNLSQYEPGSLKSTRKINHMITSTRRIDVFSAVIRDLLHSATWLDVRKLAFSVPEKIQLLRIMSSSFAKKISLKQCLFTDATVPEIVSTLEGMPKLMEVEMKDCTL

Figure 2

The multiple sequence alignment of LRRs within mammalian TLR2 from 14 species. bTLR2 [Q95LA9], nTLR2 [Q2V897],
dwbTLR2 [Q2PZH4], gTLR2 [ABI31733], pTLR2 [Q59HI8], hoTLR2 [AARO08196], hTLR2 [O60603], cmTLR [Q95M53],

dTLR2 [Q689D ], raTLR2 [AAM50059], mTLR2 [QI9QUN7],

FTLR2 [Q6YGU?2], chTLR2 [Q9RIF8], cTLR2.| [Q9DD78],

cTLR2.2 [Q9DGB6]. Abbreviations: b, Bovine; n, nilgai; dwb, domestic water buffalo; g, goat; p, pig; ho, horse; h, human; cm,

Cynomolgus monkey; d, dog ; ra, rabbit; m, mouse; r, rat; ch,
from the N-termini to LRR10.

Chinese hamster; ¢, chicken. This panel shows the sequences

quently irregular, e.g. (L/x)xx(L/A)xCxx(L/R)xLxxVPxx-
IPxx. This motif has been seen in the structures of TLR3,
Slit, decorin, and biglycan, as noted. (Table 1). Methio-
nine and tryptophan sometimes occupy positions 1, 4, 6
and 11 in the IxxLxLxxNxL motif, which are strongly
hydrophobic. Moreover, as recognized in the known LRR
structures, there are rare examples, XVxxLxLxxNXxL, PxxLx-
LxxNxL and LxxLxGxxS/PxI. The first motif is sometimes
observed in LRR7 in human TLR10, LRR8 in Takifugu
rubripes TLR14, LRR4 in chicken TLR15, LRR8 in human
TLR4, and LRR16 in human TLR9 (Figure 5, 6, 7, 8, 9, and
10). Furthermore, the HCS parts of a twelve residue
stretch, LxxLx(L/V/M/F)xx(S/N)xx(F/M), are sometimes
observed; they include LRR5 in TLR2 from pig, bovine,
nilgai, and domestic water buffalo with 20 LRRs (Figures

2 and 3), LRR11 in mouse TLR4 with 23 LRRs, and LRR14
in TLR4 from pig, bovine, rabbit, and nilgai with 23 LRRs.

LRRs in the six major families of TLRs

There are six major families of vertebarate TLRs [4]. The
TLR1 family consists of TLR1, TLR2, TLR6 and TLR10. This
family contains 19-21 LRRs and has fewer numbers than
do the other families except for Dog TLR4 [Q8SQH3] [56]
and human TLR4 variant [Q5VZ17] in the TLR4 family.
Mammalian TLR1 contains 20 LRRs (Table 2). In contrast,
Takifugu rubripes TLR1 [4] has one additional LRR at the
N-terminus whose sequence is RNYIDLSS-
RNLSSVPGDLPKE, that is a "bacterial" type. Mammalian
and Takifugu rubripes TLR2 contains 20 LRRs. Japanese
flounder TLR2 lacks one LRR that corresponds to LRR7 in
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LRRI1 LRR12 LRR13 LRR14 LRR15

LxxLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL Lx
bTLR2 DGIGDFRALSLDRIRHLGNVETLTIRKLHIPQFFLFHDLSSTYPLTGRVKRVTIENSKVFLVPCLLSQHLKSLEYLDLSENLMSEETLKNSACKDAWPFLQTLVLRQNRLKSLEKTGELLLTLENLNNLDISKNNFLSMPETCQWPGKMK
nTLR2 DGIGDFRALSLDRIRHLGNVETLTIRKLHIPQFFLFQDLSSTYPLTGKVKRVTIENSKVFLVPCLLSQHLKSLEYLDLSENLMSEETLKNSACKDAWPFLQTLVLRQNRLKSLEKTGELLLTLKNLNNLDISKNNFLSMPETCQWPGKMK
dwbTLR2 | DGIGDFRALSLDRIRHLGNVETLTIRKLHIPQFFLFHDLSSIYPLTGKVKRVTIESSKVFLVPCLLSQHLKSLEYLDLSENLMSEETLKNSACKDAWPFLQTLVLRQNRLKSLEKTGELLLTLENLNNLDISKNNFLSMPETCRWPGKMK
gTLR2 DGIGDFRALSLDRIRHLGNVETLTIRKLHIPQFFLFHDLSSTYPLTGKVKRVTIESSKVFLVPCLLSQHLKSLEYLDLSENLMSEETLKNSACKDAWPFLQTLVLRQNRLKSLEKTGELLLTLKNLNNLDISKNNFLSMPETCQWPGKMK
pTLR2 NGRGDFSTSALDTIKSLGNVETLTVRRLHIPQFFLFYDLRSTYSLTGAVKRITIENSKVFLVPCSLSQHLKSLEYLDLSENLMSEEYLKNSACEHAWPFLHTLILRQNHLKSLEKTGEVLVTLKNLTNLDISKNNFDSMPETCQWPEKMK
hoTLR2 DGLGEFRTPDIDKIKVIGKLETLTIRRLRIPQFYLFRDLSSTYSLTERVKRITIENSKVFLVPCSLSRHLKSLEYLDLSDNLMVEEYLKNSACERAWPSLQTLILRQNHLTSLGKTGETLLTLKNLTKLDISKNSFHSMPETCQWPEKMK
hTLR2 NGVGNFRASDNDRVIDPGKVETLTIRRLHIPRFYLFYDLSTLYSLTERVKRITVENSKVFLVPCLLSQHLKSLEYLDLSENLMVEEYLKNSACEDAWPSLQTLILRQNHLASLEKTGETLLTLKNLTNIDISKNSFHSMPETCQWPEKMK
cmTLR2 NGVGDFRGSDNDRVIDPGKVETVTIRRLHIPQFYSFNDLSTLYPLTERVKRITVENSKVFLVPCLLSRHLKSLEYLDLSENLMVEEYLKNSACEDAWPSLQTLILRQNHLASLGKTGETLLTLKNLTNLDISKNTFHYMPETCQWPEKMK
dTLR2 YGLGDFDIPDVDKIKNIGQIETLTVRRLHIPHFYSFYDMSSTYSLTEDVKRITVENSKVFLVPCLLSQHLKSLEYLDLSENLMVEEYLKNSACEDAWPSLQTLVLRQNHLASLERTGETLLTLKNLTNIDISKNSFHSMPETCQWPEKMK
raTLR2 NGVGDFEVPDRDLSQDLGKVETLTIRRLHIPKFYLFYDLSTIYSLSERVKRVTVENSKVFLVPCSFSQHLKSLEYLDLSENLMVEEYLKNSACEKAWPSLQTLILRQNHLTSLEKTGETLLTLKNLTDLDISKNTFHAMPDTCQWPERLR
mTLR2 NGLGDFNPSESDVVSELGKVETVTIRRLHIPQFYLFYDLSTVYSLLEKVKRITVENSKVFLVPCSFSQHLKSLEFLDLSENLMVEEYLKNSACKGAWPSLQTLVLSQNHLRSMQKTGEILLTLKNLTSLDISRNTFHPMPDSCQWPEKMR
rTLR2 NGVGNFNPSESDVVRELGKVETVTIRSLHIPQFYLFYDLSTVYSLLEKVKRITVENSKVFLVPCSFSQHLKSLEFLDLSENLMVEEYLKNSACEGGWPSLQSLVLSQNHLRS IRKTAETLLTLKNLTALDISKNSFQPMPDSCQWPGKMR
chTLR2 NGVGDFQPSESDVVRELGKVETLITRRLHIPRFYSFYDLSTVYTLLEKVKRITVENSKVFLVPCLFSQHLKSLEFLDLSENLMVEEYLKNAACEGSWPSLQTLILRQNRLKS TERTGKILLTLKNLTALDISRNSFQSMPDSCQWPGKMR
cTLR2. 1 | EGKGAWDMTEIARSKQSS—IETLSITNMTILDFYLFFDLEGIETQVGKLKRLS TASSKVEMVPCRLARYFSSLLYLDFHDNLLVNNRLGET ICEDAWPSLQTLNLSKNSLKSLKQAARY ISNLHKL INLDISENNFGETPDMCEWPENLK
cTLR2. 2 | LGTGKWYKQTHANQSQS—LRILTIENLSTEEFYLFTDLQSVLDLLSLFRKVTVENTKVFLVPCKLSQHLLSLEYLDLSANLLGDQSLEHSACQGAWPSLQTLNLSQNSLSDLKMTGKSLFHLRNLNLLDISENNFGETPDMCEWPENLK

LRR16 LRR17 LRR8 LRR19 LRR20
xLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL
bTLR2 QLNLSSTRIHSLTQCLPQTLEILDVSNNNIDSFSLILPQLKELY ISRNKLKTLPDASFLPVLSVMRISRNTINTFSKEQLDSFQQLKTLEAGGNNFICSCDFLSFTQGQQALGRVLVDWPDDYRCDSPSHVRGQRVQDARLSLSECHRAA
nTLR2 QLNLSSTKIRSLTQCLPQTLEILDVSNNNLDSFSLILPQLKELYISRNKLKTLPDASFLPVLSVMGISKNIINTFSKEQLDSFQQLKTLEAGGNNF ICSCDFLSFTQGQQALGRVLVDWPDDYRCDSPSHVRGQRLQDARLSLSECHRAA
dwbTLR2 | QLNLSSTRVHSLTQCLPQTLEILDVSNNNLDSFSLILPQLKELYISRNKLKTLPDASFLPVLSVMRISRNIINTFSKEQLDSFQQLKTLEAGGNNFICSCDFLSFTQGQQALGRVLVDWPAEYRCDSPSHVRGQRVQDARLSLSECHRAA
gTLR2 QLNLSSTRIHSLTQCLPQTLEILDVSNNN1DSFSLILPQLKELY ISRNKLKTLPDASFLPVLSVMRISGNI INTFSKEQLDSFPQLKALEAGGNNF ICSCDFLSFTQGQQALARVLVDWPDGYRCDAPSHVRGQRVQDARLSLSECHRAA
pTLR2 YLNLSSTRIHSLTHCLPQTLEVLDISNNNLNSFSLSLPQLKELY ISRNKLKTLPDASFLPMLSVLRISRNT INTFSKEQLDSFQKLKTLEAGGNNFICSCDFLSFTQGQQALAQVLSDWPENYLCDSPSHVRGQRVQDTRLSLTECHRVA
hoTLR2 YLNLSSIRIDRLTQCIPQTLEVLDISNNNLNSFSLILPQVKELY ISRNKLKTLPDASFLPMLLVMRISRKT INTFSKEQLDSFQKLKTLEAGGNNFICSCEFLSFTQEEQALDQILIDWPENYLCDSPSHVRGQRVQDTHLSVSECHRTA
hTLR2 YLNLSSTRIHSVTGCIPKTLETLDVSNNNLNLFSLNLPQLKELY ISRNKLMTLPDASLLPMLLVLKISRNATTTFSKEQLDSFHTLKTLEAGGNNF ICSCEFLSFTQEQQALAKVLIDWPANYLCDSPSHVRGQQVQDVRLSVSECHRTA
cmTLR2 YLNLSSTRIHSVTGCIPKTLEILDISNNNLNLFSLNLPQLKELYISRNKLMTLPDASLLPMLLVLKISRNTITTFSKEQLDSFHTLKTLEAGGNNF ICSCEFLSFTQEQQALAKVLVDWPANYLCDSPSHVRGQRVQDVRLSVSECHRAA
dTLR2 YLNLSSTRIHSVTGCIPKTLEILDVSNNNLNLFSLNLPQLKELY ISRNKLMTLPDASLLPMLLVLKISRNATTTFSKEQLDSFHTLKTLEAGGNNFICSCEFLSFTQEQQALAKVLIDWPANYLCDSPSHVRGQQVQDVRLSVSECHRTA
raTLR2 RLNLSSTRIHSLTYCIPQTLETLDVSNNNLNVFSLTLPRLKELYISRNMLKTLPGASLLPMLLVMKISRNSINTFSKEQLESFQKVTALEAGGNNF ICSCDFLSLTQEQPALTRVLPDWPESYLCDSPSHVRGQQVQDARLSVSECHRAA
mTLR2 FLNLSSTGIRVVKTCIPQTLEVLDVSNNNLDSFSLFLPRLQELY ISRNKLKTLPDASLFPVLLVMKIRENAVSTFSKDQLGSFPKLETLEAGDNHFVCSCELLSFTMETPALAQILVDWPDSYLCDSPPRLHGHRLQDARPSVLECHQAA
rTLR2 FLNLSSTGIQAVKTCIPQTLEVLDVSNNNLDSFSLFLPRLQELY ISRNKLKTLPEASLFPVLQVMKIRENATSTFSKDQLGSFPKLETLEAGDNHF ICSCELLSFILERPALVHVLVDWPDSYLCDSPPRLHGQRLQDARPSVLECHQAA
chTLR2 FLNLSSTGIQAVKMCTPQTLEVLDVSNNNLISFSLFLPLLRELY ISRNKLHTLPDASLFPVLLVMKIRENATSTFSKDQLSSFPKLVSLEAGGNHF ICSCELLSFTLEHPALVQVLAGWPDSYLCDSPSRLRGQRVQDARPSVLECHQTL
cTLR2. 1 | YLNLSSTQIPKLTTCIPSTLEVLDVSANNLQDFGLQLPFLKELYLTKNHLKTLPEATDIPNLVAMSTSRNKLNSFSKEEFESFKQMELLDASANNF ICSCEFLSFTHHEAGTAQVLVGWPESY ICDSPLTVRGAQVGSVQLSLMECHRSL
c¢TLR2. 2 | KYLNLSSTQIPKLTTCIPSTLEVLDVSANNLQDFGLQLPFLKELYLTKNHLKTLPEATDIPNLVAMS ISRNKLNSFSKEEFESFKQMELLDASANNFICSCEFLSF THHEAGTAQVLVGWPESY ICDSPLTVRGAQVGSVQLSLMECHRSL
Figure 3

The multiple sequence alignment of LRRs within mammalian TLR2 from 14 species. This panel continued from Figure 2 shows

the sequences from LRRI | to the C-termini.

the 20 LRRs [57]. Conversely, zebrafish TLR2 has one
additional LRR at the N-terminus, as does Takifugu
rubripes TLR1. This TLR1 family shows a feature that irreg-
ular LRRs mainly concentrate at the central part of the LRR
domain. In the TLR3 family, mammalian, Takifugu
rubripes and Zebrafish TLR3 contain 25 LRRs as was con-
firmed by the crystal structure of human TLR3 [52,53].
However, Japanese flounder TLR3 [57] contains two addi-
tional LRRs. Similarity sequence search indicates that TLRs
from rainbow trout, Atlantic salmon, and goldfish are
very similar to Japanese flounder TLR3. TLR4 that consti-
tute the TLR4 family contains 23 LRRs. Fourteen of the 23
LRRs are similar to "typical". Seven LRRs are irregular. As
seen in the TLR1 family, 5 of the 7 irregular LRRs are in the
central part of the LRR domain. Dog TLR4 [Q8SQH3] [56]
and human TLR4 variant [Q5VZ17] are shorter by about
200 amino acids at the N-terminus. These two TLRs con-
tain only 16 LRRs. It is also predicted that dog TLR4 has
no transmembrane region (Figure 7). TLR5 contains 22

LRRs. Ten of these 22 LRRs are clearly "typical". LRR15 in
mammalian TLR5 is only 19 residues (Figure 7); the
homolog in Takifugu rubripes and rainbow trout is 24 res-
idues long. The TLR11 family contains 24-27 LRRs. Most
of LRRs in mouse TLR11, TLR12, and TLR13 are "typical".
The same feature is observed in Takifugu rubripes TLR21,
TLR22 and TLR23. Two Japanese lamprey TLRs appear to
belong to the TLR1 family.

The TLR7 family consists of TLR7, TLR8 and TLR9 and
contains 27 LRRs. Cross dot plots were computed for all
of TLR7, TLRS, and TLR9 from human and mouse, and
green puffer TLR. More important the super-motif is about
80 residues. Superposition of 21 ((7 x 6)/2) cross dot-
plots for the seven proteins emphasize the super-repeat of
LRRs at the N-terminal part of the LRR domain (Figure 11)
[11]. This super-motif comes from nine LRRs from LRR1
to LRR9 in TLR7 and TLRS8, and from eight LRRs from
LRR2 to LRRY in TLRY (Figure 12). The sequence align-
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LRR1
Cons LxxLxLxxNxL
Seq. MPHTLWMVWVLGVTTSLSKEESSNQASLSCDRNGICKGSSGSLNSTPSGLTEAVKSLDLSNNRITYTSN

Proteus Cehhhhhhhhhhhhhhecee
SSprod. 0 Chhhhhhhhhhhhhhhheeeecee
LRR2 LRR3 LRR4
Cons LxxLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL
Seq. SDLQRCVNLQALVLTSNGINT IEEDSFSSLGSLEHLDLSYNYLSNLSSSWFKPLSSLTFLNLLGNPYKT
Proteus cce cce cceeeeecc C cee >ceeceeecc ce
SSpro4. 0 Hhhheeceeceeeccececccechhhhhecececeeecceececcechhhheecececeeecceceece
LRR5 LRR6 LRR7
Cons LxxLxLxxNxL LxxLxLxxNxL LxxLxLxx
Seq. LGETSLFSHLTKLQILRVGNMDTFTKIQRKDFAGLTFLEELEIDASDLQSYEPKSLKS TQNVSHLILHM
Proteus Ceeeecceeeeceeeeeeeccetceeeeeeeeeeeee ccceeeecccecccee
SSpro4. 0 Ccechhheecheeceeeceecececcecechhhhechhhhhhheeeeechheeecchhhhhhhhhhheeece
LRR8 LRR9
Cons NxL LxxLxLxxNxL LxxLxLxxNxL
Seq. {IFVDVTSSVECLELRDTDLDTFHFSELSTGETNSLIKKFTFRNVKI TDESLFQVMKLLNQI
Proteus Eee ceeeece zhhh cceeceeceee cceceeeccceecce
SSpro4. 0 Ceeccce ~chceeeeececceececcececc chhhheeeeecececchhhhhhhhhhhee
LRR10 LRR11 LRR12
Cons LxxLxLxxNxL LxxLxLxxNxL LxxLxLxx
Seq. SGLLELEFDDCTLNGVGNFRASDNDRVIDPGKVETLTIRRLHTPRFYLFYDLSTLYSLTERVKRTTVEN
Proteus CCCeeeeecceeeeeecceeeeCcceCCeCCCeeeeeectteecCCCeCCeCCeecCetCeeeeecee
SSprod. 0 ceeeceeeeeccececccccecccececceccecceceeeecceccecceccccchhhhhhhhhheceeeece
LRR13 LRR14

Cons NxL LxxLxLxxNxL LxxLxLxxNxL
Seq. SKVFLVPCLLSQHLKSLEYLDLSENLMVEEYLKNSACEDAWPSLQTLILRQNHLASLEKTGETLLTLKN
Proteus cceeeeeeeccceec ccceeeeeeecceeeeechhhhheeceece
SSpro4. 0 ccceceeeccececcchhec ccceceeeccecccccccechhhhhecee

LRR15 LRR16 LRR17 LRR18
Cons LxxLxLxxNxL LxxLxLxxNxL LxxLxLxxNxL LxxLx
Seq. LTNIDISKNSFHSMPETCQWPEKMKYLNLSSTRTHSVTGCTPKTLETLDVSNNNLNLFSLNLPQLKELY
Proteus E cceceececceeccecceecceeeeeeeeccccceeeeeee
SSpro4. 0 Ceeeeccecccccecccecccececeeeeceeccecheceece sceeeecccccececccccccheeceee

LRR19 LRR20
Cons LxxNxL LxxLxLxxNxL LxxLxLxxNxL
Seq. TSRNKLMTLPDASLLPMLLVLKISRNAITTFSKEQLDSFHTLKTLEAGGNNFICSCEFLSFTQEQQALA
Proteus Eeeeecccccccccccceceeecceecccccccceccecccceeeecccceeeeccchhhhhhhhhhhh
SSpro4. 0 Cecececcececcecceccececeeeeccecccccecchhhheecececeeeccececeecchhhhhecchhhhh
Seq. KVLIDWPANYLCDSPSHVRGQQVQDVRLSVSECHRTALVSGMCC
Proteus Ceceecceccceccece 4
SSpro4. 0 Hheeeceeecceeceecceeecececeecceecceeeeecceece
.
Figure 4

The secondary structure prediction of human TLR2 by
SSpro4.0 and Proteus. The signal peptide and extracellular
domain of hTLR2 [O60603] with 784 residues is shown; res-
idues 1-588. The highly conserved segment of individual
LRRs is highlighted by a shadow. Abbreviations: h, helix; c,
coil; e, B-strand.

ment reveals two types of LRR, S and T. The type S LRR is
observed in the first, fourth, and seventh of the 9 tandem
LRRs. All other LRRs are type T. Although the third, the
sixth and the seventh LRRs is longer than the second, the
fifth and the eighth LRRs, their C-terminal VS parts keep
the pattern of LxxxxFxxLxx that is seen in "typical" motif.
Consequently their LRRs are type T. Thus, there are three
super-repeats, STTSTTSTT, in TLR7 and TLR8, and two
and two-third super-repeats, _TTSTTSTT, in TLR9. Green
puffer TLR forms two horseshoe domains of LRRs. The
first domain is homologous to the TLR7 family and thus
contains also the super-repeat of STTSTTSTT (Figure 12).
LRR15 located at the central part of the 27 LRRs consists
of long amino acid sequence with 73 residues in TLR7, 64
in TLRS, and 58 in TLRY, as seen in TLR15. This long LRR
motif is observed in chicken TLR15. In all the case the next
LRR, LRR16, is an irregular LRR that is described by (G/
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N)XLxLxxNx(I/L)xxVxxxxFxxLxx is similar to "typical"
motif, although position 1 in the HCS part is not occupied
by leucine.

Two cysteine clusters flanking the LRR domain

The LRRs within most of TLRs are flanked by two cysteine
clusters, each of which contains two to five cysteine resi-
dues (Table 2 and Figures 5, 6, 7, 8, 9, and 10). Here the
cysteine clusters on the N- and C-terminal sides of LRRs
are termed LRRNT and LRRCT, respectively [58]. The N-
terminal cluster usually consists of two cysteines, Cxs_,,C,
but sometimes 3, 4 or 5 cysteines. With high frequency, as
noted, the last cysteine of the clusters occupies a structur-
ally equivalent position to those of leucines in the HCS
part of LRR1. The Cx,C motif in TLR3 and the Cx,,C motif
of TLR4 form a disulfide bond [52,59], as does the Cx,,C
motifin GPIba [41]. The Cx5_,; ,C motifs presumably form
disulfide bonds. The C-terminal clusters, excepting those
in three TLRs (Table 2), contain four cysteines consisting
of CxCx,, ,5Cx,5_,0C. The spacing between the first and
the second cysteine that are contained in the last LRR is
the same for all the families. The other spacing appears to
characterize each family. The CxCx,;Cx, C motif in TLR3
forms two disulfide bonds between the first and the third
cysteines, and between the second and the fourth
cysteines [52]. Such pairs of disulfide bonds have been
observed for the CxCx,,Cx,;C motif in Nogo receptor
[38,39] and the CxCx,,Cx;,C motif in Slit [49]. The
disulfide bond connectivity can be inferred for TLRs. The
C-terminal cluster for primate TLR4 (CxCx,;Cx;,C) is dif-
ferent from that of other mammalian TLR4
(CxCx,5Cx,5C). Only in rainbow trout TLR5 and Takifugu
rubripes TLRS5 having no TIR domain, does the C-termi-
nal cluster consists of two cysteines. There are no N-termi-
nal cysteine clusters in TLR1, TLR6, TLR10, TLR15, and
dog TLR4. However, the N-terminal amino acid sequence
flanking the LRR domain might form a capping structure.

Discussion

LRRs within human TLRs

The present analyses of LRRs within vertebrate TLRs indi-
cate that there are at least two types of LRR motifs; "typi-
cal'; "T", LRR, IxxIxIxxNxLxxLxxxxFxxlxx and
"bacterial”; "S", LRR, LxxLxLxxNxLxxLPx(x)LPxx. Verte-
brate TLRs contain 16-28 LRRs (Table 2 and Figures 5, 6,
7, 8,9, and 10). Bell et al., [60] have proposed that the
ECDs of human TLRs comprised 19-25 LRRs including
both "T" and "S" LRRs. Each member of human TLRs con-
tain 1-2 times less LRRs than those identified here. Fur-
thermore, in the TLR1 family (TLR1, TLR2, TLR6 and
TLR10) the LRRs at the central parts are aligned differently
to each other. Such a difference is also seen in TLR4, TLR5,
and TLR7. The alignments of TLR3, TLR8 and TLR9 are
nearly identical except the first LRR at the N-terminus of
the LRR domain and the last LRR at its C-terminus.
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(1) The TLR1 family

hTLR1

SIGNAL ~ MTSIFHFATTFMLILQIRIQLSEESEFLVDRSKNGLIHVPKD
LSQK
LxxLxXLxxNxL

LRR1 TTILNISQNYT SELWTSDILSLSK

LRR2 LRILTISHNRT QYLDISVFKFNQE

LRR3 LEYLDLSHNKL VKISCHPTVN

LRR4 LKHLDLSFNAF DALPTCKEFGNMSQ

LRR5 LKFLGLSTTHL EKSSVLPTAHLNIS

LRR6 KVLLVLGETYG EKEDPEGLQDFN

LRR7 TESLHIVFPTN KEFHFILDVSVKT

LRR8 VANLELSNIKC VLEDNKCSYFLSILAKLQTNPK

LRR9 LSSLTLNNIET TWNSFIRILQLVWHTT

LRR10  VWYFSISNVKL QGQLDFRDFDYSGTS

LRR11 HQVVS DVFGFPQSYTYETFSNMN

LRR12 " Sp

LRR13  FLHLDFSNNLL TDTVFENCGHLTE

LRR14  LETLILQMNQL KELSKTAEMTTQMKS

LRR15  LQQLDISQNSV SYDEKKGDCSWTKS

LRR16  LLSLNMSSNIL TDTIFRCLPPR

LRR17  TKVLDLHSNKI KSTPKQ A

LRR18  LQELNVAFNSL TDLPGCG

LRR19  LSVLIIDHNSV SHPSADFFQSCQK

LRR20  MRSIKAGDNPF QCTCELGEFVKNI

LRRCT  DQVSSEVLEGWPDSYKCDYPESYRGTLLKDFHMSELSCNIT

TRANS ~ LLIVTIVATMLVLAVTVTSL(

CYTOP  IYLDLPWYLRMVCQWTQTRRRARNIPLEELQRNLQFHAFIS
YSGHDSFWVKNELLPNLEKEGMQTCLHERNFVPGKSTVENT
ITCTEKSYKSTFVLSPNFVQSEWCHYELYFAHHNLFHEGSN
SLILTLLEPTPQYSIPSSYHKLKSLMARRTYLEWPKEKSKR
GLFWANLRAATNIKLTEQAKK

hTLR2

STIGNAL  MPHTLWMVWVLGVIISL

LRRNT ~ SKEESSNQASLSCDRNGICKGSSGSLNSIPSGLTEA
LxxLxLxxNxL

LRR1 VKSLDLSNNRI TYISNSDLQRCVN

LRR2 LQALVLTSNGI NTIEEDSFSSLGS

LRR3 LEHLDLSYNYL SNLSSSWFKPLSS

LRR4 LTFLNLLGNPY KTLGETSLFSHLTK

LRRS LQILRVGNMDT FTKIQRKDFAGLTF

LRR6 LEELEIDASDL QSYEPKSLKSIQN

LRR7 LTLHMKQH TLLLETFVDVTSS

LRR8 VECLELRDTDL DTFHFSELSTGETNSL

LRR9 IKKFTFRNVKI TDESLFQVMKLLNQISG

LRR10  LLELEFDDCTL NGVGNFRASDNDRVIDPGK

LRR11  VETLTIRRLHI PRFYLFYDLSTLYSLTER

LRR12  VKRITVENSKV FLVPCLLSQHLKS

LRR13  LEYLDLSENLM VEEYLKNSACEDAWPS

LRR14  LQTLILRQNHL ASLEKTGETLLTLKN

LRR15  LTNIDISKNSF HSMPETCQWPEK

LRR16 ~ MKYLNLSSTRT HSVTGCTPKT

LRR17 ~ LETLDVSNNNL NLFSLNLPQ

LRR18  LKELYTSRNKL MTLPDASLLPM

LRR19  LLVLKISRNAT TTFSKEQLDSFHT

LRR20  LKTLEAGGNNF ICSCEFLSFTQEQ

LRRCT  QALAKVLIDWPANYLCDSPSHVRGQQVQDVRLSVSECHRTA
LVSGMCC

TRANS ~ ALFLLILLTGVL(

CYTOP  HRFHGLWYMKMMWAWLQAKRKPRKAPSRNICYDAFVSYSER

Figure 5

Sequence alignment of LRR domains within the six families of TLRs. (1) hTLRI

DAYWVENLMVQELENFNPPFKLCLHKRDF TPGKWIIDNTID
SIEKSHKTVFVLSENFVKSEWCKYELDFSHFRLFDENNDAA
TLILLEPTEKKATPQRFCKLRKIMNTKTYLEWPMDEAQREG
FWVNLRAATKS
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JTLR2
SIGNAL  MGQQMIPLFTLLPLLLSLCGGQS

LRRNT  SNPGRPSCRSCDLHLSCDCSRGQFTHVPIVTSR
LxxLxLxxNxL

LRRT ALTLDLSFNNT TMVTDVDLTGHER

LRR2 LRTLSLHGNRV AGIHPAAFDSLWS

LRR3 LEELDLSHNQL TSLNPDWFQELGA

LRR4 LLRLNLLHNPY RCVGSSPVFHGLVR

LRR5 LRRLAFGGPAL EETKMAALSGVTE

LRR6 LETLTVHANNL SSGPFLTNMALASAVLRDVSYPETPIV

LRR7 LEDLHLIGNRS TQPLRELAKRR

LRR8 VRNMTFRNLSV SDEATVSVIEILDGVP

LRR9 LTYFSIDGVTL TGEGRWEKASWADFHS

LRR10  TDEFFIQNIVV LDVFKFVSLLRLKFLLQY

LRRI1  PRRVSVINSRM FVIPCDTTFLMSS

LRR12 ~ LQYLDLSDNLL TDMTLVETLCSKRGALKD

LRR13  LRVLNISGNAL KSLSTLSRLVERLHK

LRR14  LTHLDISRNFY SSMPGSCSWPST

LRR15  LRYLNISGAKL TTITPCLPKT

LRR16  LEVLDLSNNDL QGVTVALPA

LRR17  LRELRLSGNKL LRLPPGSWFPN

LRRI8  LQTLTVQSNTL NMFDRSDLRSFPR

LRR19  LQNLQAGQNKF VCTCDFVAFLQSS

LRRCT  TRGDEDVRLTDGEESY ICDSPFLLQGEPVGQTYLSFVLCHRD

TRANS ~ LVIVICVAATTFVVLILVLI

CYTOP  LFVSLCCGVALVVGILVCVLLWRLHALWYLRMMWAWLRAKHS
SRRRRLRNRLESEALLSYDAFVSYSEKDAGWVETFL E
PRETDEDSVNHTDPRPLTLCLHKRDFLPGHWIMDNIMSAMER
SRRTVFVLSQNFVQSDWCRYELDFSHFWLFDGDTRGEPATLT
LLEPLSKDDVPKRFCKLRKLMSSTTYLEWPQEEERRGEFWRS
LRSALRGDGEEDE

hTLR6

SIGNAL ~ MTKDKEPTVKSFHFVCLMITTVGTRIQFSDGNEFAVDKSKRG
LTHVPKDLPLK
LxxLxLxxNxL

LRR1 TKVLDMSQNYT AELQV &

LRR2 LTVLRLSHNRT QLLDLSVFKFNQD

LRR3 LEYLDLSHNQL QKTSCHPTVS

LRR4 FRHLDLSFNDF KALPICKEFGNLSQ

LRR5 LNFLGLSAMKL QKLDLLPTAHLHLS

LRR6 YILLDLRNYYT KENETESLQILNAK

LRR7 TLHLVFHPTSL FATQVNISVNT

LRR8 LGCLQLTNIKL NDDNCQVFIKFLSELTRG

LRR9 PTLLNFTLNHI ETTWKCLVRVFQFLWPKP

LRR10  VEYLNIYNLTI IESIREEDFI T

LRR11  LKALTIEHITN QVFLFSQTALYTVFSEMN

LRR12  IMMLTISDTPF THMLCPHAPST

LRR13  FKFLNFTQNVF TDSIFEKCSTLVK

LRR14  LETLILQKNGL KDLFKVGLMTKDMPS

LRR15  LETLDVSWNSL ESGRHKENCTWVES

LRR16  IVVLNLSSNML TDSVFRCLPPR

LRR17 ~ TKVLDLHSNKI KSVP

LRRI8  LQELNVAFNSL TDLPY SS

LRR19  LSVLIIDHNSV SHPSADFFQSCQK

LRR20  MRSTKAGDNPF QCTCELREFVKNI

LRRCT DQVSSEVLEGWPDSYKCDYPESYRGSPLKDFHMSELSCN

TRANS  TLLIVTIGATMLVLAVTV

CYTOP  TSLCIYLDLPWYLR) VTQTRRRARNIPLEELQRNLQFHA

FISYSEHDSAWV KEDIQICLHERNFVPGKSTVE
NIINCIEKSYKS SPNI We FAHHNLFHEGS
NNLILILLEPTPQNSTPNKYH MTQRTYLQWPKEKSKR

GLFWANTRAAFNMKLTLVTENNDVKS

[Q15399]; hTLR2 [060603]; hTLR6

[Q9Y2C9]; hTLRI10 [Q9BXRS5]; tTLR14 [Q5H726]. (2) hTLR3 [O15455]; jfTLR3 [Q76CT7]. (3) hTLR4 [©00204]; dTLR4
[Q8SQH3]. (4) hTLR5 [060602]. (5) mTLRI1 [Q6R5P0]; mTLRI12 [Q6QNU9]; mTLRI3[Q6R5N8]: tTLR2I
[NP_001027751]; tTLR22 [Q5H723]; tTLR23 [AAW70378]; (6) hTLR7 [QINYKI]; hTLR8 [QINRI7]; hTLR9 [QINRI6].
(7) jITLRa [Q33E93]; cTLRI5 [ABB71177]. The complete amino acid sequences are shown for hTLR| with 786 residues
(res.), hTLR2 with 784 res, hTLR6 with 796 res., hTLRIO with 811 res., tTLR14 with 871 res., hTLR3 with 904 res., fTLR3
with 961 res., hTLR4 with 839 res., dTLR4 with 636 res., hTLR5 with 858 res., hTLR7 with 1049 res., hTLR8 with 1041 res.,

hTLR9 with 1032 res., mTLRI | with 926 res., mTLR2 with 906 res.,

mTLRI13 with 991 res., tTLR21 with 965 res., tTLR22

with 950 res., tTLR23 with 94lres., jITLRa with 813res., and cTLRI5 with 868 res., Cysteine is highlighted in magenta. Its
boldface indicates cysteines in LRRNT or LRRCT. Residues of missense mutation are highlighted in blue boldface. SIGNAL,
signal peptide sequence; LRRNT, the cysteine clusters on the N-terminal side of LRRs; LRRCT, the cysteine clusters on the
C-terminal side of LRRs; TRANS, transmembrane region; CYTOP, cytoplasmic region. Abbreviations: h, human; m, mouse; t,
Takifugu rubripes; ¢, chicken; d, dog; jf, Japanese flounder. This panel shows hTLRI, hTLR2, jfTLR2 and TLRé6 in the TLRI

family.
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hTLR10 (2) The TLR3 family

SIGNAL ~MRLIRNIYIFCSIVMTAEGDAPELPEERELMTNCSNMSLRKV
PADLTPA hTLR3
LxxLxLxxNxL SIGNAL  MRQTLPCIYFWGGLLPFGMLCAS

LRR1 TTTLDLSYNLL FQLQSSDFHSVSK LRRNT STTKCTVS

LRR2  LRVLILCHNRI QQLDLKTFEFNKE LxxLxLxxNxL

LRR3 LRYLDLSNNRL KSVTWYLLAG LRR1 HEVADCSHLKL TQVPDDLPTN

LRR4 LRYLDLSFNDF DTMPICEEAGNMSH LRR2 ITVLNLTHNQL RRLPAANFTRYSQ

LRR5  LEILGLSGAKI QKSDFQKTAHLH LRR3 LTSLDVGFNTT SKLEPELCQKLPM

LRR6  LNTVFLGFRTL PHYEEGSLPILNTT LRR4 LKVLNLQHNEL SQLSDKTFAFCTN

LRR7 ~ KLHIVLPMDTN FWVLLRDGIKTSKILEMTNIDGKSQFVSYEM LRRS LTELHLMSNST QKTKNNPFVKQKN

LRRS  QRNLSLENAKT SVLLLNKVDLL LRR6 LITLDLSHNGL SSTKLGTQVQLEN

LRR9 WDDLFLILQFV WHTSVEHFQIRNVTF LRR7 LQELLLSNNKI QALKSEELDIFANSS

LRRIO  GGKAYLDHNSF DYSNTVMRTIK LRR8 LKKLELSSNQI KEFSPGCFHAIGR

LRRI1  LEHVHFRVFYI QQDKIYLLLTKMD LRR9 LFGLFLNNVQL GPSLTEKLCLELANTS

LRRI12  TENLTISNAQM PHMLFPNYPTK LRR10 IRNLSLSNSQL STTSNTTFLGLKWIN

LRR13  FQYLNFANNIL TDELFKRTIQLPH LRR11 LTMLDLSYNNL NVVGNDSFAWLPQ

LRR14  LKTLILNGNKL ETLSLVSCFANNTP LRR12 LEYFFLEYNNI QHLFSHSLHGLFN F303S

LRR15  LEHLDLSQNLL QHKNDENCSWPET LRR13 VRYLNLKRSFT KQSISLASLPKIDDFSFQWLKC

LRRI6  VVNMNLSYNKL SDSVFRCLPKS LRR14 LEHLNMEDNDI PGIKSNMFTGLIN

LRR17  TQILDLNNNQI QTVPKETTHLMA LRR15 LKYLSLSNSFT SLRTLTNETFVSLAHSP

LRRI8  LRELNIAFNFL TDLPGCSHFSR LRR16 LHILNLTKNKI SKIESDAFSWLGH

LRR19  LSVLNIEMNFI LSPSLDFVQSCQE LRR17 LEVLDLGLNET GQELTGQEWRGLEN

LRR20  VKTLNAGRNPF RCTCELKNFIQLE LRR18 IFEIYLSYNKY LQLTRNSFALVPS

LRRCT  TYSEVMMVGWSDSYTCEYPLNLRGIRLKDVHLHELSCNTA LRR19 LQRLMLRRVAL KNVDSSPSPFQPLRN

TRANS  LLIVTIVVIMLVLGLAVAF LRR20 LTILDLSNNNI ANINDDMLEGLEK

CYTOP  CCLHFDLPWYLRMLGQCTQTWHRVRKTTQEQLKRNVRF LRR21 LETLDLQINNL ARLWKHANPGGPTY H539E
HAFISYSEHDSLWVKNELIPNLEKEDGSILICLYESYF FLKGLSH N541A
DPGKSISENIVSFIEKSYKSIFVLSPNFVQNEWCHYEFR LRR22 ~ LHILNLESNGF DEIPVEVFKDLFE
YFAHHNLFHENSDHI ILTLLEPTPFYCTPTRYHKLKAL LRR23  LKIIDLGLNNL NTLPASVENNQVS
LEKKAYLEWPKDRRKCGLFWANLRAATNVNVLATREMY LRR24  LKSLNLQKNLT TSVEKKVFGPAFRN
ELQTFTELNEESRGSTISLMRTDCL LRR25  LTELDMRFNPF DCTCESIAWFVNWIN

LRRCT  ETHTNIPELSSHYLCNTPPHYHGFPVRLFDTSSCKDSAPFE
TRANS ~ LFFMINTSILLIFIFIVLLI
tTLR14 CYTOP  HFEGWRISFYWNVSVHRVLGFKEIDRQTEQFEYAAYITH
STGNAL  MIWTFVHFTALAVGVLA AYKDKDWVWEHFSSMEKEDQSLKFCLEERDFEAGVFELE
LRRNT  STTPSPPSTTKTVTGFCRVENS ATVNSTKRSRKITFVITHHLLKDPLCKRFKVHHAVQQAT
LxxLxLxxNxL EQNLDSTILVFLEEIPDYKLNHALCLRRGMFKSHCTLNW

LRR1 GRSADCLGMQL SSVPWRQFPPS PVQKERIGAFRHKLQVALGSKNSVH

LRR2 LEDIDLSYNRL QVINAEDFALFPR
LRR3 LRSLNLKYNNI SRIDSDAFKNNPL

LRRY  LEILDIFNNSL GEIPVAALSPLLN jfTLR3
LRR5  LKKLYMSNNLY KRAALAETFSTFVR SIGNAL  MGPGGKEDERETGGRKHFQLVTFFFLLTISSLLAPTSGFA
LRR6  LQTLSMGGPLV EGLKKGDFQP LRRNT  LKTCRIS
LRR7  LRKLRLQEFAT KCSSNLRYYEAGSLEVVQTQKL LxxLxLxxNxL
LRR8  GFDMAIDQRPS ALVDMLRDIANKT LRR1  YNIAKCDKMGL TAAPRDIPSA
LRR9  FIAIQFRNLFE FRYYTRVQDIFQG LRR2  VKGFDLSENKI LRVLVSDFENLPG
LRR10  LKHVAAYQLIF HRGKFNENLLRMALLNLEA LRR3  LTQLDLNRNLI SQIDDGAFANLIF
LRRI1  TKRLRFQYIDF ARSPTFVDNRAGSSITDLV LRR4  LKKLNLNNNKL VTLGENLFHGLSN
LRR12  LDKLDLWYISN PDVLRFDWRFTWFNN LRR5 ~ LTELRIMSNGI KAVTLTSFKPMNS
LRR13  TRSLSIQYVYF NSVPCDSWAEMKQ LRR6  LKFLDFSHNKL KHITKVRSIIQHLPN
LRR14  VKVLDVSNNRL TDTYIFNQLCNYKGAAPN LRR7 ~ LRELFLKKNDF TTFHSEELTNSSLQ
LRR15  LRLFNMSNNEL TSLKDLSLLTKEFQQ LRR8  LKALDLSQNPI TDFQITANVFPN
LRR16  LQELDLSRNKL GSAAESRNCIWQKS LRR9  LTWLNIGGAPG KTPVILGVRNKTFFSR
LRR17  ITRFIVHENNF ESSALHCLPTS LRRI0  VSTLDITGLRM TLVDNRTLLGTVNSS
LRR18  VEFLDLSFCDL DQLDMNYFSKTSN LRR11 LSSLRMNAMKN NITALTHISCTIPT
LRR19  LQELHLSGNKI KFIPSKWASPS LRR12  LSTLHVRHNKL TYVSSDLFKLCEN
LRR20  LQSLSLDGNSF GLIGTESFQDMPR LRR13  IREIDLTDNKI KKIRDDAFSSLQS
LRR21  LSHLSAGNNPY HCTCELHAFVQET LRR14  LKTLSLSRNKL SSVPYATRTLPS
LRRCT  TTEGKVNLTDWPWNYKCYHPEPLLNTVISQYLPGKVACDIR LRR15  LGELDLSFNNI TKLGCDDFANQTK
TRANS ~ LVIVICVAATTFVVLILVLI LRR16  LRRLRLYHNST ASLAECVFKDLVQ
CYTOP  CYIFDLPWYTKATFQTTRAKYRAHKEKAAGEEGPFTYH LRR17  LQVLKLQNNHL SNLNGAFRDCLPN
AFTSYSHSDADWVRDQLLPCLENNNNPYRLCTHERDFT LRR18  LRQLLLNGNQL TALKHGEFRGLQS
PGRWI TDNTTENTENSRKVIFVLSRHFVNSEWCNYELY LRR19  LQNLSLHENKI FNLDKGCFVGLTN
FAQQRAMGKTFSDVILVVKEP TDPNSLPSKYCKLKKM LRR20  LTDILLQNNQI RETEISKGVFNDLIN
LSTKTYLEWPQQVNQQAFFWAQLRSVLGRPTAVTRGRQ LRR21  LRRLELRDNHI KYVNNSSLPSAPFSRLSR
SVRSRTSSASISVIGPLVDERNPEMDEDRGTEPNYEVT LRR22  LETLAIPSQHG KGKSQLPRNLLEGLTN
ENSLEVSHQRQIPMVAY LRR23  LLVFNIRNIQL ASLHKDMENGTPQ

LRR24  LTTLDISSNEL MDLSPDLFSPIPN
LRR25  LKSLYVSRTSL RSLDYLTGANLTK

Figure 6
Sequence alignment of LRR domains within the six families of TLRs. This panel continued from Figure 5 shows hTLR10 and
hTLR14 in the TLRI family, and hTLR3 and jfTLR3 in the TLR3 family. .

Page 10 of 20

(page number not for citation purposes)



BMC Genomics 2007, 8:124

http://www.biomedcentral.com/1471-2164/8/124

LRR25  LKSLYVSRTSL RSLDYLTGANLTK DHRQLLVKVEQMVCAKPLDMKDMPLLSFRNATLSEEAR
LRR26 ~ LEFLQARKNEF SIISEEIIKSVPS LSISVSVFTVLHGFSGSSFSRYKFYFHLMLLAWLAKGI
LRR27 ~ LVYADFQGNSF TCKCDNAWFIKWV TEGKVPMMHFVIYSSQDEDWVRNELVKNLEEGVPPFQL
LRRCT  EYYNQTQVFDAYNFECNYPLNLKGTKLLHFDIRSCSVD CLHYRDFIPGVATAANIIQEGFYKSRKVIVVVSQHFIQ
TRANS ~ AGFLMFLSTTCTTLLFML SRWCIFEYETAQTWQFLSSRAGI IFIVLQKVEKSLLRQ
CYTOP  TSFTYHFLRWHLAYAYYFFLALLFDTKHKNKQPPNQYD QVELYRLLSRNTYLEWEDSVLGRHIFWRRLRKALLDGK

AFISYNTHDEPWVVRELLPKLEGEQGWRLCLHHRDLMP
GKPTIVENTVDATYGSRKTICVISRRYLESEWCSREMQV
ASFRLFDEQKDVLILVFLEDIPTDELSPYYRMKKLLNK
MSYLSWPRAAEHTELFWEKLRQALRTREDQADESFRLT
VVDNQW

(3) The TLR4 family
hTLR4

SIGNAL

MMSASRLAGTLIPAMAFLSCVRP

PWSPEGTEDAEKS

(4) The TLRS5 family

hTLR5

SIGNAL MGDHLDLLLGVVLMAGPVFG

LRRNT  IPSCSFDGRIAFYRFCNLTQVPQVLNT
LxxLxLxxNxL

LRR1 TE! SENYT RTVTASSFPFLEQ
LRR2 LQLLELGSQYT PLTIDKEAFRNLPN

%

LRRNT  ESWEPCVEVVP LRR3  LRILDLGSSKI YFLHPDAFQGLFH
LxxLxLxxNxL LRR4  LFELRLYFCGL SDAVLKDGYFRNLKA
LRRL  NITYQCMELNF YKIPDNLPFS LRR5 ~ LTRLDLSKNQI RSLYLHPSFGKLNS
LRR2  TKNLDLSFNPL RHLGSYSFFSFPE LRR6  LKSIDFSSNQI FLVCEHELEPLQGKT
LRR3  LQVLDLSRCEI QTIEDGAYQSLSH LRR7  LSFFSLAANSL YSRVSVDWGKCMNPFRNMV
LRR4  LSTLILTGNPI QSLALGAFSGLSS LRR8 ~ LEIVDVSGNGW TVDITGNFSNATSKSQA
LRR5  LQKLVAVETNL ASLENFPIGHLKT T135A LRR9  AFSLILAHHIM GAGFGFHNIKDPDQNTFAGLARSS
LRR6  LKELNVAHNLI QSFKLPEYFSNLTN LRRI0  VRHLDLSHGFV FSLNSRVFETLKD
LRR7  LEHLDLSSNKI QSTYCTDLRVLHQMPLL LRRI1  LKVLNLAYNKI NKTADEAFYGLDN
LRR8  NLSLDLSLNPM NFIQPGAFKETR LRR12  LQVLNLSYNLL GELCSSNFYGLPK
LRR9  LHKLTLRNNFD SLNVMKTCIQGLAGLE LRR13  VAYIDLQKNHI ATTQDQTFKFLEK
LRR10  VHRLVLGEFRN EGNLEKFDKSALEGLCNLT LRR14  LQTLDLRDNAL TTIHFIPS
LRRI1  TEEFRLAYLDY YLDDIIDLENCLTN 299G LRR15  IPDIFLSGNKL VTLPKINLT
LRR12 ~ VSSFSLVSVTI ERVKDFSYNFG LRR16  ANLIHLSENRL ENLDILYFLLRVPH
LRR13  WQHLELVNCKF GQFPTLKLKS LRR17  LQILILNQNRF SSCSGDQTPSENPS
LRR14  LKRLTFTSNKG GNAFSEVDLPS LRRIS  LEQLFLGENML QLAWETELCWDVFEGLSH
LRR15  LEFLDLSRNGL SFKGCCSQSDFGTTS — T3991 LRR19  LQVLYLNHNYL NSLPPGVESHLTA
LRR16  LKYLDLSFNGV ITMSSNFLGLEQ LRR20  LRGLSLNSNRL TVLSHNDLPAN
LRR17  LEHLDFQHSNL KQMSEFSVFLSLRN LRR21  LEILDISRNQL LAPNPDVFVS
LRRI8  LIYLDISHTHT RVAFNGIFNGLSS LRR22  LSVLDITHNKF ICECELSTFINWL
LRR19  LEVLKMAGNSF QENFLPDIFTELRN LRRCT  NHTNVTTAGPPADIYCVYPDSFSGVSLFSLSTEGCDEEE
LRR20  LTFLDLSQCQL EQLSPTAFNSLSS VLKSLK
LRR21  LQVLNMSHNNF FSLDTFPYKCLNS TRNS ~ FSLEIVCTVTLTLFLMTIL
LRR22  LQVLDYSLNHI MTSKKQELQHFPSS CYTOP  TVTKFRGFCFICYKTAQRLVFKDHPQGTEPDMYKYDAYL
LRR23  LAFLNLTQNDF ACTCEHQSFLQWIK CFSSKDFTWVQNALLKHLDTQYSDQNRFNLCFEERDFVP
LRRCT  DQRQLLVEVERMECATPSDKQGMPVLSLNITCQMNKT GENRIANTQDATWNSRKIVCLVSRHFLRDGWCLEAFSYA
TRANS  TIGVSVLSVLVVSVVAVLV QGRCLSDLNSALIMVVVGSLSQYQLMKHQS TRGFVQKQQ
CYTOP  YKFYFHLMLLAGCTKYGRGENTYDAFVIYSSQDEDWVR YLRWPEDLQDVGWFLHKLSQQILK]KEKEKKKDNNIPLQ
NELVKNLEEGVPPFQLCLHYRDF TPGVATAANT THEGF TVATIS
HKSRKVIVVVSQHF IQSRWC TFEYETAQTWQFLSSRAG
TTFTVLQKVEKTLLRQQVELYRLLSRNTYLEWEDSVLG
RHIFWRRLRKALLDGKSWNPEGTVGTGCNWQEATST (5) The TLR11 family
mTLR11
dTLR4 SIGNAL  MPRMERHQFCSVLLILILLTLVSLTLTGWA
MPLL LRRNT  WTTPDCTTADSLLFPNLSYYIPFCTSAPGLHLLASCSNV
LxxLxLxxNxL KNLNQTLKRVPR
LRR1  NLSLDLSLNPL YFIQPGSFKEIK LxxLxLxxNxL
LRR2  LHKLTLRSNFN STDVMKTFIQS LRRL  NTEVLCLQGMV PTLPAKAFIRFHSLQ
LRR3  LAGLKINQLVL GEFKNERKLESFDNSLLEG LRRZ  LLRLQLRTTSV TSRTFQGLDQ
LRR4 LCNLTIEKFRI AYFDSFSKDTTNLENQLVN LRR3 LQYLFFDHHAP CCLSLFLSPNCFESLRS
LRR5 TSAISLAHLYL DTPKYLPKNLR LRR4 LSSLSFQGYCL TYSQSIYLPTS
LRR6  WQRLEIVNCNL EQFPAWELDS LRR5  LRHLTLRNSCL TKFQDLQRL
LRR7 LKEFVLTSNKG MNTFADMKMES LRR6 FPDLLLSTSST PNIKPGAPF
LRR8  LEFLDLSRNRL SFKTCCSHSDFGTTR LRR7 ~ LETLDLSYNLQ LKQAGVRDLYGLT
LRR9  LKHLDLSFNEI TTMSSNFLGLEQ LRR8  LHSLILDGTPL KALDLTDSGLLH
LRRIO  LEYLDLQHSSL KQASDFSVFLSLRN LRR9  LHFLSLVGTGI EKVPASLTGYSE
LRR11  LRYLDISYTRT EVAFQGIFDGLVS LRR10  LRALDLGKNQI QNILENGEIPGYKA
LRR12  LEVLKMADNSF PDNSLPNIYKGLTN LRR11  LEFLSLHDNHL QTLPTRFLHTLPQ
LRR13  LTILDLSRCHL ERVSQESFVSLPK LRR12  LQKLNLSMNKL GPILELPEGLFSTN
LRR14  LQVINMSHNSL LSLDTLAYEPLLS LRR13  LKVLDLSYNQL CDVPHGALSLLSQ
LRR15  LQILDCSFNRT VAFKEQGQQHFPSN LRR14  LQELWLSGNNI SSLSNESLQGLRQ
LRR16  LVSLNLTRNSF ACDCEHQSFLQWVK LRR15  LRTLDLSWNQI KVLKPGWLSHLPA

Figure 7

Sequence alignment of LRR domains within the six families of TLRs. This panel continued in Figure 6 shows jfTLR3 (from
LRR25 to CYTOP in the TLR3 family, hTLR4 and dTLR4 in the TLR4 family, hTLR5in the TLR5 family, and mtLRI | (from SIG-
NAL to LRRI5) in the TLRI | family.
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LRR16 ~ LTTLNLLGTYL EYILGIQLQGPKM

LRR17  LRHLQLGSYPI LDIYPPWPPT

LRR18  LLSLEIQAESC IQFMIHSGQPFLF

LRR19  LENLTLETSIL LLKPDNITIHFPS

LRR20  LRRLTLRGYSF IFSTSQLQRFFPQQLPL

LRR21 ~ LEHFFIWCENS YAVDLYLFGMPRLR

LRR22 ~ VLELGYLNFFY ESSTMKLEMLLKEVPQ

LRR23  LQVLALSHLNL RNLSVSSFKSLQD

LRR24  LKLLLFNSERA LEMNSNLQEFIPQM

LRR25  PQYVYFSDVTF TCQCEASWLESWAT

LRRCT ~ RAPNTFVYGLEKSICIANASDYSKTLLFSFLATNCPHGT
EFWGFLTS

TRANS ~ FILLLLLIILPLIS

CYTOP  CPKWSWLHHLWTLFHTCWWKLCGHRLRGQFNYDVFISYC
EEDQAWVLEELVPVLEKAPPEGEGLRLCLPARDFGIGND
RMESMTASMGKSRATLCVLTGQALASPWCNLELRLATYH
LVARPGTTHLLLLFLEPLDRQRLHSYHRLSRWLQKEDYF
DLSQGKVEWNSFCEQLKRRLSKAGQERD

mTLR12

SIGNAL MGRYWLLPGLLLSLPLVTGWS

LRRNT ~ TSNCLVTEGSRLPLVSRYFTFCRHSKLSFLAACLSVSNL
TQTLEVVPRT
LxxLxLxxNxL

LRR1 VEGLCLGGTVS TLLPDAFSAFPG

LRR2 LKVLALSLHLT QLLPGALRGLGQ

LRR3 LQSLSFFDSPL RRSLFLPPDAFSDLIS

LRR4 LQRLHISGPCL DKKAGIRLPPG

LRR5 LQWLGVTLSCI QDVGELAGMFPDLVQGSSSRVSWT

LRR6 LQKLDLSSNWK LKMASPGSLQGLQ

LRR7 VEILDLTRTPL DAVWLKGLG

LRR8 LQKLDVLYAQT ATAELAAEAVAHFE

LRR9 LQGLIVKESKI GSISQEALASCHS

LRR10  LKTLGLSSTGL TKLPPGFLTAMPR

LRR11  LQRLELSGNQL QSAVLCMNETGDVSG

LRR12  LTTLDLSGNRL RILPPAAFSCLPH

LRR13  LRELLLRYNQL LSLEGYLFQELQQ

LRR14  LETLKLDGNPL LHLGKNWLAALPA

LRR15  LTTLSLLDTQI RMSPEPGFWGAKN

LRR16 ~ LHTLSLKLPAL PAPAVLFLPMYLT

LRR17  SLELHIASGTT EHWTLSPAIFPS

LRR18  LETLTISGGGL KLKLGSQNASGVFPA

LRR19  LQKLSLLKNSL DAFCSQGTSNLFLWQLPK

LRR20  LQSLRVWGAGN SSRPCLITGLPS

LRR21 ~ LRELKLASLQS ITQPRSVQLEELVGDLPQ

LRR22  LQALVLSSTGL KSLSAAAFQRLHS

LRR23  LQVLVLEYEKD LMLQDSLREYSPQM

LRR24 ~ PHYIYILESNL ACHCANAWMEPWVK

LRRCT ~ RSTKTYTYIRDNRLCPGQDRLSARGSLPSFLWDHCPQTLELK

TRANS ~ LFLASSALVFMLTALPLL

CYTOP  QEARNSWIPYLQALFRVWLQGLRGKGDKGKRFLFDVFV
SHCRQDQGWVIEELLPALEGFLPAGLGLRLCLPERDFE
PGKDVVDNVVDSMLSSRTTLCVLSGQALCNPRCRLELR
LATSLLLAAPSPPVLLLVFLEPTSRHQLPGYHRLARLL
RRGDYCLWPEEEERKSGFWTWLRSRLG

mTLR13

LRRNT  MSGLYRILVQLEQSPYVKTVPLNMRRDFFFLVVTWMPKTVK
MNGSSFVPSLQLLLMLVGFSLPPVAETYGFNKCTQYEFD
LxxLxLxxNxL

LRR1 THHVLCIRKKI TNLTEAISDIPRY

LRR2 TTHLNLTHNET QVLPPWSFTNLSA

LRR3 LVDLRLEWNST WKIDEGAFRGLEN

LRR4 LTLLNLVENKT QSVNNSFEGLSS

LRR5 LKTLLLSHNQT THIHKDAFTPLIK

LRR6 LKYLSLSRNNI SDFSGILEAVQHLPC

LRR7 LERLDLTNNST MYLDHSPRSLVS

LRR8 LTHLSFEGNKL RELNFSALSLPN

Figure 8
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LRR9 LTNLSASRNGN KVIQNVYLKTLPQ

LRR10  LKSLNLSGTVI KLENLSAKHLQN

LRRI1  LRAMDLSNWEL RHGHLDMKTVCHLLGNLPK

LRR12  LETLVFQKNVT NAEGIKQLAKCTR

LRR13  LLFLDLGQNSD LIYLNDSEFNALPS

LRR14  LQKLNLNKCQL SFINNRTWSSLQN

LRR15  LTSLDLSHNKF KSFPDFAFSPLKH

LRR16  LEFLSLSRNPI TELNNLAFSGLFA

LRR17  LKELNLAACWI VTIDRYSFTQFPN

LRR18  LEVLDLGDNNI RTLNHGTFRPLKK

LRR19  LQSLILSHNCL KILEPNSFSGLTN

LRR20  LRSLDLMYNSL SYFHEHLFSGLEK

LRR21  LLILKLGFNKI TYETTRTLQYPPFIKLKS

LRR22  LKQLNLEGQRH GIQVVPSNFFQGLGS

LRR23  LQELLLGKNPS VFLDHHQFDPLIN

LRR24  LTKLDISGTKD GDRSLYLNASLFQNLKR

LRR25  LKILRLENNNL ESLVPDMFSSLQS

LRR26 ~ LQVFSLRFNNL KVINQSHLKNLKS

LRR27 ~ LMFFDVYGNKL QCTCDNLWFKNWSM

LRRCT ~ NTEEVHIPFLRSYPCQQPGSQSLLIDFDDAMCNFDLGK

TRANS ~ VYFLCSFSMVLSTMVFSWF

CYTOP  STKMIASLWYGLYICRAWYLTKWHKTEKKFLYDAFVSF
SATDEAWVYKELVPALEQGSQTTFKLCLHQRDFEPGID
TFENIQNAINTSRKTLCVVSNHYLHSEWCRLEVQLASM
KMFYEHKDVIILIFLEETPNYKLSSYHRLRKLINKQTF
ITWPDSVHQQPLFWARTRNALGKETVEKENTHLIVVE

tTLR21

SIGNAL MWSLSFPLLSVTVLLCATRLVGG

LRRNT  YSFHNCIEFSK
LxxLxLxxNxL

LRR1 GKTFKCIHRNQ YILGDIIKDLPHS

LRR2 TLDLTTAVNPV SHIPDRSFTHLRN

LRR3 LQQLRLDHNHL GVIDQFAFQGLHQ

LRR4 LKSLNLSENYI PELSPSVFDGLHN

LRR5 LTFLSLTNNSL KRLPHGIFSHLEN

LRR6 LNTLIIKQNYL TNFSETAMAVSSLKN

LRR7 LTLLDLCFNRL TSLSHSNVSLPES

LRR8 LNRLYLCRNNL STLGCEPSFLGS

LRR9 TEILDLSYNSE LPTKALEGVNLRR

LRR10  INYLRLRSTKV NIVEFIQNSDIH

LRRI1  AGHVDFTSTHL NTEAKLVELCKLLKRKLSR

LRR12  ITKLTLVGNKI ETLTANTLAHCPN

LRR13  ITKTLDLSKVG QKKSDCLQFLKEQRQ

LRR14  ITTFIAEHNHY SSLPTCEDEDPFRQ

LRR15  LEELRYRYNRI LSVNSHAFHHTPN

LRR16  LKTLWLNINTI AFLHQKALSGLRQ

LRR17  LSTLRLDNNLL SDLFADTFEDLFN

LRRI8  LNILNLRNNRI SVIFNNTFRNLKN

LRR19  LTTLDLGGNKI THFEPSGLCGLER

LRR20  LSKLYLDGNNL QTIDSSAYHIFQNT

LRR21  LTTLDLRQNMI HFEEDVNFSPFVNLTK

LRR22  LEDLKLDEQKP YGLHILPRTLFRGLYS

LRR23  LRSLYVKNNMI SYLAADVFRDLKH

LRR24  LNFLSLDNCCV GPTHLPAGIFKDLTN

LRR25  LTILTVENMGI QNLSTEVFGNISQ

LRR26  LKKIQLNHNVM QTFPVTVLQSLTK

LRR27  LQYLDIRNVPL SCTCENSLLRNWTV

LRRCT ~ NNQKVQMIYLYSLPCPHDPKVKFFNFDTSVCNIDLGQY

TRANS ~ LFFCTAPWIFLETVWPLLYV

CYTOP  KLYWKIKYSYYVFRSWFSEQWRRLREKEENCKYDAFISY

NSSDELWVMNELLPNLEGNGSSFKICLHHRDFEPGRYIT
DNIVSAVYSSRKTICVVSRNFLSSEWCSLEIQLASYRLF
DEHRDVLLLVLLEPISERQLSSYHRMRKVMLKKTYLQWP
G NPPQAQGLFWSQLRRAIGTTSRIETEEKGTRVAN
KEDADASDNHV

Sequence alignment of LRR domains within the six families of TLRs. This panel continued in Figure 7 shows mtTLRI | (from
LRRI6 to CYTOP), mTLRI2, mTLRI3, and tTLR21I in the TLRII family.

Page 12 of 20

(page number not for citation purposes)



BMC Genomics 2007, 8:124

tTLR22

SIGNAL MGSRIKRSTFFFSPAFFLLSFS

LRRNT  QFVIPLKGFALKNACKIS
LxxLxLxxNxL

LRRI1 FNVAICSGNFV KLQDVPQDIPPT

LRR2 VKGFDLSTNKI SRIRTTDFKEFR

LRR3 LLEVLDLKNNI TSQVDEGAFINLRS

LRR4 LKKLNLNRNKL GKLDAGLFDGLQN

LRR5 LTELRVTRNRL KMVEPSALKSLVS

LRR6 LTFLDISNNKL CENIRPLFQLPN

LRR7 LSVLSMAGNNM RFFESGHLTNTSLQ

LRR8 LKSLDLSRNPI TVFRITADILPN

LRR9 LTWLNLRGTFK KRQVTWDVRTFLGN

LRR10  VSLLDISELRL SLRYMTSLLASVNSS

LRR11 ~ LTVLRMDKMSC SLAELINISCSIPT

LRR12 ~ MSALQLQNNKL GSINSSVFHLCTN

LRR13  VKDLDLQRNQI NSTDEGAFRSMKE

LRR14 ~ LKVLTLSDNRL QSVPVATRNLPN

LRR15  LMKLDLSKNKI NALHCDDFANITK

LRR16 ~ LRHLKLNANLI SALPSCVFKEVTK

LRR17 ~ LEVLKLQNNST SQLNTAFKMYLPN

LRR18  LKQLHLNSNKL VAINHGEFGGLRS

LRR19  LQNLSLHSNQT KKLGMGSFLGLKN

LRR20  LTDIHLQLNMI ETEQIAGGVFNDLIN

LRR21 ~ LRRLDLSNNHI RYYNSRPLRNPPFLHLSL

LRR22 ~ LETLYIPSQRR RGRSQLPSNILKGLSN

LRR23  LLEFTCRNSQL VWLPVDTFSYTPR

LRR24  LQRLDISSNEF QDLSPALFHPIKD

LRR25  VRSLYISRTRL GSLEFLKDARLGK

LRR26 ~ LNFLQSKRNVF SVISEDVLESLPE

LRR27 ~ LVYVDFQGNNF TCDCDNAGFLQWV

LRRCT ~ NNKTQVFDAYNFECNYPLELKSKKLLDLDTQSCTVNTD

TRANS ~ FICFISTTCTILLFMAMSF

CYTOP  TYHFLRWQLTYAYYFFLALLADKKRKNQQTPRQYDAFVS
YNAHDEHWVLRNLLPKI {QGWALCLHHRDFEPGKPIT
ENITDAIYGSRKTICVISRRYLESEWCSREIQVASFRLF
DEQKDVLILIFLEDIPTRQLSPFYRMKKMLKSKTYLSWP
RAEGHPEVFWEKLRQALLSKDMLDLKPLARGISHKV

tTLR23
SIGNAL MLTWSPPVLLCLLLHLRSSIS
LRRNT ~ FSLKNCTVHAGGASA
LxxLxLxxNxL
LRR1 EVFVDCASREL LTVPDDVPRD
LRR2 ATTVKLSYNLL TQVKRNDVEHLTK
LRR3 VKFLDLQSNEI AHIDDGSFLHMRS
LRR4 LTKLRLSKNKL SELTAQLFQGLSN
LRR5 LTHLDLSSNIT TFIHPSTFKDLPS
LRR6 LQTVVLDANRL KEMADIRPLLILPK
LRR7 LRNLTISSNLF TSFQSKDLLLDQPSS
LRR8 LRVLDVSYSIF EAFSISAATFPH
LRR9 LEMIDLSQSAF TWNITDRTSLQN
LRR10  ITRLFFSHTKV SSRQIQEILQNVAS
LRR11  LKHLRMNYIDE WIREGLLATVCRIPS
LRR12  LRVLELYLNKV PNLSAQVEFCSE
LRR13  LVQLDLSCSDV SEVPPGSFRLMKQ
LRR14  LRLLNLEVNLL TKVPEDIRNISS
LRR15  LQVLYLSDNLI TEVGCEEFSNTSA
LRR16 ~ LVELYLDSNRI TSLQQCSFENLLK
LRR17 ~ LRILDLNNNLL WKIEGVFSRGPAK
LRR18  LQLLDLSRNSV SVYDDGYFQSLGW
LRR19  LTHLDVSSDKV GRVTPGAFVGLHR
LRR20  LKSLHVSIPLD YECDFRGLKQLEN
LRR21  LTISITISDTR SPPKYSQALFHLKS
LRR22 ~ LRSFHVACQGF HYGFPLDVPLSMLSSMTQ
LRR23  LEEFTADNIYL SAPDPETFRSNSR
LRR24  LRSLKISQTDL SDLDPEMFRPIPD
LRR25  LQSLDLSGTQI SSLEFLLQVDFSS
LRR26 ~ LRDLRLCDNDI TSINHTLFQFLPS

Figure 9

LRR27
LRRCT

TRANS
CYTOP
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LTLLDLTNNPL TCDCLNAGFILWV
MDNNQTQVINGHQYSCSFPVAKKGTNLLDFEVQFCWIDVDF
LC

FLSSTCLVVLTLLTSF
TYHFLRWQLLYAFHLFLAFIYDNRNRKQQNPLPYDAFV
SYNVEDELWVYEEMLPALEDQQGWKLCLHHRDFQPGKP
IMENITDATYNSRKTICVISRSYLQSEWCSRETQMASF
RLFDEQKDVLILLFLEETPAHQLSPYHRMRKLLKRQTY
LSWTQAGRHQAGVFWQNVQRALESGDAPHDQVDPLTGPAEP

(6) The TLR7 family

hTLR7

SIGNAL ~ MVFPMWTLKRQILILFNIILISKLLG

LRRNT ~ ARWFPKTLPCDVTLDVPKN
LxxLxLxxNxL

LRR1 HVIVDCTDKHL TEIPGGIPTN

LRR2 TTNLTLTINHI PDISPASFHRLDH

LRR3 LVEIDFRCNCV PIPLGSKNNMCIKRLQIKPRSFSGLTY

LRR4 LKSLYLDGNQL LEIPQGLPPS

LRR5 LQLLSLEANNT FSIRKENLTELAN

LRR6 IEILYLGQNCY YRNPCYVSYSIEKDAFLNLTK

LRR7 LKVLSLKDNNV TAVPTVLPST

LRR8 LTELYLYNNMI AKIQEDDFNNLNQ

LRR9 LQILDLSGNCP RCYNAPFPCAPCKNNSPLQIPVNAFDALTE

LRR10  LKVLRLHSNSL QHVPPRWFKNINK

LRR11  LQELDLSQNFL AKEIGDAKFLHFLPS

LRR12  LIQLDLSFNFE LQVYRASMNLSQAFSSLKS

LRR13  LKILRIRGYVF KELKSFNLSPLHNLQN

LRR14  LEVLDLGTNFI KIANLSMFKQFKR

LRR15  LKVIDLSVNKI SPSGDSSEVGFCSNARTSVESYEPQVLEQLH

YFRYDKYARSCRFKNKEASFMSVNESCYKY

LRR16 ~ GQTLDLSKNSI FFVKSSDFQHLSF

LRR17 ~ LKCLNLSGNLI SQTLNGSEFQPLAE

LRR18  LRYLDFSNNRL DLLHSTAFEELHK

LRR19  LEVLDISSNSH YFQSEGITHMLNFTKNLKV

LRR20  LQKLMMNDNDI SSSTSRTMESES

LRR21  LRTLEFRGNHL DVLWREGDNRYLQLFKNLLK

LRR22  LEELDISKNSL SFLPSGVFDGMPPN

LRR23  LKNLSLAKNGL KSFSWKKLQCLKN

LRR24  LETLDLSHNQL TTVPERLSNCSRS

LRR25  LKNLILKNNQI RSLTKYFLQDAFQ

LRR26 ~ LRYLDLSSNKI QMIQKTSFPENVLNN

LRR27 ~ LKMLLLHHNRF LCTCDAVWEVWWVNH

LRRCT ~ TEVTIPYLATDVTCVGPGAHKGQSVISLDLYTCELDLTN

TRANS ~ LILFSLSISVSLFLMVMM

CYTOP  TASHLYFWDVWY IYHFCKAKIKGYQRLISPDCCYDAFT
VYDTKDPAVTEWVLAELVAKLEDPREKHFNLCLEERDW
LPGQPVLENLSQSTQLSKKTVFVMTDKYAKTENFKTAF
YLSHQRLMDEKVDVIILIFLEKPFQKSKFLQLRKRLCG
SSVLEWPTNPQAHPYFWQCLKNALATDNHVAYSQVFKETV

hTLR8

SIGNAL  MENMFLQSSMLTCIFLLISGSCELCA

LRRNT ~ EENFSRSYPCDEKKQND
LxxLxLxxNxL

LRR1 SVIAECSNRRL QEVPQTVGKY

LRR2 VTELDLSDNFI THITNESFQGLQN

LRR3 LTKINLNHNPN VQHQNGNPGIQSNGLNITDGAFLNLKN

LRR4 LRELLLEDNQL PQIPSGLPES

LRR5 LTELSLIQNNI YNITKEGISRLIN

LRR6 LKNLYLAWNCY FNKVCEKTNIEDGVFETLTN

LRR7 LELLSLSFNSL SHVPPKLPSS

LRR8 LRKLFLSNTQT KYISEEDFKGLIN

LRR9 LTLLDLSGNCP RCFNAPFPCVPCDGGASINIDRFAFQNLTQ

LRRIO  LRYLNLSSTSL RKINAAWFKNMPH

LRR11  LKVLDLEFNYL VGETASGAFLTMLPR

LRR12  LEILDLSFNYI KGSYPQHINISRNFSKLLS

Sequence alignment of LRR domains within the six families of TLRs. This panel continued in Figure 8 shows tTLR22 and
tTLR23 in the TLRI | family, and hTLR7 and hTLR8 (from SIGNAL to LRR12) in the TLR7 family.

Page 13 of 20

(page number not for citation purposes)



BMC Genomics 2007, 8:124

LRR13  LRALHLRGYVF QELREDDFQPLMQLPN

LRR14  LSTINLGINFI KQIDFKLFQNFSN

LRR15  LEITYLSENRI SPLVKDTRQSYANSSSFQRHIRKRRST

DFEFDPHSNFYHFTRPLIKPQCAAY

LRR16  GKALDLSLNSI FFIGPNQFENLPD

LRR17 ~ TACLNLSANSN AQVLSGTEFSAIPH

LRR18  VKYLDLTNNRL DFDNASALTELSD D543A

LRR19  LEVLDLSYNSH YFRIAGVTHHLEFIQNFTN

LRR20  LKVLNLSHNNI YTLTDKYNLESKS

LRR21  LVELVFSGNRL DILWNDDDNRYISIFKGLKN

LRR22 ~ LTRLDLSLNRL KHIPNEAFLNLPAS

LRR23  LTELHINDNML KFFNWTLLQQFPR

LRR24 ~ LELLDLRGNKL LFLTDSLSDFTSS

LRR25  LRTLLLSHNRI SHLPSGFLSEVSS

LRR26 ~ LKHLDLSSNLL KTINKSALETKTTTK

LRR27  LSMLELHGNPF ECTCDIGDFRRWM

LRRCT  DEHLNVKIPRLVDVICASPGDQRGKSIVSLELTTCVSDVTA

TRANS ~ VILFFFTFFITTMVMLAALA

CYTOP  HHLFYWDVWFIYNVCLAKVKGYRSLSTSQTFYDAYISYD
TKDASVTDWVINELRYHLEESRDKNVLLCLEERDWDPGL
ATIDNLMQSINQSKKTVFVLTKKYAKSWNFKTAFYLALQ
RLMDENMDVITFILLEPVLQHSQYLRLRQRICKSSILQW
PDNPKAEGLFWQTLRNVVLTENDSYNNMY VDS IKQY

hTLR9

SIGNAL ~ MGFCRSALHPLSLLVQAIMLAMTLA

LRRNT  LGTLPAFLPCELQP
LxxLxLxxNxL

LRR1 HGLVNCNWLFL KSVPHFSMAAPRGN

LRR2 VTSLSLSSNRI HHLHDSDFAHLPS

LRR3 LRHLNLKWNCP PVGLSPMHFPCHMT IEPSTFLAVPT

LRR4 LEELNLSYNNI MTVPALPKS

LRRS LISLSLSHTNI LMLDSASLAGLHA

LRR6 LRFLFMDGNCY YKNPCRQALEVAPGALLGLGN

LRR7 LTHLSLKYNNL TVVPRNLPSS

LRR8 LEYLLLSYNRI VKLAPEDLANLTA

LRR9 LRVLDVGGNCR RCDHAPNPCMECPRHFPQLHPDTFSHLSR

LRR10  LEGLVLKDSSL SWLNASWFRGLGN

LRR11 ~ LRVLDLSENFL YKCITKTKAFQGLTQ

LRR12  LRKLNLSFNYQ KRVSFAHLSLAPSFGSLVA

LRR13  LKELDMHGIFF RSLDETTLRPLARLPM

LRR14  LQTLRLQMNFI NQAQLGIFRAFPG

LRR15  LRYVDLSDNRI SGASELTATMGEADGGEKVWLQPGDL

APAPVDTPSSEDFRPNCSTL

LRR16 ~ NFTLDLSRNNL VTVQPEMFAQLSH

LRR17  LQCLRLSHNCI SQAVNGSQFLPLTG L499P (in mouse)

LRR18  LQVLDLSHNKL DLYHEHSFTELPR

LRR19  LEALDLSYNSQ PFGMQGVGHNFSFVAHLRT

LRR20  LRHLSLAHNNI HSQVSQQLCSTS

LRR21 ~ LRALDFSGNAL GHMWAEGDLYLHFFQGLSG

LRR22 ~ LIWLDLSQNRL HTLLPQTLRNLPKS

LRR23 ~ LQVLRLRDNYL AFFKWWSLHFLPK

LRR24  LEVLDLAGNQL KALTNGSLPAGTR

LRR25  LRRLDVSCNSI SFVAPGFFSKAKE

LRR26 ~ LRELNLSANAL KTVDHSWFGPLASA

LRR27 ~ LQILDVSANPL HCACGAAFMDFLL

LRRCT  EVQAAVPGLPSRVKCGSPGQLQGLSTFAQDLRLCLDEALSWD

TRANS ~ CFALSLLAVALGLGVPM

CYTOP  HHLCGWDLWYCFHLCLAWLPWRGRQSGRDEDALPYDAFV

Figure 10

Sequence alignment of LRR domains within the six families of TLRs. This panel

VFDKTQSAVADWVYNELRGQLEECRGRWALRLCLEERDW
LPGKTLFENLWASVYGSRKTLFVLAHTDRVSGLLRASFL
LAQQRLLEDRKDVVVLVILSPDGRRSRYVRLRQRLCRQS
VLLWPHQPSGQRSFWAQLGMALTRDNHHFYNRNFCQGPTAE
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(7) Others

iITLRa

SIGNAL  MAGWPGMFVAAAVLLCLPHPGSC

LRRNT  VRGEAFFLGRQCSVV
LxxLxLxxNxL

LRR1 GDVADCSRRGL ~ SAVPSGLPPS

LRR2 TAQLDLSHNRI ~ ESLLANDFSDVPL

LRR3 LRVLNLAFNRV ~ RDIHPGALAHTAL

LRR4 LQHLDLYHNEL ~LETPAEAVGNLRL

LRR5 LQVLNTAMNNY ~ TSFVLGGAFANLHS

LRR6 LRSLTIGTART ~DVLNASDFTALQNVS

LRR7 VTHLNVHTGSPL MKFEPGVFAPFKM

LRR8 LQSFRMNFTVD  DDPVIFSKVLLDLNKTK

LRR9 VSEFQTDRVLL ~ NPVKNMSIDFFYGLEKCSL

LRR10  LRNLTLVAANF TDQEITSLLKNVYLSQ

LRR11 ITS INSSY  TDKNVVSFFGLKNVTKLSP

LRR12 ~ LEKVTINQIFH LNMTYPKFAINFTLFPS

LRR13  FSKLKISHTGM NKVECFFMKLKF

LRR14  ITWLDFSSNLL DEEGLWWINCKYTIILPR

LRRI5  TTELYISNNKF TDLQIISSMVSLMPS

LRR16  ITLLDVGYNYI TDIDDCSWPPT

LRR17 ~ LETLILRNNDI ~SKDSRICTSPQ

LRR18  LKVLDLSYTRM EAVPYYILDDAKS

LRR19  LRELYLTGNNI HYIQPEIQSSS

LRR20  LQVLHVDYNTL GIITKGTFQLLPK

LRR21 ~ IRALKLGNNLF YCMCDLYWFRQTF

LRRCT  DKSLLVDWPQKYVCSYPENLAEKTLDCFNPSTIVSCDKRIA

TRANS ~ IGLSVVITAVVVALVLGLGYYF

CYTOP  DAVWY IRMGWIWVGAKRRGYKHVTSGEAPPFEYNAFISYS
HMDSDWVEGTLVPRLENSGSNLKLCVHERDFTPGEWVVDN
TTRCIEGSSKTLFVLSTNFVKSEWCHYELYFAQHRIMEQH
QDSLVLVLLESLPKNSLPNKFCRLRRLLNRKTYLEWPAEE
SKQATFWASLQATLQTTSSPTNPVT

cTLR15

SIGNAL  MRILIGSLYFYFISFLFSKVNG

LRRNT  FLTQRTSPVSSFPFYNYSYLNLSSVSQAQAPKT
LxxLxLxxNxL

LRR1 ARALNFSYNAT EKITKRDFEGFHV

LRR2 LEVLDLSHNHI KDIEPGAFENLLS

LRR3 LVSVDLSFNDK NLLVSGLAPHLKLIPTSGASGPSQIYMYFQ

KSAEAALEPSAPAELLPHLEDPPNPGNVNP
RFRQRRTEENKTSPPAATLRPDLCGAPT

LRR4 NGLLDLSRTKL SNEELTAKLDADLCQAQLGT

LRR5 VLEFNISHSDL EMDLLSLFILFLPMKD

LRR6 TQSVDASYNRI TINNIDVEAICHFPFSN

LRR7 FSFLNISNNPT NSLETVCLPAS

LRR8 ITVIDLSFTNT STIPANFAKKLSK

LRR9 LERMYVQGNQL IYTVRPENPSATPRPPPGTVQ

LRR10  ISATSLVRNQA GTPIESLPES

LRRI1  VKHLKVSNCSI VELPEWFANRMQE

LRRI2 ~ LLFLDLSSNRI SMLPDLPIS

LRRI3  LQQLDISNSDI KIIPPRFKSLSN

LRR14  VTVFNIQNNKL TEMHPEYFPST

LRR15  LTTCDISKNKL KVLSLTKALEN

LRR16 ~ LESLNVSGNLI TRLEPACQLPS

LRR17  LTNLDSSHNLI SELPDHLGQSLLM

LRR18  LKHFNLSGNKI SFLQRGSLPAS

LRR19  LEELDISDNAI TTIVQDTFGQLTS

LRR20  LSVLTVQGKHF FCNCDLYWFVNTY

LRRCT IRNPHLQINGKDDLRCSFPPDRRGSLVKSSNLTLLHCSLG
TQVAITAC

TRANS ~ MAILVVLVLTGLCW

CYTOP  RFDGLWYVRMGWYWCMAKRRQYKKRPENKPFDAFISYSEH

DADWTKEHLLKKLETDGFKICYHERDFKPGHPVLGNIFYC
TENSHKVLFVLPSFVNSCWCQYELYFAEHRVLDENQDSLI
MVVLEDLPPDSVPQKFSKLRKLLKRKTYLKWSPEEHKQKT
FWHQLAAVLKTTNEPLVRAENGPNEDVIEME

LRRI3 to CYTOP) and hTLR9 in the TLR7 family, and jITLRa and cTLRI5.

continued in Figure 9 shows hTLR8 (from
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One or two horseshoe domains of LRRs within TLRs

The TLR7 family (TLR7, TLR8, TLR9 and green puffer TLR)
have 27 LRRs and an additional 58-73 residues at the end
of LRR15 (Figures 9, and 10). Such a long region is also
observed in chicken TLR15 (Figure 10). Gibbard et al.,
[61] have considered two horseshoe domains of LRRs for
human TLR8. That is, LRR15 has been separated into an
LRR motif and 40 residues of undetermined structure.
Most of the known LRR structures have a cap, which
shields the hydrophobic core at the N- and C-terminii of
LRRs. We suggest that these 40 residues function as the
cap of the horseshoe structure, an intervening of hydro-
phobic core of LRR with a specific feature in TLRs. Thus, it
can be concluded that the LRRs in vertebrate TLRs form
one or two distinct horseshoe structures. Future structure
determinations should resolve the question.

The TLR1 family (TLR1, TLR2, TLR6, and TLR10) and the
TLR4 family share a common feature, the central part of
the LRR domain has a more irregular motif compared
with those at the N- and C-terminal parts. The LRR struc-
ture in the three families of TLR1, TLR4 and TLR7 might
show a structural flexibility at the central part. Alterna-
tively, the central part would play a key role in the func-
tion.

The LRR arc of TLREs is flat?

The LRR arc structures can be characterized by three
parameters- the inner radius of the arc (R), the mean rota-
tion angle about the central axis relating one p-strand to
the next (@), and the tilt angle of the parallel p-strand

direction per turn (6,). A 3D circle fitting method to calcu-

late these geometrical parameters has been developed
[55]. The TLR3-LRR arc yields R = 26.5-26.6A, ¢ = 10.8—

10.9° and 6,=24.5-26.7°. The TLR3-LRR belongs to "typ-
ical" type. This R value is comparable to 22-36 A for the
LRR arcs in Slit, FSHr, nogo receptor, decorin, and GPIba
with "typical" LRRs [8,55,58]. In contrast, the g, value is
comparable to only those for Slit (-21°) and FSHr (-40°).
Also the 6, value corresponds to 19-40° for ribonuclease
inhibitor and 15° for tropomodulin with "RI-like" LRRs.
That is, the TLR3-LRR arc is nearly flat. This indicates that
all other TLRs except for the TLR7 family and TLR15 might
adopt flat LRR arc.

Super-motif of LRRs in the TLR7 family

The present analysis reveals that the TLR7 family consist-
ing of TLR7, TLR8 and TLRY and green puffer TLR contains
the super-motif consisting of STT. Such super motifs have
been observed in various LRR proteins [8,11]. One of
them is the SLRP family. The SLRP family forms five dis-
tinct subfamilies. Class I consists of biglycan, decorin, and

http://www.biomedcentral.com/1471-2164/8/124
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Figure 11
Super-repeat of LRRs in the TLR7 family of TLR7, TLR8 and TLR9.
Forty-two superimposed, cross-dot matrices from human TLR7
[QINYKI], mouse TLR7 [P58682], human TLR8 [QINR97],
mouse TLR8 [P58682], human TLR9 [QINR96], mouse TLRY
[Q9EQU3], and green puffer TLR [Q4S0D3] with the widow size
of 21 residues and the stringency of 10 (upper) and with the
widow size of 41 residues and the stringency of 20 (lower). The
summed scores for the 2| ((7 % 6)/2) comparisons are repre-
sented by color. The order of higher scores is red > purple > blue
> light blue. Residue 46-291, 46291, 44-288, 44-283, 40-285,
40-285, and 23-268 of human TLR7, mouse TLR7, human TLRS,
mouse TLR8, human TLRY, and green puffer TLR, respectively,
were used for the cross-dot matrices. The abscissa axis and the
ordinate axis are residues number.
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hTLR7 LRR1-LRR3 HVIVDCTDKHLTEIPGGIPTN TTNLTLTINHIPDISPASFHRLDH LVEIDFRCNCV PIPLGSKNNMCIKRLQIKPRSFSGLTY
LRR4-LRR6 LKSLYLDGNQLLEIPQGLPPS LOLLSLEANNIFSIRKENLTELAN IEILYLGONCY RNPCYVSYSIEKDAFLNLTK
LRR7-LRR9 LKVLSLKDNNVTAVPTVLPST LTELYLYNNMIAKIQEDDFNNLNQ LOILDLSGNCP RCYNAPFPCAPCKNNSPLQIPVNAFDALTE
mTLR7 LRR1-LRR3 HVIVDCTDKHLTEIPEGIPTN TTNLTLTINHIPSISPDSFRRLNH LEEIDLRCNCV PVLLGSKANVCTKRLQIRPGSFSGLSD
LRR4-LRR6 LKALYLDGNQLLEIPQDLPSS LHLLSLEANNIFSITKENLTELVN IETLYLGONCY YRNPCNVSYSIEKDAFLVMRN
LRR7-LRR9 LKVLSLKDNNVTAVPTTLPPN LLELYLYNNIIKKIQENDFNNLNE LQVLDLSGNCP RCYNVPYPCTPCENNSPLQIHDNAFNSLTE
hTLR8 LRR1-LRR3 SVIAECSNRRLQEVPQTVGKY VTELDLSDNFITHITNESFQGLON LTKINLNHNPN VQHONGNPGIQSNGLNITDGAFLNLKN
LRR4-LRR6 LRELLLEDNQLPQIPSGLPES LTELSLIQNNIYNITKEGISRLIN LKNLYLAWNCY FNKVCEKTNIEDGVFETLTN
LRR7-LRRY9 LELLSLSFNSLSHVPPKLPSS LRKLFLSNTQIKYISEEDFKGLIN LTLLDLSGNCP RCFNAPFPCVPCDGGASINIDRFAFQNLTQ
mTLR8 LRR1-LRR3 LVIAECNHRQLHEVPQTIGKY VINIDLSDNAITHITKESFQKLON LTKIDLNHNAK QQHPNENKNGMNITEGALLSLRN
LRR4-LRR6 LTVLLLEDNQLYTIPAGLPES LKELSLIQNNIFQVTKNNTFGLRN LERLYLGWNCY FKCNQTFKVEDGAFKNLIH
LRR7-LRRY9 LKVLSLSFNNLFYVPPKLPSS LRKLFLSNAKIMNITQEDFKGLEN LTLLDLSGNCP RCYNAPFPCTPCKENSSIHIHPLAFQSLTQ
hTLR9 LRR2-LRR3 VISLSLSSNRIHHLHDSDFAHLPS LRHLNLKWNCP PVGLSPMHFPCHMTIEPSTFLAVPT
LRR4-LRR6 LEELNLSYNNIMTVPA LPKS LISLSLSHTNILMLDSASLAGLHA LRFLEFMDGNCY YKNPCRQALEVAPGALLGLGN
LRR7-LRR9 LTHLSLKYNNLTVVPRNLPSS LEYLLLSYNRIVKLAPEDLANLTA LRVLDVGGNCR RC DHAPNPCMECPRHFPQLHPDTFSHLSR
mTLRY LRR2-LRR3 ITRLSLISNRIHHLHNSDFVHLSN LRQLNLKWNCP PTGLSPLHFSCHMTIEPRTFLAMRT
LRR4-LRR6 LEELNLSYNGITTVPR LPSS LVNLSLSHTNILVLDANSLAGLYS LRVLEMDGNCY YKNPCTGAVKVTPGALLGLSN
LRR7-LRR9 LTHLSLKYNNLTKVPRQLPPS LEYLLVSYNLIVKLGPEDLANLTS LRVLDVGGNCR RC DHAPNPCIECGQKSLHLHPETFHHLSH
gpTLR LRR2-LRR3 VVNVDCTERSLTDVPHGIPRD VSNLTLTINHIPNFNSTSFQGLDN LREVDMRCNCV PVKIGPKDHICTKSVTIEENTEFNSLKN
LRR4-LRR6 LQSLYLDGNQLYSIPKGLPSS LILLSLEVNHIYYISKANLSEIRN VEILYLGQONCY YRNPCNEFSYGIEDGAFLELYN
LRR7-LRR9 LKLLSLKSNNLSFIPHHLPSS LKELYLYNNNFQSVSAEDFKNLTN LEILDISGNCP RCYNVPFPCNPCPNNAPLKISKEAFKTLTK
Consensus LxxLxLxxNxLxxIPxxLPxx LxXLxLxxXNxLxxLxxxxFxxLxx LxXLXLXxXNCX XXXXXXXXXXXXXXXXXXXIXXXXFxxXLxX
LRR Type < S > X< T > < T >
Figure 12

Sequence alignment of super-repeat of LRRs within TLR7, TLR and TLR9 from human and mouse and TLR from green puffer.
human TLR7 [QINYK]; mouse TLR7 [P58682]; human TLR8 [Q9NR97]; mouse TLR8 [P58682]; human TLR9 [QINR96];
mouse TLR9 [Q9EQU3]; green puffer TLR [Q4S0D3]. Abbreviations: h, human; m, mouse; gp, green puffer.

asporin. Class II has three subclasses: lumican plus fibro-
modulin (ITA), PRELP plus keratocan (IIB), and osteoad-
herin (IIC). Class III consists of epiphycan, osteoglycin
and opticin. Class IV is more distantly related and consists
of chondroadherin and nyctalopin. Class V consists of
podocan. Their classes except for class IV contain the
super-motif. Super-motifs, S and T, similar to those in
SLRP are also present in asporin-like proteins from
human and mouse, mouse fibromodulin-like proteins,
biglycan-like proteins from sea lamprey, oligodendrocyte-
myelin and glycoprotein (OMGP), the FLRT family from
human, mouse and Xenopus, and human ECM2 [8,62].
Furthermore, a preliminary analysis indicates that neph-
rocan, a novel member of the SLRP family [63], contains
an STT motif. These observations suggest strongly that
"bacterial" and "typical" LRRs evolved from a common
precursor.

LRR variants in TLRs associated with diseases

A number of amino acid polymorphisms, which occur in
LRRs, have been reported in TLRs. Arbour et al., [64] first
identified two mutations of human TLR4, D299G and
T3991, which were associated with diminished airway
responsiveness to inhaled LPS. Since then, these two
mutations have been studied for their association with

various infectious and inflammatory diseases; results
regarding the effects of these mutations have been incon-
clusive [65-71]. D299G and T399I occur in LRR11 and
LRR15, respectively (Figure 7). D299G is near the convex
part, while T399I is located on the loop C-terminal to the
convex part. Very recently, Ohara et al., [72] reported that
one mutation, T135A, was associated with poorly-differ-
entiated gastric adenocarcinomas. T135A in LRR5 occur at
position 9 in the HCS part (Figure 7). Such a mutation has
been observed in many LRR proteins such as nyctalopin,
keratocan, GPIba, GPIbf and GPIX, which are associated
with human diseases [58]. Position 9 is generally occu-
pied by Asn or Cy and sometimes by Thr or Ser, whose
side chains form hydrogen bonds in the loop structure
[58]. The T135A mutation may disrupt the hydrogen
bond pattern in the loop.

Mouse TLR9 plays a role in defense against systemic
mouse cytomegalovirus infection. Mice with the muta-
tion, L499P, are highly susceptible to mouse cytomegalo-
virus infection and shows low levels of cytokine induction
and natural killer activation on viral infection [73]. L499P
is located at the short loop that connects the helical struc-
ture on the convex part (in LRR17) and the B-strand on
concave part (in LRR18) (Figure 10). That is, L499P in
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LRR18 occur at position 1 in the HCS part. The side chain
of L499 is completely buried in the LRR arc. Such a muta-
tion is also observed in trk-A and nyctalopin, which are
associated with human diseases [58]. The mutation of
D543A in human TLR8 abolishes the binding of CpG
DNA [61]. D543A in LRR19 occur at position 1 in the VS
part. Thus, D543A is located at the edge between the con-
vex and the concave parts of the LRR arc. The Cys-to-Ala
mutations in the VS part of LRR9 (C257A, C260A, C267A,
and C270A) completely abolish signaling by TLR8 [61].

Hidaka et al., [74] detected one mutation, F303, in human
TLR3 in one of three patients with influenza-associated
encephalopathy. This was a loss-of-function mutation.
F303S in LRR12 is located at position 4 in the HCS part.
The side chain of F303 is completely buried in the LRR arc.
Two mutations, H539E and N54 1A, resulted in the loss of
TLR3 activation and ligand binding functions [75]. These
two mutations occur in LRR21.

Conclusion

The new method of alignment proposed here rationalizes
the difference in the repeat numbers of LRRs and their
"phasing" within TLRs in different databases and for vari-
ous species and isoforms. Moreover, the new method
indicates that each of the six TLR families is characterized
by their LRR motifs, their repeat numbers, and the motifs
of cysteine clusters. The repeat number of LRRs is larger
than those previously reported in databases. The central
part in the LRR domains within the TLR1 family and TLR4
has more irregular motifs compared with the N- and C-ter-
minal parts. Moreover, the TLR7 family contains a region
with 58-73 residues in the central part of the LRR domain.
The central parts are inferred to play a key role in the struc-
ture and/or function of their TLRs. The LRRs in TLRs form
one or two horseshoe domains. The LRR arc of TLRs is also
predicted to be nearly flat. Furthermore, the LRR super-
motif in the TLR7 family suggests strongly that "bacterial"
and "typical" LRRs evolved from a common precursor.
The present analysis should stimulate and facilitate vari-
ous experimental studies to understand the molecular
mechanism of TLR-ligand interactions.

Methods

Known structures of LRR proteins

The structures of twenty-two different LRR proteins have
been determined. They are ribonuclease inhibitor (RI)
[2NBH, 11DJ, LA4Y, 1Z7X], GTPase-activating protein
(RanGAP) [1YRG, 1K5D, 1K5G], tropomodulin (Tmod)
[1I00, 1PGV], S-phase kinase-associated protein 2 (Skp2)
[TFQV], YopM [1G9U], four internalins, Inl-B [1DOB],
Inl-H [1H6U], Inl-A [106T, 106V, 106S] and Inl-C
[1XEU], spliceosomal U2A' protein [1A9N], mRNA export
factor (TAP) [1FT8, 1F01], rab geranylgeranyltransferase
a-subunit (RabGGTa) [1DCE, 1LTX], Chlamydomonas

http://www.biomedcentral.com/1471-2164/8/124

outer arm dynein light chain 1 (DLC-1) [1DS9], polyga-
lacturonase-inhibiting protein (PGIP) [10GQ], nogo
receptor/nogo-66 receptor (NgR) [10ZN, 1P9A], glyco-
protein Iba (GPIba) [IM0Z, 1GWB, 1QYY, 1M10, 1SQ0,
1P8V, 100K, 1P9A, 1UON], decorin [1XCD, 1XKU, 1XEC],
biglycan [2FT3], Slit [ITW8A], CD14 [1WWL], follicle-
stimulating hormone receptor (FSHr) [1XWD], TLR3
[1ZIW, 2A0Z], and human lingo-1 [2ID5].

Amino acid sequences

The LRRs alignments within the TLR family were made for
TLR1 from four species (human [Q15399, Q5FWGS5,
QGFI64, Q32MK3], mouse [QIEPQI1], pig [Q4LDR?7,
Q59H19], Takifugu rubripes [Q5H727]); TLR2 from 17
species (human [060603], mouse [QIQUN7, Q8K3D9,
Q811T5], pig [Q59HI8, Q5DX20, Q76L24], chicken
[QDD78 (TLR2.1), QIDGB6 (TLR2.2)], bovine
[Q95LA9], rat [Q6YGU2]|, dog [Q689D1], rabbit
[AAM50059], goat [ABI31733], horse [AAR08196], ham-
ster [Q9R1F8], Cynomolgus monkey [Q95M53], domes-
tic water buffalo [Q2PZH4], Nilgai [Q2V897], Takifugu
rubripes [Q5H725], zebrafish [Q6TS42], Japanese floun-
der [Q76CT8]); TLR3 from 9 species (human [O015455,
Q4VAL2, Q504W0], mouse [Q99MB1, Q3TM31,
Q499F3], bovine [Q5TJ58, Q5TJ59], rat [Q7TNI8], buf-
falo [Q1G1A3], Rhesus macaque [Q3BBY1], Takifugu
rubripes [Q5H721], zebrafish [Q6IWL5, Q32PW5], Japa-
nese flounder [Q76CT7, Q76CT9]; TLR4 from 17 species
(human [000206, Q5VZI7, Q5VZI8, Q5VZI9], mouse
[Q9QUK6, Q5RGT4, Q8K2T5], pig [Q68Y56, Q2TNK4,
Q5F4K7, Q401C7|, bovine [Q9GL65, QG6WCDS5,
Q8SQ55], rat [QI9QX05], hamster [QIWVS82], cat
[P58727], lowland gorilla [Q8SPES], horse [QIMYWS3],
Pygmy chimpanzee [QI9TTNO], olive baboon [Q9TSP2],
orangutan [Q8SPE9], Nilgai [Q2V898], American bison
[Q3ZzD70], dog [Q8SQH3], rabbit [AAM50060];
zebrafish [Q6NV08, Q6TS41(TLR4b)]; TLR5 from 8 spe-
cies (human [060602], pig [Q59HI7], mouse [Q9JLF7],
bovine [Q2LDAO], chicken [Q4Z]J82], Japanese house
mouse [Q1ZZX0], Takifugu rubripes [Q5H720,
Q5H716(TLRS5)], rainbow trout [Q7ZT81]); TLR6 from
5 species (human [Q9Y2C9], mouse [QIEPWY,
Q7TPC5], rat [Q6P690], pig [Q59HI6, Q76L23], bovine
[Q704V6, Q706D2]; TLR7 from 4 species (human
[QINYK1], mouse [P58681, Q548]0], dog [Q2LA4T3],
Takifugu rubripes [Q5H719]); TLR8 from 4 species
((human [QINR97, Q495P4, Q495P6, Q495P7], mouse
[P58682], pig [Q865R7], Takifugu rubripes [Q5H718]);
TLR9 from 12 species (human [QINRI6[, mouse
[Q9EQU3], pig [Q512M3, Q865R8], bovine [Q5I12M5,
Q866B2], dog [Q512M8], cat [Q512M7], Japanese floun-
der [Q2ABQ3], horse [Q2EEYO0], sheep Q512M4], Ma's
night monkey [Q56R09], Gilthead sea bream [Q3L273,
Q3L274], Takifugu rubripes [Q5H717]]; TLR10 from two
species (human [Q9BXR5, Q5FWG4, Q32MI7, Q32MI8],
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pig [Q4LDR6, Q59HI5]); TLR11 from mouse [Q6R5PO,
Q32MES8]; TLR12 from mouse [Q6QNU9]; TLR13 from
mouse [QG6R5N8]|; TLR14 from Takifugu rubripes
[Q5H726] and zebrafish [XP_687315]; TLR15 from
chicken [ABB71177], TLR21 from Takifugu rubripes
[NP_001027751], TLR22 from Takifugu rubripes
[Q5H723], TLR23 from Takifugu rubripes [AAW70378],
and TLR from rainbow trout [Q6KCC7, Q4LBC9Y], Atlan-
tic salmon [Q2A132], goldfish [Q801F9]), Japanese lam-
prey [Q33E92, Q33E93] and green puffer (Fragment)
[Q4S0D3]).

The prediction of secondary structure, signal peptide and
membrane-spanning region in protein

The protein secondary structure prediction by SSpro4.0
[13,76,77]and Proteus [12,78] were utilized for the deter-
mination and assignments of LRRs within TLRs. Signal
peptide prediction was performed by SignalP 3.0 [79,80].
The prediction of membrane-spanning regions in proteins
was performed by the TMHMM Program [81,82]. The
PFAM program [83] was used to detect LRRs in TLRs.

Multiple sequence alignment, sequence similarity search
and dot plot analysis

Multiple sequence alignments and sequence similarity
searches were performed at Bioinformatic Center, Insitute
for Chemical Research, Kyoto University [84]. Dot-matrix
comparisons were performed using the Blosum90 scoring
matrix. The program was made in house. Window sizes
and stringencies are indicated in figure legends.

Abbreviations

Toll-like receptor: FTLR. Toll IL-receptor: FTIR. LPS:
Liopolysacchride. LRR: ECD: Ectodomain. Leucine rich
repeat. HCS: Highly conserved segment of LRR. VS: Varia-
ble segment of LRR. SLRP: Small leucine-rich repeat pro-
teoglycans: FSHr, Follicle-stimulating hormone receptor.
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