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Toll-like receptor 5 (TLR5) of mammals, birds, and reptiles detects
bacterial flagellin and signals as a homodimeric complex. Struc-
tural studies using truncated TLR5b of zebrafish confirm the
homodimeric TLR5—flagellin interaction. Here we provide evidence
that zebrafish (Danio rerio) TLR5 unexpectedly signals as a heter-
odimer composed of the duplicated gene products drTLR5b and
drTLR5a. Flagellin-induced signaling by the zebrafish TLR5 hetero-
dimer increased in the presence of the TLR trafficking chaperone
UNC93B1. Targeted exchange of drTLR5b and drTLR5a regions
revealed that TLR5 activation needs a heterodimeric configuration
of the receptor ectodomain and cytoplasmic domain, consistent
with ligand-induced changes in receptor conformation. Structure-
guided substitution of the presumed principal flagellin-binding
site in human TLR5 with corresponding zebrafish TLR5 residues
abrogated human TLR5 activation, indicating a species-specific
TLR5-flagellin interaction. Our findings indicate that the dupli-
cated TLR5 of zebrafish underwent subfunctionalization through
concerted coevolution to form a unique heterodimeric flagellin
receptor that operates fundamentally differently from TLR5 of
other species.
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oll-like receptors (TLRs) are evolutionarily highly conserved

membrane-bound receptors that initiate activation of the
immune system upon detection of microbial ligands (1, 2). TLRs
are composed of a cytoplasmic Toll-interleukin-1 (TIR) signal-
ing domain, a single transmembrane (TM) segment, and a
leucine-rich repeat (LRR)-containing ectodomain (3). Microbe-
driven diversification of the ectodomain has resulted in a family
of distinct TLRs across species that recognize a wide variety of
conserved microbial structures (4). For example, TLR4 detects
bacterial LPS (5), TLR15 is activated by microbial proteases (6),
while microbial nucleic acids are sensed by TLRs 3, 7-9, and 21
(7-11). Bacterial flagellin, the major constituent of the flagellum
of motile bacteria including pathogens such as Salmonella spp.
and Pseudomonas aeruginosa, is recognized by TLRS (12, 13).
Irrespective of the type of ligand, TLRs need to form receptor
dimers to exert their function (14). Whereas TLR1 and
TLR6 function in a heterodimeric complex with TLR2, other
TLRs, including TLR3, TLR4, TLR7-9, and TLRS, act as
homodimers. In all cases, binding of ligand to the TLR complex
induces a conformational change, which positions the in-
tracellular TIR domains of the dimer into close proximity,
thereby forming a docking station for intracellular adapter
molecules. Binding of adapter molecules initiates further sig-
naling that activates transcription factors such as NF-kB, which
translocate to the nucleus to start proinflammatory gene ex-
pression (14).

Structural analyses of crystallized TLR-ligand complexes have
fundamentally contributed to a detailed understanding of TLR-
ligand interaction and dimerization. To date, the ectodomains of
many mammalian TLRs have been crystallized (15-18), with the
exception of TLRS. For this receptor, only the protein structure
of the N-terminal part of the ectodomain of TLR5b of zebrafish
(Danio rerio) in complex with Salmonella flagellin has been re-
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solved. The structure indicates that bacterial flagellin binds to
homodimers of zebrafish TLRS5b (19), consistent with the
homodimeric nature of mammalian TLRS5. However, direct ev-
idence that binding of flagellin to zebrafish TLR5b initiates
signaling is lacking.

Zebrafish is a widely used model animal and belongs to the
teleostei or bony fish. Teleost fish underwent an additional
round of whole-genome duplication. The duplication and re-
organization of TLR genes have led to a higher diversity of TLR
gene repertoires among teleosts compared with nonteleost ver-
tebrates (20-24). The common carp (Cyprinus carpio) has two
paralogs of TLR2 (20, 25), and the Atlantic cod (Gadus morhua)
has lost TLRS but has massively expanded TLR8 genes (22).
Zebrafish carries two paralogs of TLR4 (26) and retained both
CpG DNA receptors, TLR9 (present in mammals) and TLR21
(present in birds) (27). In addition, the zebrafish has duplicated
TLRS, resulting in the two paralogs: TLR5a and TLR5b. The
functional consequences of these TLR duplications in teleosts
are poorly understood.

In the present study we provide evidence that zebrafish TLR5b
does not signal as a conventional TLRS homodimer but instead
cooperates with its paralog TLRS5a to form a unique hetero-
dimeric TLRS that responds to flagellin. Structure-guided amino
acid substitution and functional analyses of the N-terminal part
of TLRS indicate species-specific functional differences between
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zebrafish and human TLRS. Targeted exchange of multiple de-
fined regions of zebrafish TLR5a and TLRS5b indicates that a
transregional heterodimeric configuration is required for re-
ceptor activation and signal initiation, which is consistent with
ligand-induced changes in receptor conformation.

Results

drTLR5a and drTLRSb Are Both Required for Functional Flagellin
Recognition. Since the published crystal structure of the zebra-
fish TLR5b (drTLR5b) ectodomain indicates binding of flagellin
to a receptor homodimer (19), we investigated whether stimu-
lation of full-length drTLR5b with bacterial flagellin activates
the canonical TLRS inducible NF-xB signaling pathway. The
corresponding #Ir5b gene was amplified from zebrafish and
cloned in front of the C-terminal FLAG tag of an expression
vector. The plasmid was transfected into human HeLa-57A cells
that do not express endogenous TLRs but stably express an NF-
kB-inducible luciferase reporter gene. Stimulation of drTLRS5b
transfected cells with recombinant flagellin of Salmonella enterica
serovar Enteritidis (FliC3F) or P. aeruginosa (FliC™) (28) failed
to activate NF-xB (Fig. 14), although confocal microscopy
confirmed expression of FLAG-tagged drTLR5b in transfected
cells (Fig. 1B). Both FIiCSF and FliC™ did activate NF-kB in
HeLa-57A cells transfected with human TLR5 (hTLRS), indi-
cating that TLR expression and signaling are functional in these
cells and that the flagellins displayed TLRS activating capacity
(Fig. 1C). To test whether drTLRS5b might recognize native in-
stead of recombinantly produced flagellin, we stimulated trans-
fected cells with whole-cell lysates of highly motile S. Enteritidis,
P. aeruginosa, and of the fish pathogen Aeromonas hydrophila.
None of the lysates activated cells in a drTLR5b-dependent
fashion (Fig. 1D).

Since, in zebrafish, the #r5 gene is duplicated, we questioned
whether its paralog, annotated as TLR5a (drTLR5a), could be
the functional receptor to flagellin. dr#lr5a and drtlr5b are posi-
tioned in tandem on chromosome 20. Both genes translate into
proteins of 881 amino acids that have characteristic TLRS fea-
tures, including a signal peptide, N-terminal LRR (NTLRR),
22 consecutive LRRs, C-terminal LRR (CTLRR), TM domain
(TM), and an intracellular TIR signaling domain (Fig. S1).
Overall, the protein sequences of drTLR5b and drTLR5a are
83% similar, with the highest similarity in the TM and TIR do-
mains and the lowest similarity in the LRR ligand-binding
ectodomain, suggesting a possible different interaction of fla-
gellin with drTLR5a than with drTLR5b. We cloned drTLR5a
and expressed the receptor as described for drTLRSb. Stimula-
tion of drTLR5a-transfected cells with FLiCSF and FLiC™ failed
to activate NF-xB (Fig. 1E). drTLR5a also did not respond to
bacterial lysates (Fig. 1F). Since both receptors separately were
not functional, we explored the possibility that duplicated
drTLR5b and drTLR5a may have coevolved to form a functional
receptor. Stimulation of cells cotransfected with drTLR5a and
drTLR5b indeed yielded robust activation of NF-kB when ex-
posed to FliCS® and FliC™ (Fig. 1G). Likewise, drTLR5a and
drTLR5b together activated NF-kB in response to lysate of
motile bacteria, especially A. hydrophila (Fig. 1H). These data
strongly suggest that drTLR5a and drTLR5b do not function as
conventional homodimers but instead form functional TLRS
heterodimers.

Zebrafish UNC93B1 Facilitates Formation of Functional drTLR5a and
drTLR5b Heterodimers. To gain additional evidence for drTLR5a
and drTLR5b acting as heterodimeric receptors, we constructed
drTLR5a with a C-terminal HA tag and visualized receptor lo-
calization in drTLR5a-HA- and drTLRS5b-FLAG-transfected
HeLa-57A cells. Confocal microscopy revealed overlapping ex-
pression of drTLRSa and drTLRSb throughout cells rather than
at a specific cellular location (Fig. 24). Previously, human TLRS
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Fig. 1. Induction of NF-kB by zebrafish TLR5b (drTLR5b) and drTLR5a upon
stimulation with purified flagellins and bacterial lysates. (A and C-H) Hela-
57A cells were transfected with drTLR5b, drTLR5a, hTLR5 or drTLR5b and
drTLR5a combined as indicated. Control cells were transfected with empty
vector. Cells were stimulated (5 h) with vehicle (-) or 1 pug mL~" of purified
recombinant FIiCSE or FIiC™ flagellin (A, C, E, and G) or 2 pg mL™" of total
protein from lysates of S. Enteritidis, P. aeruginosa,or A. hydrophila (D, F,
and H). Note that the NF-kB response of the drTLR5 heterodimer is higher
when stimulated with bacterial lysate compared with purified recombinant
flagellin. (B) Fluorescence microscopy of empty vector or FLAG-tagged
drTLR5b transfected Hela-57A cells stained with M2 o-FLAG and DAPI for
nuclear visualization. (White scale bars: 10 pm.) NF-xB activity is represented
by luciferase activity in RLUs. Values are the mean + SEM of three in-
dependent experiments (A, C, E, and G) or a representative of three in-
dependent experiments (D, F, and H) all performed in duplicate.

was found to localize at the cell surface only in the presence
of the TLR trafficking chaperone UNC-93 homolog Bl
(UNC93B1) (29). UNC93B1 interacts with TLRs via acidic
amino acids in the TLR extracellular juxtamembrane region
(EIM) (29, 30) and is required for TLRs 3, 7, 8, and 9 to traffic
to endolysosomal compartments (31-33). Inspection of the amino
acid sequences of drTLR5a and drTLR5b revealed identical EJMs
that contained multiple acidic residues (Fig. S1), suggesting that
drTLRSa and drTLRS5b may interact with UNC93B1. Cotrans-
fection of the zebrafish homolog of UNC93B1 (drUNC93B1)
resulted in relocation of drTLR5a-HA and drTLR5b-FLAG to
the same vesicle-like compartments (Fig. 2B). Separate cotrans-
fection of FLAG-tagged drUNC93B1 with drTLRSa-HA or
drTLR5b-HA showed an independent interaction of drUNC93B1
with both receptors (Fig. S24). Staining of the drTLR5a- and
drTLR5b-containing vesicles using antibodies against early
endosome antigen 1 (EEA-1) or lysosomal associated membrane
protein 1 (LAMP-1) demonstrated stronger association of
drTLR5a and drTLRS5b with LAMP-1- than with EEA-1-positive
vesicles (Fig. S2B).
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Fig. 2. Effect of zebrafish UNC93B1 (drUNC93B1) on localization of drTLR5a
and drTLR5b. Confocal microscopy on HelLa-57A cells transfected with (A)
drTLR5-HA and drTLR5b-FLAG or (B) drTLR5a-HA and drTLR5b-FLAG and
untagged drUNC93B1. Merge images show nuclei stained with DAPI (blue).
White boxes in merge images indicate the magnified area shown for each
channel on the right of merge images. Images were selected from three
independent experiments, and three representative images are shown for
each transfected group. (Scale bars in merge images: 10 um.)

Flagellin stimulation of cells expressing drUNC93B1 and both
drTLRS receptors induced a potent (>10-fold) increase in NF-
kB activity compared with cells lacking drUNC93B1 (Fig. 3).
drUNC93B1 alone or in combination with either drTLR5a or
drTLR5b did not induce NF-xB activity toward FliCSF (Fig. 3).
Exposure of cells to FIliCF for 3 h did not alter the localization
of either drTLR5a or drTLR5b at LAMP-1-positive vesicles
(Fig. S3). Together, these findings indicate that zebrafish
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Fig. 3. Effect of drUNC93B1 on drTLR5a- and drTLR5b-mediated NF-«xB activa-
tion. HelLa-57A cells expressing drUNC93B1, drTLR5a, and/or drTLR5b in the in-
dicated combinations were stimulated (5 h) with vehicle (-) or 1 pg mL™" FIiCsE.
Data shows NF-xB activity represented by luciferase activity in RLUs. Values are
the mean + SEM of three independent experiments performed in duplicate.

UNC93B1 operates as a trafficking chaperone to both drTLR5a
and drTLR5b and that despite accumulative localization in
vesicles, separate receptors cannot function as a typical TLRS
homodimer, whereas drUNC93B1-mediated relocation of both
receptors facilitates the formation of functional drTLRS5a and
drTLR5b heterodimers.

The N-Terminal Fragment of drTLR5b but Not drTLR5a Is Functional as
a Homodimer. Our finding that full-length drTLR5b cannot signal
as a homodimer was unexpected as the reported crystallized
protein structure indicated that the N-terminal fragment
(NTLRR-LRR14) of drTLR5b binds flagellin as a homodimeric
complex (19). To investigate this discrepancy between binding
and signaling in response to flagellin, we first determined
whether the N-terminal region of the drTLR5b ectodomain can
function in homodimeric configuration when all other regions of
the receptor complex are heterodimeric. For this, we replaced
the N-terminal part of the ectodomain (NTLRR-LRR14) of
drTLR5a for the corresponding drTLR5b sequence. The ex-
changed protein fragment matches exactly with the published
crystallized structure of drTLR5b (Fig. S1). The resulting chi-
meric receptor was named “BA-A.” In this terminology, “BA”
indicates the combination of the N-terminal part of the ecto-
domain (N-ECD) of drTLR5b and the C-terminal part of the
ectodomain (C-ECD) of drTLR5a; “~” indicates the TM region;
and “A” indicates the drTLR5a intracellular domain (ICD) (Fig.
4A4). Exposure of cells cotransfected with chimera BA-A and WT
drTLR5b (BB-B) to FliCF (Fig. 4B) or FliC™ (Fig. S4) strongly
activated NF-kB. This suggests that flagellin can bind to the
homodimeric drTLR5b N-ECD, as the crystal structure dictates,
and is capable of inducing functional dimerization when other
regions of the receptor are in a heterodimeric configuration. To
determine whether the N-ECD of drTLRS5a can act in a similar
way, we constructed the inverse chimera “AB-B” and cotrans-
fected this chimera with WT drTLRSa (AA-A). Interestingly,
stimulation of this receptor combination with FliC3® (Fig. 4B) or
FILiC™ (Fig. S4) failed to activate NF-kB. To verify that the AB-
B chimeric construct was expressed and functional, cells were
cotransfected with chimeras AB-B and BA-A, which would re-
instate a fully complementary heterodimeric complex. FliCF
stimulation of these cells yielded NF-xB activation (Fig. 4B).
Cells transfected with only the BA-A or AB-B chimeras did not
respond to FliCS® (Fig. 4C). These results indicate that the inter-
action with flagellin differs between drTLR5a and drTLR5b and
that heterodimerization is required for TLRS signal transduction.

Transfer of N-ECD Amino Acids from drTLR5b to drTLR5a and Human
TLR5. The N-ECD protein sequences of drTLR5a and drTLR5b
vary in 108 of 369 amino acids (excluding the signal peptide). To
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Functionality of the N-terminal part of the ectodomain of drTLR5b and drTLR5a. (A) Schematic representation of WT and chimeric TLR5 constructs. N-

ECD indicates the N-terminal part of the ectodomain ranging from the NTLRR to LRR14; C-ECD indicates the C-terminal part of the ectodomain ranging from
LRR15 to the CTLRR. (B and C) HeLa-57A cells transfected with drUNC93B1 and the indicated receptor combinations were stimulated (5 h) with vehicle (-) or

1 ug mL™" FIliC’E. Data show NF-kB activity represented by luciferase activity in
in duplicate.

analyze the possible structural implications of this difference, we
modeled the N-ECD sequence of drTLR5a onto the crystallized
structure of the ligand-free [Protein Data Bank (PDB) ID: 3v44]
and the flagellin-bound drTLR5b N-ECD (PDB ID: 3v47). Su-
perposition of the structures predicted that the drTLRS5 N-ECDs
are structurally highly similar both in the absence (Fig. 54) or
presence (Fig. S54) of flagellin, except for a laterally protruding
loop that connects LRR9 and LRR10. This loop was found to
change conformation upon binding of flagellin (19). Yoon et al.
(19) marked this loop as the flagellin-binding “hotspot” since its
deletion severely impaired flagellin binding. The hotspot forms
part of 45 residues in the drTLR5b N-ECD crystal structure that
are involved in dimerization and flagellin binding. Twenty-one of
the 45 residues in dr'TLR5b, including six residues in the hotspot,
are different at the same position in drTLR5a (Fig. S5B). In an
attempt to reconstitute a functional homodimeric drTLR5a
N-ECD, we adapted chimera AB-B by replacing the deviant
drTLRS5a N-ECD residues for their corresponding drTLRSb
residues. We first tested the effect of replacing 14 of the 21 res-
idues that were least similar by constructing chimera A'*B-B.
Although the chimera was expressed (Fig. S5C), cotransfection
of cells with chimera A'*B-B and AA-A (drTLRS5a) did not re-
store responsiveness to FliCSE, When all 21 deviant residues
were replaced with their drTLRSb counterparts, functionality
was still not restored, as shown by the lack of FIiC**-induced
activation of chimera A?'B-B coexpressed with AA-A. Cotrans-
fection of chimeras A'"B-B or A?'B-B with chimera BA-A also
did not result in an FliCSF-responsive receptor complex (Fig.
S5D). These results indicate that the transfer of amino acids
involved in flagellin binding and dimerization in drTLR5b to
drTLR5a is not sufficient to reconstitute a functional N-
terminal domain.

Of the 45 interacting residues in drTLRSb, the hotspot is the
only cluster of residues that is somewhat evolutionarily con-
served in TLRS of avian, reptilian, and mammalian species, in-
cluding human TLRS5 (Fig. S6). Although the loop of hTLRS
contains different residues (Fig. 5B), modeling of the hTLRS N-
ECD onto drTLR5b predicted no structural difference of the
LRROY loop, neither in the absence (Fig. 5C) or the presence
(Fig. S7A4) of flagellin. To determine whether the predicted
different loop conformation of drTLRS5a versus drTLRSb and
hTLRS would affect receptor function, we replaced the loop in
homodimeric hTLRS for the structurally dissimilar drTLR5a
hotspot loop (hTLR5-hs5a). hTLRS carrying the structurally
similar drTLR5b hotspot loop (hTLR5-hs5b) was constructed as
a control. While receptors were expressed (Fig. S7B) and WT
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RLUs. Values are the mean + SEM of three independent experiments performed

hTLRS activated NF-kB in response to FliCSE, hTLR5-hs5a as
well as hTLRS5-hs5b failed to respond to FliCSF (Fig. 5D). These
findings suggest that the LRR9 loop is crucial for hTLRS acti-
vation and that, despite predicted structural similarity, this
flagellin-binding hotspot cannot be functionally exchanged be-
tween drTLRS5b and hTLRS.

Functional drTLR5 Requires Heterodimerization of Either the N- or C-
Terminal Ectodomain. To identify other (non-N-ECD) region(s) in
drTLR5a and drTLR5b that must operate in a heterodimeric
configuration to establish a functional TLR5 dimer, we system-
atically exchanged domains or regions between drTLRS5a and
drTLRS5b. Expression of different combinations of these chi-
meric and WT receptors enabled us to determine the contribu-
tion of the different domains to the formation of functional
heterodimeric TLRS. Reduced or loss-of-function upon homo-
dimerization would indicate that the substituted domain must be
in heterodimeric configuration to maintain functionality. Having
established that the drTLRSb N-ECD can function in homodi-
meric configuration (see above), we next tested the effect of
homodimerization of the full drTLR5b ectodomain while keep-
ing the ICD heterodimeric. For this, we constructed and
expressed the combination of the chimeric receptor “BB-A”
(consisting of the entire drTLR5b ectodomain linked to the
drTLRS5a ICD) (Fig. 64) and WT drTLR5b (BB-B). Exposure of
the transfected cells to FLiCSF did not result in NF-kB activity.
Likewise, the reverse chimera AA-B in combination with WT
drTLR5a (AA-A) failed to respond to FliCSE. The combined
expression of BB-A and AA-B, which restored complete heter-
odimerization, did activate NF-xB upon FliCF exposure, en-
suring that chimeras were expressed and functional (Fig. 6B).
These findings indicate that the full ectodomains of drTLRSa
and drTLRS5b cannot function in homodimeric configuration.
As the N-terminal part of the drTLR5b ectodomain but not
the full ectodomain did signal in homodimeric configuration
(Fig. 4B), we anticipated that the remaining C-terminal part
(LRR15-CTLRR) must be heterodimeric to allow dimer acti-
vation. To verify this, chimera AB-A was constructed (Fig. 64)
and cotransfected with WT BB-B. Unexpectedly, stimulation of
these cells with FIiCE still activated NF-xB, despite the homo-
dimeric configuration of the drTLR5b C-ECD. Similarly,
homodimerization of the drTLR5a C-ECD tested by expressing
chimera BA-B in combination with WT AA-A conferred NF-xB
activation upon FliCS® stimulation (Fig. 6C). All ectodomain
chimeras transfected individually did not respond to FliCSF
stimulation (Fig. 6D). Taken together, these results show that the
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Fig. 5. Structural modeling and functionality of the flagellin-binding hot-
spot in hTLR5, drTLR5a, and drTLR5b. (A) Superposition of unbound drTLR5b
(PDB ID: 3v44; purple) and a model of drTLR5a based on 3v44 (drTLR5a-3v44;
orange). The red arrow indicates the flagellin-binding hotspot that forms a
loop between LRR9 and LRR10. (B) Alignment of the putative flagellin-
binding hotspot of hTLR5 and drTLR5a with drTLR5b. Purple-colored resi-
dues in drTLR5b are involved in flagellin binding (see ref. 19). (C) Superpo-
sition of unbound drTLR5b (PDB ID: 3v44; purple) and a model of hTLR5
based on 3v44 (hTLR5-3v44; green). (D) HelLa-57A cells transfected with WT
hTLR5 (hTLR5 WT), hTLR5 containing the hotspot of drTLR5a (hTLR5-hs5a),
or the hotspot of drTLR5b (hTLR5-hs5b) were stimulated (5 h) with vehicle (-)
or 1 pg mL~" FIiCE. Data show NF-kB activity represented by luciferase ac-
tivity in RLUs. Values are the mean + SEM of three independent experiments
performed in duplicate.

full-length drTLR5a and drTLR5b ectodomains cannot function
in homodimeric configuration, but that heterodimerization of
either the N- or C-terminal LRR region is required to allow
receptor activation.

Zebrafish TLRS Signaling Requires Heterodimerization Across Multiple
Regions in the ICD. After delineating the extracellular needs for
functional TLRS5 heterodimerization, we determined the con-
figurational requirements for the formation of functional in-
tracellular receptor domains (ICDs). At the amino acid level,
the ICDs of drTLR5a and drTLR5b are very similar (Fig. S1),
suggesting that the ICDs of drTLR5a and drTLR5b may ini-
tiate signaling in homodimeric configuration. However, cells
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cotransfected with WT BB-B and chimera AA-B, forming a
heterodimeric ECD but a homodimeric ICD of drTLR5b, did
not respond to FliC5F. Likewise, coexpression of WT AA-A and
chimera BB-A failed to activate NF-xB in response to FIiCS®
(Fig. 7B). To explore which distinct part of the ICD must be
heterodimeric to allow signal initiation, we subdivided the ICD
into four regions: TM, cytoplasmic juxtamembrane (CIM), TIR,
and the Tail regions and constructed chimeras of drTLR5b in
which these regions were substituted with their drTLR5a coun-
terparts (Fig. 74 and Fig. S1). Coexpression of WT drTLR5a and
chimeric drTLR5b carrying the drTLR5a TM region still acti-
vated NF-kB, indicating that the TM region does not have to be
heterodimeric to form a functional dimer. Interestingly, receptor
combinations forming homodimeric CJM, TIR, or Tail regions
also still activated NF-kB when stimulated with FliCSE (Fig. 7C).
As expected from their fully homodimeric configuration, the
ICD chimeras transfected individually were unresponsive to
FliCSF stimulation (Fig. 7D). These results indicate that while
separate regions of the ICD can have identical sequences and
still form a functional dimer, an entirely homodimeric ICD
blocks the ability to initiate signaling. This suggests that heter-
odimeric interactions of multiple regions between the TLRS
ICDs are required to constitute a functional zebrafish TLRS
receptor.

Discussion

The detection of flagellin by TLRS is important to initiate im-
mune responses against motile pathogenic bacteria (34-36).
Vertebrate animals, including mammals, birds, and reptiles, have
one TLRS ortholog that detects flagellin as a homodimeric
complex (12, 13, 37). The crystal structure of drTLR5b in com-
plex with flagellin provided structural support for the homodi-
meric mode of action of other TLRS5 species. However, direct
evidence that drTLR5D is functional as a homodimeric receptor
has been lacking. Here we show that zebrafish TLRS only re-
sponds to flagellin as a heterodimeric complex composed of the
products of the duplicated #Ir5 genes: drTLR5a and drTLRS5b.
When expressed separately, drTLR5b and drTLR5a were unable
to activate NF-xB in response to purified flagellins or lysates of
motile bacteria. Even after expression of drUNC93B1, which led
to redistribution and more robust NF-kB activation by the het-
erodimeric receptor, individual drTLR5a and drTLR5b did not
operate as homodimers. Additional evidence for the re-
quirement to form a heterodimeric complex came from the use
of chimeric receptors that were only functional in combination
with other chimeras composed of swapped complementary re-
gions (that allowed full heterodimerization). Given that TLRs
universally function via dimerization (3, 38), our data firmly in-
dicate that drTLR5a and drTLR5b detect flagellin as a hetero-
dimeric complex. Our results provide the molecular basis for
the observation that knockdown of either dr#lr5a or drtlr5b in
zebrafish embryos hampers up-regulation of proinflammatory
genes after flagellin challenge (39, 40).

Zebrafish UNC93B1 had a profound effect on the trafficking
of drTLR5a and drTLR5b and signaling by the TLRS hetero-
dimer. drUNC93B1 enhanced relocalization of both receptors
toward LAMP-1-specific compartments and this coincided with
a strongly increased capacity of cells to respond to flagellin.
UNC93B1 is a membrane protein that complexes in the endo-
plasmic reticulum (ER) to TLRs 3, 7, 8, and 9 and TLRS5 via
acidic residues in the TLR EJM (29, 41, 42). The UNC93Bl1-
TLR complex then exits the ER to transit to the Golgi apparatus.
Further trafficking of TLRs to endosomes, lysosomes, or the cell
surface involves other trafficking partners (41, 42). In the EJM of
both drTLR5a and drTLR5b, multiple acidic residues have been
conserved and the ability of drUNC93B1 to facilitate relocali-
zation of drTLR5a and drTLRS5b independently identifies

PNAS | vol. 115 | no.14 | E3225

IMMUNOLOGY AND
INFLAMMATION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719245115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719245115/-/DCSupplemental

L T

/

1\

=y

drTLR5a drTLR5b Chimeras &~ 10000 3 - &~ 10000 § <~ 10000 3 mm -
- - | -, _ - _| o o [=}
— AAA  BB-B  BB-A AAB ABA BAB 2 = FicSE 2 = RicsE 2 ——
ELD: S 1000 S 1000 5 1000
NTLRR-LRR14 2 2 z
C-ECD: Z 100 Z 100 Z 100
LRR15-CTLRR £ £ £
@© © @
2 10 Q 10 Q 10
U i 0
=z z z
ICD 8 1
9 Q HO EO 30 Q Q Q Q
8 £y if 8 58 i1 10 K8 81
3 88 ST 3 ,
o, e, 1, 8%y ol B A

Fig. 6. Heterodimerization of the ectodomain of drTLR5a and drTLR5b. (A) Schematic representation of WT and chimeric TLR5 constructs. N-ECD indicates
the N-terminal part of the ectodomain ranging from NTLRR to LRR14. C-ECD indicates the C-terminal part of the ectodomain ranging from LRR15 to the
CTLRR. (B-D) HeLa-57A cells transfected with drUNC93B1 and the indicated receptor combinations were stimulated (5 h) with vehicle (-) or 1 pg mL~" FIiCE.
Data show NF-kB activity represented by luciferase activity in RLUs. Values are the mean + SEM of three independent experiments performed in duplicate.

drUNC93B1 as a trafficking chaperone for both zebrafish TLRS
receptors.

The use of an extensive set of chimeric receptors revealed that
the N-ECD of drTLR5b but not drTLR5a could act in homo-
dimeric configuration to activate the receptor complex. In the
drTLR5b N-ECD, 45 residues are involved in dimerization and
flagellin binding (19). Of these 45 residues, 21 are different in
the drTLR5a N-ECD; and of these 21 residues, 14 differ sig-
nificantly. Our attempts to restore homodimeric functionality of
the drTLR5a N-ECD by replacing these differing residues in the
AB-B chimera for their drTLR5b counterparts and combining
this chimera with WT drTLR5a (AA-A) failed. In addition, re-
placement of the differing residues in an otherwise hetero-
dimeric complex (by combining chimeras A'*B-B or A*'B-B with
BA-A) abrogated function. These findings indicate that the
45 residues involved in flagellin binding and dimerization of the
drTLR5b N-ECD are either not sufficient for the formation of a
functional homodimeric drTLR5a N-ECD or that epistatic in-
teractions within the chimeric N-ECD prevent the formation of a
functional receptor. Information as to whether this difference
between the drTLRS5a and drTLR5b N-ECD is caused by a lack
of interaction of drTLR5a with flagellin or drTLRS5a signaling
defects awaits elucidation of the flagellin-drTLRSa N-ECD
crystal structure.

Our finding that the N-ECD of drTLR5b has maintained the
ability to function as a homodimer is fully in line with the
homodimeric binding of flagellin in the drTLR5b N-ECD crystal
structure and indicates that drTLR5b more closely resembles
homodimeric TLRS of other species. Nonetheless, the drTLR5b
ectodomain was only functional if at least one of the ECD re-
gions (N- or C-ECD) was in heterodimeric configuration with
drTLRS5a. The requirement for heterodimerization in the ECD
was not specifically linked to the N- or C-ECD regions. This
suggests that flagellin-induced receptor complex activation de-
pends on the ectodomains of drTLRS5a and drTLR5b to have
different conformations rather than on specific amino acid res-
idues. Structural information on the C-ECDs of TLRS is needed
to elucidate such different conformations in the ectodomains.

Modeling of hTLR5 onto drTLRS5b predicted very high
structural similarity of the N-ECD, including at the loop between
LRRY and LRR10, which forms the flagellin-binding hotspot.
However, substitution of amino acids that form this loop in
hTLRS for those of drTLR5b completely abrogated hTLRS ac-
tivation. According to Yoon et al. (19), >60% of interactions in
the drTLRS5b loop would be conserved in hTLRS and the loop
would thus also form a flagellin-binding hotspot in hTLRS. Our
findings confirm that the hotspot is critical for hTLRS activation
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but also indicate that the hTLRS and drTLRS5b hotspots are
functionally distinct. The flagellin-binding hotspot forms a pocket
that accommodates a highly conserved arginine residue in fla-
gellin (R90). Flagellin binding and thus insertion of R90 in the
hotspot pocket alters the conformation of the LRR9 loop (19).
Mutation of R90 preserves binding of flagellin to hTLRS and
mouse TLR5 (mTLRS) but reduces receptor activation (43, 44),
suggesting that insertion of R90 into the hotspot pocket initiates
a conformational change that is necessary for receptor activation
(44). Although the hotspot pockets of mTLRS and hTLRS differ
only by three residues (Fig. S6), R90 mutations differentially
affect mTLRS and hTLRS activation (43, 44). In addition, sub-
stitution of the proline residue (P268) in the mTLRS5 hotspot for
the alanine residue (A267) in hTLRS changed mTLRS flagellin
recognition specificity toward the pattern of hTLRS (43). Ho-
mology models constructed of hTLRS5 and mTLRS5 based on
drTLRSb predicted differential binding affinities between
hTLRS and mTLRS to flagellin residue E93. Flagellin residue
E93 interacts extensively with drTLRS5b, but mutation of
E93 had no functional effect on both human and mouse TLRS
(44). In the present study, substitution of the hTLRS5 hotspot
with corresponding drTLRSb residues effectively changed eight
residues and inserted one residue. This alteration was sufficient
to completely preclude hTLRS activation, suggesting that the
conformational change in the drTLR5b hotspot upon flagellin
binding differs from what is necessary to induce functional
homodimerization of hTLRS. Our findings corroborate the
published work and provide additional evidence that TLRS5-
flagellin recognition is species-specific. This is important to
consider when using TLRS of nontarget species as a model to
define the exact mechanism of flagellin-binding and flagellin-
induced changes required for TLRS activation.

Our data demonstrate that the cytoplasmic domains of
drTLR5a and drTLRS5D initiated signaling in a hetero- but not a
homodimeric configuration. This was unexpected since the
drTLR5a and drTLR5b cytoplasmic domains are highly similar.
When tested separately, all of the defined cytoplasmic regions,
including the TIR domain, could function in homodimeric con-
figuration only if other regions were heterodimeric. Since a fully
homodimeric cytoplasmic domain could not signal, these find-
ings suggest functional interdependence of the distinct regions
(i.e., a requirement for transregional heterodimeric configura-
tion). This may be best explained by different, conformational
changes occurring in hetero- versus homodimeric cytoplasmic
domains. TLR activation involves ligand-induced conformational
changes in the ectodomain that transit through the TM region to
result in dimerization of the cytoplasmic TIR domains (14, 45).
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Fig. 7. Heterodimerization of the ICD of drTLR5a and drTLR5b. (4) Schematic representation of WT and chimeric TLR5 constructs. (B-D) HeLa-57A cells
transfected with drUNC93B1 and the indicated receptor combinations were stimulated (5 h) with vehicle (-) or 1 pg mL~" FIiC’E. Data show NF-xB activity
represented by luciferase activity in RLUs. Values are the mean + SEM of three independent experiments performed in duplicate.

The TLR TIR domain consists of five p-sheets surrounded by
five a-helixes (46). These secondary structures are connected by
loops, and the BB loops of two TIR domains have to align
correctly to form a dimerization interface, which is necessary for
the TIR domains to recruit signaling adapters (14, 47). Based on
our findings, we postulate that activation of the drTLRS heter-
odimer starts with a flagellin-binding—-induced conformational
change in the ectodomain, probably in the LRR9 loop, which, in
turn, induces a conformational change (e.g., rotational) across
multiple regions in the heterodimeric cytoplasmic domain to
correctly align the TIR BB loops to form an appropriate di-
merization interface. Such a ligand-induced rotational confor-
mational change in drTLRS could be similar to those occurring
in other type I membrane receptors such as the epidermal
growth factor and thrombopoietin receptors (14, 48, 49) and may
also be required for activation of other heterodimeric TLRs such
as the TLR1/2 and TLR2/6 combinations. Further research using
structural and biophysical experiments is necessary to validate
this scenario.

The drTLR5a and drTLR5b receptors respond to flagellin as a
complementary heterodimer. Whereas in zebrafish (a teleost
fish) the tir5a and #lr5b paralogs have likely arisen through a
tandem gene duplication, non-teleost vertebrates, including
mammals, birds, reptiles, and also the spotted gar (Lepisosteus
occulatus), a holostean fish (50), all have one #Ir5 ortholog. This
implies that the common ancestor of teleosts and non-teleost
vertebrates likely had one TLRS ortholog that may have oper-
ated as a homodimer. Partitioning of the ancestral function (i.e.,
flagellin detection) over the drTLR5a and drTLR5b paralogs
points to subfunctionalization of drTLR5a and drTLR5b that
may be explained by the duplication-degeneration-complementation
(DDC) model (51, 52). According to this model, duplicated
genes randomly acquire different degenerative mutations to the
extent that protein paralogs must complement each other to
maintain the ancestral function. drTLR5a and drTLR5b form an
interesting example of protein subfunctionalization since the
receptors maintain flagellin detection by physical complemen-
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tation. Although drTLR5a and drTLRS5D clearly detect flagellin
as a heterodimer, we cannot exclude that homodimeric drTLR5a
or drTLR5b may detect ligands other than flagellin. However,
such ligands will likely not include common and abundant mol-
ecules from gram-negative bacteria since neither drTLR5a nor
drTLR5b responded to lysates of such bacteria. To our knowledge,
zebrafish TLRS is the first example of TLR subfunctionalization in
teleost fish. It is likely that in other species at least some of the
duplicated TLR genes also evolved through DDC to maintain an-
cestral functions. This may explain the conservation in mammals of
the TLR1, TLR2, and TLR6 heterodimeric partners.

In conclusion, the duplicated TLRS5 genes of the zebrafish
model organism encode two functional receptors that have
subfunctionalized via concerted coevolution to detect bacterial
flagellins as a unique TLRS heterodimer. The zebrafish TLRS
heterodimer expands our understanding of the mechanism of
ligand-induced TLR activation and provides an illustrative ex-
ample of the functional coevolution of duplicated genes.

Materials and Methods

DNA Isolation and ¢cDNA Synthesis. Zebrafish tissue was kindly provided by
J. den Hertog (Hubrecht Institute, Utrecht, The Netherlands). Genomic DNA
was isolated from zebrafish tissue using the high pure template kit (Roche)
according to the manufacturer’s instructions. RNA was extracted from tissue
lysed with RLT buffer (Qiagen) (1% p-mercaptoethanol) in 1.4-mm Fastprep
lysing matrix tubes (MPbio) in a Magna Lyser centrifuge [6,500 x g, 40 s,
room temperature (RT)] (Roche). Total RNA was isolated using the RNeasy
mini kit (Qiagen), treated with DNase | (1 U mg'1 RNA; Thermo Fisher Sci-
entific), and reverse transcribed into cDNA using the RevertAid First Strand
cDNA Synthesis kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions.

Recombinant DNA Techniques. Phusion high-fidelity DNA polymerase, dNTPs,
fast digest restriction endonucleases, T4 DNA ligase, and primers were
purchased from Thermo Fisher Scientific. PCR products were extracted from
agarose gel using the GenelET Gel Extraction Kit (Thermo Fisher Scientific).
Plasmids were isolated with Nucleobond Xtra Midi prep kit (Macherey-Nagel).
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DNA Constructs. Zebrafish t/r5b and tir5a were amplified from genomic DNA
with forward primers CV039 and CV095 (Table S1), respectively, to add a
BamHI restriction site and Kozak sequence at the start of the gene and
reverse primers CV054 and CV096, respectively, to add an Notl restriction site
at the end of the gene. Both drt/r5b and drt/r5a PCR products were digested
with BamHI and Notl and ligated into pTracer-CMV2AGFP/3xXFLAG (11),
yielding drTLR5b and drTLR5a carrying a C-terminal 3xFLAG tag. To create HA
(hemagglutinin-epitope)-tagged drTLR5a and drTLR5b, pTracer-CMV2AGFP/
3XFLAG was modified by inserting a 3xHA sequence (YPYDVPDYA) ending
with a stop codon in the 3xXFLAG sequence using Notl and Clal, yielding
pTracer-CMV2AGFP/3xHA. drt/r5a and drtir5b were cut from pTracer-
CMV2AGFP/3xFLAG using BamHI and Notl and inserted in pTracer-
CMV2AGFP/3xHA, yielding drTLR5b and drTLR5a carrying a C-terminal 3xHA
tag. Zebrafish unc93b1 was amplified from c¢cDNA with forward primer
CV159 and reverse primer CV160 or reverse primer CV180 to maintain the
stop codon. The PCR products were cloned into pTracer-CMV2AGFP/3XFLAG
using Kpnl and Notl restriction enzymes, yielding drUNC93B1 with a C-
terminal 3xFLAG tag or untagged drUNC93B1. Human TLR5 was cloned
from pUNO-hTLR5-GFP (Invivogen) with primers CV257 and CV259, and li-
gated into pTracer-CMV2AGFP/3XFLAG using BamHI and Notl to yield
hTLR5 with a C-terminal 3xFLAG tag. Chimeric DNA constructs were created
by standard overlap extension PCR technique. The DNA fragments encoding
the N-terminal ECD in chimeras A'B-B, A%'B-B, hTLR5-hs5a, and hTLR5-hs5b
were purchased from GeneArt (Thermo Fisher Scientific) and fused to the
receptor genes by overlap extension PCR. Chimeric PCR products were li-
gated in pTracer-CMV2AGFP/3XFLAG using BamHI and Notl. All DNA con-
structs were verified by sequencing (Macrogen). The sequences were
deposited in GenBank with the following accession numbers: drTLR5b:
MF983797; drTLR5a: MF983798; and drUNC93B1: MF983799.

Protein Sequence Analysis and TLR5 Modeling. Protein sequences were aligned
using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) (53) with
default settings. LRRs were identified by manual sequence inspection
according to Matsushima et al. (54) and with use of the Leucine Rich Repeat
Finder (www.Irrfinder.com/Irrfinder.php) (55). The TM domain was predicted
with TMHMM Server version 2.0 (www.cbs.dtu.dk/servicess TMHMMY/) (56).
The TIR domain was predicted by identifying five alternating p-sheets and
a-helices (46) using the Proteus Protein Structure Prediction server (www.
proteus2.ca/proteus2/) (57). Structural models of the ECD N-terminal part of
drTLR5a and hTLR5 were created using SWISS-MODEL (default settings;
https://swissmodel.expasy.org/) (58) with the drTLR5b crystal structure (PDB:
3v44) or the drTLR5b-flagellin crystal structure (PDB: 3v47) as templates.
UCSF (University of California, San Francisco) Chimera (www.rbvi.ucsf.edu/
chimera) (59) was used to view protein models.

Isolation of Recombinant Flagellins and Bacterial Lysate. Construction and
purification of recombinant HIS-tagged FIiC of FIiC’E (strain 90-13-706 CVI;
Lelystad, The Netherlands) and FIiC™ (reptile clinical isolate; Utrecht Uni-
versity) have been described previously (13, 37). Purified flagellins were
stored in buffer: 4 M urea, 10 mM NaH,PO,4, and 100 mM Tris (all Sigma) at
—20 °C. For lysate isolation, S. Enteritidis, P. aeruginosa, and A. hydrophila
(fish clinical isolate; Utrecht University) were grown (24 h) on sheep blood
agar plates (Biotrading) at 28 °C. Single colonies were grown (28 °C, 16 h) in
5 mL heart infusion (HI) broth (Biotrading) at 160 rpm and placed on ice.
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Microscopic examination confirmed that all bacteria were highly motile.
Cultures were normalized to an ODsso of 3, pelleted by centrifugation
(30 min, 5,000 x g, 4 °C), washed with 1 mL Dulbecco’s PBS (DPBS; Sigma),
vortexed, and collected by centrifugation (15 min, 5,000 x g, 4 °C). Pellets
were redissolved in 2 mL DPBS and placed at 70 °C for 1 h. Heat-killed
bacteria were sonicated (6 x 15 s; Vibra-cell, Sonics) and centrifuged
(14,000 x g, 40 min, 4 °C). Supernatants were concentrated with Pierce
protein concentrators, 10 kDa (Thermo Fisher Scientific), for 15 min at
5,000 x g, RT. Total protein concentration of lysates was determined by BCA
assay (Thermo Fisher Scientific). Lysate supernatants were stored at —20 °C
until use.

Cell Culture and Transient Transfection. Human Hela-57A cells [that stably
carry a NF-kB luciferase reporter construct (60)] were cultured in DMEM
(Thermo Fisher Scientific) with 5% FCS (Bodinco) at 37 °C and 10% CO,. For
transfection, cells were grown to 80% confluency in a 12-well plate and
transfected with 670 ng of each plasmid using Fugene HD (Promega) at a
DNA to Fugene ratio of 1:3 following the manufacturer’s instructions. Empty
pTracer 3xFLAG plasmid was used to equalize the total amount (2 ug) of
transfected plasmid added to each well.

Luciferase Assay. Twenty-four hours after transfection, cells were redis-
tributed in a 96-well plate. After 24 h, cells were washed twice with medium
without FCS and stimulated with purified flagellin or bacterial lysate in 100 uL
medium without FCS. After 5 h at 37 °C, cells were washed twice with DPBS
(Sigma) and lysed with reporter lysis buffer (50 uL; Promega) at —80 °C
for >1 h. After thawing, 15 pL lysate was mixed with 37 pL luciferase reagent
(Promega), and luciferase activity was measured with a TriStar2 lumin-
ometer (Berthold). Results were expressed in relative light units (RLUs). Re-
ceptors were assigned to be unresponsive when luciferase activity after
flagellin stimulation did not exceed 10 RLUs (x103).

Confocal Laser Microscopy. Twenty-four hours after transfection, cells were
seeded onto glass coverslips. After 24 h, cells were prepared for confocal
microscopy. Cells were washed with TBS and fixed (30 min) with TBS/1.5%
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