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Supplementary Fig. S1 Binding affinity measured by BLI with recombinant NA proteins and 

full IgG. Binding profiles (A) and kinetic parameters (determined by 1:1 interaction modeling) (B) 

of CAV-F34 and CAV-F6 to NA proteins from the following strains (assayed via BLI): 

A/California/04/2009 (H1N1), A/dairy cow/Minnesota/24_016288-003/2024 (H5N1), 

A/Switzerland/9715293/2013 (H3N2), A/Japan/305/1957 (H2N2), 

A/Swine/Missouri/2124514/2006 (H2N3) and B/Colorado/06/2017 (Victoria). 

  



 

Supplementary Fig. S2 Phylogenetic tree depicting the clonal evolution and isotype class 

switching of VH3-48 antibodies. Phylogenetic tree illustrating the genetic relationships among 

VH3-48 antibody heavy chain sequences, with nodes colored by isotype. The reconstructed 

germline sequence is shown in black, while sequences inferred using the Dowser package are 

represented in white. CAV-F34 and CAV-F6 are highlighted in orange and red, respectively. The 

tree's structure depicts the diversification process of antibody clones and their evolutionary 

relationships with the germline. 

  



 

Supplementary Fig. S3 Enzymatic inhibition ability of CAV-F6, CAV-F34, CAV-F52 and CAV-

F108. The enzyme inhibitory ability of antibodies against NA proteins in ELLA assay (A). The 

enzyme inhibitory ability of antibodies against NA proteins in MUNANA assay (B). Data represents 

one of three independent experiments, shown as mean ± SD of three technical replicates.  



 

Supplementary Fig. S4 Cryo-EM structure validations of the A/California/04-

CIP100_RGCM_1868/2009 H1N1 NA/CAV-F34 complex. A-D, Data processing workflow (A), 

Gold-standard Fourier Shell Correlation (GSFSC) curves of the final density map (B), particle 

orientation distribution (C), and local resolution map (D) of the A/California/04-

CIP100_RGCM_1868/2009 H1N1 NA/CAV-F34 complex. The final resolution of this complex is 

2.5 Å. E, Representative density map of the HCDR3 of CAV-F34. 

  



 

Supplementary Fig. S5 Cryo-EM structure validations of the A/Switzerland/9715293/2013 

H3N2 NA/CAV-F34 complex. A-D, Data processing workflow (A), GSFSC curves of the final 

density map (B), particle orientation distribution (C), and local resolution map (D) of the 



A/Switzerland/9715293/2013 H3N2 NA/CAV-F34 complex. The final resolution of this complex is 

3.0 Å. E, Representative density map of the HCDR3 of CAV-F34. 

  



 

Supplementary Fig. S6 Cryo-EM structure validations of the A/Switzerland/9715293/2013 

H3N2 NA/CAV-F6 complex. A-D, Data processing workflow (A), GSFSC curves of the final 

density map (B), particle orientation distribution (C), and local resolution map (D) of the 

A/Switzerland/9715293/2013 H3N2 NA/CAV-F6 complex. The final resolution of this complex is 

2.8 Å. E, Representative density map of the HCDR3 of CAV-F6. 

  



 

Supplementary Fig. S7 Cryo-EM structure validations of the A/Red knot/Delaware 

Bay/310/2016 H10N4 NA/CAV-F6 complex. A-D, Data processing workflow (A), GSFSC curves 

of the final density map (B), particle orientation distribution (C), and local resolution map (D) of 

the A/Red knot/Delaware Bay/310/2016 H10N4 NA/CAV-F6 complex. The final resolution of this 

complex is 3.1 Å. E, Representative density map of the HCDR3 of CAV-F6. 

  



 
Supplementary Fig. S8 Cryo-EM structure validations of the A/dairy 

cow/Minnesota/24_016288-003/2024 H5N1 NA/CAV-F6 complex. A-D, Data processing 

workflow (A), GSFSC curves of the final density map (B), particle orientation distribution (C), and 

local resolution map (D) of the A/dairy cow/Minnesota/24_016288-003/2024 H5N1 NA/CAV-F6 



complex. The final resolution of this complex is 3.0 Å. E, Representative density map of the HCDR3 

of CAV-F6. 

  



 

Supplementary Fig. S9 Structural alignment of NA-antibody complexes. A-C, Structures of 

CA09 N1 NA/CAV-F34, SL32 N2 NA/CAV-F34, SL32 N2 NA/CAV-F6, rkDB16 N4 NA/CAV-F6, 

and dcMN24 N1 NA/CAV-F6 complexes are superimposed to show a similar binding mode and 

nearly identical epitope. However, the approaching angles of CAV-F34 and CAV-F6 are slightly 

different. D-G, Structures of SL32 N2 NA/CAV-F6, A/Tanzania/205/2010 N2 NA/FNI9 (PDB ID: 
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8G3N), A/California/04/2009 N1 NA/1G01 (PDB ID: 6Q23) and A/Kansas/14/2017 N2 

NA/4N2C402 (PDB ID: 8ZR4) complexes are superimposed to show different approaching angles 

of antibodies. H-K, Structures of SL32 N2 NA/CAV-F34, A/Tanzania/205/2010 N2 NA/FNI9, 

A/California/04/2009 N1 NA/1G01 and A/Kansas/14/2017 N2 NA/4N2C402 complexes are 

superimposed to show different approaching angles of antibodies. 

  



 
Supplementary Fig. S10 Sequence alignment of CAV-F34 and CAV-F6 variable domains of 

heavy chains. CDRs of CAV-F34 and CAV-F6 Fabs are labeled. 

  



 

Supplementary Fig. S11 Single point mutation of Fabs leads to a different binding and NAI 

scenario. A, Binding ability of CAV-F6’s single point mutant (above) and CAV-F34’s single point 

mutant (below) against N2 protein (A/Switzerland/9715293/2013) via ELISA assay. B, The enzyme 

inhibitory ability of CAV-F6’s single point mutant (above) and CAV-F34’s single point mutant 

(below) against N2 protein (A/Switzerland/9715293/2013) via ELLA assay. C, The enzyme 

inhibitory ability of CAV-F6’s single point mutant (above) and CAV-F34’s single point mutant 

(below) against N2 protein (A/Switzerland/9715293/2013) via MUNANA assay. Data represents 

one of three independent experiments, shown as mean ± SD of three technical replicates. D-E, The 

2D classification results and 3D models of the A/Switzerland/9715293/2013 (H3N2) NA/CAV-F6-

R54S (D) and A/Switzerland/9715293/2013 (H3N2) NA/CAV-F6-D102N (E) complexes. 

  



 

Supplementary Fig. S12 Cryo-EM structure validations of the A/Switzerland/9715293/2013 

(H3N2) NA/CAV-F6-R54S complex and the A/Switzerland/9715293/2013 (H3N2) NA tetramer. 

A, Data processing workflow of the A/Switzerland/9715293/2013 (H3N2) NA/CAV-F6-R54S 

complex and the A/Switzerland/9715293/2013 (H3N2) NA tetramer. B-G, GSFSC curves of the 

final density map (B), particle orientation distribution (D), and local resolution map (F) of the 

A/Switzerland/9715293/2013 (H3N2) NA/CAV-F6-R54S complex. The final resolution of this 

complex is 2.3 Å. GSFSC curves of the final density map (C), particle orientation distribution (E), 



and local resolution map (G) of the A/Switzerland/9715293/2013 (H3N2) NA tetramer. The final 

resolution of this tetramer is 2.4 Å. H, Representative density map of the 

A/Switzerland/9715293/2013 (H3N2) NA/CAV-F6-R54S complex. I, Representative density map 

of the A/Switzerland/9715293/2013 (H3N2) NA tetramer. 

  



 
Supplementary Fig. S13 Structural alignment of different protomers of 

A/Switzerland/9715293/2013 (H3N2) NA tetramer. A, Three unbounded protomers of the 

A/Switzerland/9715293/2013 (H3N2) NA/CAV-F6-R54S complex are superimposed to show a 

similar position of the K199, K220 and D221 side chains. B, Four unbounded protomers of the 

A/Switzerland/9715293/2013 (H3N2) NA tetramer are superimposed to show a similar position of 

the K199, K220 and D221 side chains. 

  



 
Supplementary Fig. S14 Structural comparison between A/dairy cow/Minnesota/24_016288-

003/2024 (H5N1) NA and A/dairy cow/Minnesota/24_016288-003/2024 H5N1 NA/CAV-F6. A, 

Overall structure of the A/dairy cow/Minnesota/24_016288-003/2024 (H5N1) NA tetramer (light 

blue). Glycans are shown in dark blue. B, The 150-loops in H5N1 (dark blue) and H5N1/CAV-F6 

(red) adopt a different conformation. C, The apo H5N1 has the 150-cavity, not the H5N1/CAV-F6 

complex. 

  



Supplementary Table S1. 

Variable region sequence of CAV-F6 and CAV-F34. 

 

 

  



Supplementary Table S2. 

List of the IC50 values of enzyme activity inhibitory capacity for oseltamivir and antibodies 

related to Fig.1F-1I 

 

 

  



Supplementary Table S3. 

Cryo-EM data collection, refinement and validation statistics of NA-Fabs. 
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KGCACABMvAFAChBCMĈ ApCiMsGE_t MTSMMTI7c IT77RTbHM S>8TRSR Mc7TcMb >T8>bT7Hc
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Supplementary Table S4. 

Cryo-EM data collection, refinement and validation statistics of NA and CAV-F6-R54S Fab. 
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Supplementary Table S5. 

Overall comparison of SL32 N2 NA/CAV-F6, SL32 N2 NA/CAV-F34, A/Tanzania/205/2010 N2 

NA/FNI9, A/California/04/2009 N1 NA/1G01, and A/Kansas/14/2017 N2 NA/4N2C402 

complexes. 

 

 

  



Supplementary Table S6. 

The germline genes of antibodies. 

 

  



Supplementary Table S7. 

A full list of viruses used in this study. 
 

 
*DCP: deletion of polybasic cleavage site. 


