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            Abstract
Innate immunity serves as the first line of defence against invading pathogens such as bacteria and viruses1. Toll-like receptors (TLRs) are examples of innate immune receptors, which sense specific molecular patterns from pathogens and activate immune responses2. TLR9 recognizes bacterial and viral DNA containing the cytosineâ€“phosphateâ€“guanine (CpG) dideoxynucleotide motif3,4. The molecular basis by which CpG-containing DNA (CpG-DNA) elicits immunostimulatory activity via TLR9 remains to be elucidated. Here we show the crystal structures of three forms of TLR9: unliganded, bound to agonistic CpG-DNA, and bound to inhibitory DNA (iDNA). Agonistic-CpG-DNA-bound TLR9 formed a symmetric TLR9â€“CpG-DNA complex with 2:2 stoichiometry, whereas iDNA-bound TLR9 was a monomer. CpG-DNA was recognized by both protomers in the dimer, in particular by the amino-terminal fragment (LRRNTâ€“LRR10) from one protomer and the carboxy-terminal fragment (LRR20â€“LRR22) from the other. The iDNA, which formed a stem-loop structure suitable for binding by intramolecular base pairing, bound to the concave surface from LRR2â€“LRR10. This structure serves as an important basis for improving our understanding of the functional mechanisms of TLR9.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: DNA binding to TLR9 is independent of Z-loop processing, but subsequent oligomerization is dependent on processing.[image: ]


Figure 2: Structures of TLR9.[image: ]


Figure 3: Agonistic-CpG-DNA recognition by TLR9.[image: ]


Figure 4: Recognition of iDNA by TLR9.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Sequence alignment of human, horse, bovine and mouse TLR9.
Sequence alignments are displayed for each LRR module. The agonist DNA interfaces 1 and 2 deduced from the EcTLR9â€“DNA1668_12mer complex are indicated by blue and yellow highlighting, respectively. The antagonist DNA interface deduced from the EcTLR9â€“iDNA4084 complex is indicated with boxes. The proteinâ€“protein interface in the EcTLR9â€“DNA1668_12mer complex is indicated by bold orange bars below each LRR module. Alignments were performed using Clustal Omega software (EMBL-European Bioinformatics Institute). Residues are coloured to indicate the degree of similarity: red residues are those with the highest similarity, followed by green, blue and black (lowest similarity).


Extended Data Figure 2 The NF-ÎºB activation experiments.
a, DNA1668_12mer retains agonistic activity to TLR9. The NF-ÎºB activation of wild-type mouse TLR9 induced by DNA1668 (TCCATGACGTTCCTGATGCT), DNA1668_12mer (CATGACGTTCCT), DNA1668 or DNA1668_12mer with a CpG to GpC inversion (DNA1668_GC, DNA1668_12mer_GC). DNAs were all complexed with N-[1-(2,3-Dioleoyloxy)propyl]-N, N, N-trimethylammonium methyl-sulphate (DOTAP) and added at concentration of 1Â Î¼M. The activities were analysed with an NF-ÎºB-dependent luciferase reporter assay using HEK293T cells co-expressing mouse TLR9 and mouse Unc93B1. A two-tailed t-test was used to determine the statistical significance of differences between control (Ctrl) and stimulated cells, or between each group. **PÂ <Â 0.01. Data from three independent experiments are shown. b, Horse and bovine TLR9 responses against agonistic and inhibitory DNAs. The NF-ÎºB activation of wild-type horse (left) or bovine (right) TLR9 induced by indicated DNAs. The activities were analysed with an NF-ÎºB-dependent luciferase reporter assay using HEK293T cells co-expressing horse or bovine TLR9 and human Unc93B1. The concentration of agonistic DNAs (DNA1668, DNA1668_GC and DNA1668_met) and inhibitory DNAs (iDNA4084 and iDNA_super) were 10Â Î¼M and 1Â Î¼M, respectively. Data represent the mean fold induction of NF-ÎºB activity +s.d. (n = 3). A two-tailed t-test was used to determine the statistical significance of differences between control (Ctrl) and stimulated cells, or between each group. **PÂ <Â 0.01. Data from three independent experiments are shown.


Extended Data Figure 3 Dimerization interaction of TLR9.
a, b, The oligomerization states of EcTLR9 with an unprocessed Z-loop (a) or a processed Z-loop (b) were analysed by SVâ€“AUC at various concentrations of TLR9â€“DNA1668_12mer (equimolar). The weight-average sedimentation coefficients (Sw) were plotted against TLR9â€“DNA1668_12mer concentration to determine the Kd value for the dimerization. The dissociation constant for the dimerization of the processed TLR9 is estimated to be 20Â Î¼M.


Extended Data Figure 4 Electron densities of DNA bound to TLR9.
aâ€“e, The Foâ€“Fc omit difference electron densities of DNA1668_12mer bound to EcTLR9 (a) and BtTLR9 (b), iDNA4084 bound to EcTLR9 (c) and MmTLR9 (d), and iDNA_super bound to MmTLR9 (e) contoured at the 3.0Ïƒ level. The residues coloured blue in the sequence are not visible in the electron density map. The core hexamer could be unambiguously modelled into the continuous electron density map in the EcTLR9â€“DNA1668_12mer and BtTLR9â€“DNA1668_12mer complexes, whereas flanking bases were obscure or not visible. The A5â€“T12 loop connecting the base-paired region of iDNA_super was not visible in the electron density map, whereas the G4â€“A6 sequence of iDNA4084 was well defined.


Extended Data Figure 5 Structures of TLR9.
a, Monomer structure of EcTLR9, derived from the EcTLR9â€“DNA1668_12mer complex. The structure and binding mode of TLR9 are markedly different from those of other CpG-binding proteins20,31,32,33,34. b, Monomer structure of human TLR8, derived from the human TLR8â€“CL097 (2-(ethoxymethyl)-1H-imidazo[4,5-c]quinolin-4-amine) complex (PDB ID: 3W3J)16. The Z-loops in TLR9 and TLR8 are oriented differently with respect to the concave face of TLR and engage in different interactions with it. The latter half of the Z-loop of TLR8 extends towards the N-terminus, whereas the Z-loop of TLR9 extends towards the C-terminus to interact with LRR15â€“21. TLR8 has three ordered N-glycans attached to Asn293, Asn511 and Asn590 that project into the inner space of the ring structure, whereas EcTLR9 has only one N-glycan attached to Asn731 that projects inward. As a result, the ring structure of TLR9 has more unoccupied inner space than that of TLR8, an arrangement that is suitable for ligand binding on the concave interior surface. c, Superposition of the overall ligand-induced dimer structures of EcTLR9 (DNA1668_12mer complex, green) and human TLR8 (CL097 complex, purple) by PyMol28, yielding an root-mean-square deviation (r.m.s.d.) value of 2.3Â Ã…. d, Superposition of the overall dimer structures of EcTLR9 (DNA1668_12mer complex, green) and BtTLR9 (DNA1668_12mer complex, purple) by PyMol28, yielding an r.m.s.d. value of 0.7Â Ã…. e, Magnified view of the CpG-binding groove of EcTLR9 and BtTLR9. The amino acid at position 109 was proline for human and serine for mouse (rodents). From the structure, Pro109 made a van der Waals contact with A at the â€“1 position, but its contact was somewhat close. If A is changed to T, this contact is weakened. Serine at position 109 would accommodate a larger base. f, Magnified view of the G10 of iDNA4084 recognition by TLR9 (EcTLR9â€“iDNA4084 complex). G10 of iDNA4084 makes three hydrogen bonds with TLR9: N2, N1 and O6 atoms of G10 with the side chains of Ser205, Asp175 and Ser151, respectively. To examine the functional importance of this base, we substituted it with other bases and examined the binding affinity by ITC. The affinity of TLR9 for G10A (Kd = 6Â nM) was reduced from that of the original sequence (Kd = 3Â nM), but TLR9 exhibited much lower affinity for DNAs with a pyrimidine at this position (Kd = 41Â nM for G10C and Kd = 76Â nM for G10T), suggesting that this position favours purine over pyrimidine. g, Superposition of iDNA4084 bound to EcTLR9 (green) and MmTLR9 (purple). The binding mode of iDNA4048 is perfectly conserved between EcTLR9 and MmTLR9.


Extended Data Figure 6 Binding interfaces for agonistic and inhibitory DNA.
a, Superposition of the structures of unliganded (grey), DNA1668_12mer-bound (green), and iDNA4084-bound (blue), EcTLR9. TLR9 and DNA are shown in CÎ±-trace and stick representation, respectively. No significant conformational change was observed upon agonistic DNA binding, as indicated by the small r.m.s.d. value of 0.8Â Ã… between EcTLR9 (unliganded) and the EcTLR9â€“DNA1668_12mer complex. Instead, the conversion of EcTLR9 into the activated form appears to involve local conformational changes in the loop regions of LRR8, LRR11 and LRR18, all of which are involved in formation of the dimer. No significant structural change was induced by binding to iDNA4084, as indicated by the small r.m.s.d. values of 0.49Â Ã… and 0.45Â Ã… between the unliganded and iDNA4084-bound forms of EcTLR9 and MmTLR9, respectively. b, Surface representations of EcTLR9 structures in the DNA1668_12mer (upper) and iDNA4084 complexes (lower). The proteinâ€“protein interface, TLR9_DNA1668_12mer interfaces 1 and 2, and TLR9_iDNA4084 interface are shown in orange, blue, cyan and yellow, respectively. The bound DNAs are shown in stick representation with their 5â€² and 3â€² ends indicated. DNA1668_12mer buries approximately 1,136Â Ã…2 and 294Â Ã…2 of the accessible surface area of TLR9 and TLR9*, respectively, suggesting that the N-terminal binding site of TLR9 for DNA1668_12mer makes a relatively larger contribution to binding. The binding site for iDNA partially overlaps with the binding site for agonistic DNA. Specifically, LRR4 and LRR5 are both involved in the binding sites for agonistic DNA and iDNAs, although the binding modes of DNA1668_12mer and iDNA4084 are completely different: Arg152 (LRR4), Tyr179 and Lys181 (LRR5) interact with the phosphate of C11 of DNA1668_12mer but also with G8 of iDNA4084. c, Electrostatic potential map of DNA-binding region. The map was calculated at basic and acidic conditions by PyMol28. Surface colours represent the potential from â€“20Â kBT/e (red) to 20Â kBT/e (blue), where kB is the Boltzman constant and T is the absolute temperature. The DNA molecule is shown as a stick model.


Extended Data Figure 7 ITC thermograms for ITC data (related to Extended Data Table 2).
Representative ITC thermograms for the ITC data are shown with their pH condition and Kd values for EcTLR9.


Extended Data Figure 8 Significance of the consensus sequence in the CpG-DNA.
Gel-filtration chromatography of EcTLR9 with FITC-labelled DNA. DNA binding to TLR9 was monitored by FITC-fluorescence (excitation 495Â nm, emission 520Â nm). The parenthesized values indicate the ratios of the fluorescence peak height of the derivative DNA to the original DNA containing the consensus sequence of GACGTT (top left). In each experiment, 0.5Â Î¼M EcTLR9 (total volume of 45Â Î¼l) with DNA (equimolar) was injected into a Superdex 200 Increase 5/150 GL (GE healthcare) gel-filtration column. The running buffer was 10Â mM 2-morpholinoethanesulfonic acid and 250Â mM NaCl at pHÂ 5.5. DNAs used in the analyses are shown in each panel. Bases that are changed from the original sequence are highlighted in red. Conversion of the purineâ€“purine sequence (GA) at the â€“1 and â€“2 positions of the CpG motif (underlined) to AA and GG resulted in DNAs with affinities similar to the wild-type DNA, but conversion to a pyrimidineâ€“pyrimidine sequence (TT and CC) weakened the affinity, demonstrating that a purineâ€“purine sequence is preferable at these positions. Conversion of the base at the +1 position into C, A or G led to weaker binding, suggesting that T is preferable at the +1 position, although T is not specifically recognized.


Extended Data Table 1 Crystallization, data collection and refinement statisticsFull size table


Extended Data Table 2 ITC resultsFull size table
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