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Supplementary Figure 1 Cryo-EM data processing of the NCLSs in VLPs. 

A. Schematic representation of the VLPs production in HEK 293T cells. 

B. Representative cryo-EM image of purified VLPs. Scale bar represents 50 nm. 

C. Summary of the cryo-EM data processing workflow. The FSC curve and the angular distribution of 

the final reconstruction are shown at the right bottom. Most processes executed using RELION software, 

except for local refinement with cryoSPARC. 

  



 

Supplementary Figure 2 Comparative visualization of the EBOV NCLS obtained via cryo-EM 

and the previously determined NP–RNA complex. 

The cryo-EM map obtained in this study using helical symmetry (shown in gray) is superimposed on 

the atomic model of the purified NP–RNA complex structure22 (PDB ID: 5Z9W) shown in orange. 

Density thresholds were set to indicate the inner helical densities. 
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Supplementary Figure 3 Detailed structural comparison of VP24 interaction interfaces, 

comparing them with previously reported structures 

A. Close-up views of VP24-1 (10 a.a. to 231 a.a.) and VP24-2 (28 a.a. to 231 a.a.), with cryo-EM map 

(shown in gray). A black arrow indicates each N-terminus, and a light green arrow indicates the 169-

173 loop. 
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B. Local resolution map of the helical repeating unit. A light green arrow indicates the 169-173 loops. 

The surface is colored according to the local resolution as defined by the color map to the right. 

C. Comparison of our VP24-1 and VP24-2 models from this study with the crystal structure of EBOV 

VP24 in the dimer form26 (PDB ID: 4M0Q). The right panel shows the structural comparisons of our 

VP24 models from the PDB 4M0Q chain A. 

D. Structural comparison of VP24-1 and VP24-2 from this study. 

E. Surface representation with highlighted N- and C-termini of VP24s.  

  



Supplementary Figure 4 Mutational analysis of NP at helix α18. 

A, B. Immunoprecipitation assay using either FLAG-tagged NP with a single mutation (A) or FLAG-

tagged NP with multiple mutations (B) as well as VP24. Left panel, whole cell lysates of cells 

transfected with FLAG-tagged NP mutant and VP24 were analyzed using western blotting using anti-

VP24 and anti-NP antibodies. Beta-actin was detected as a loading control. Right panel, VP24 co-

immunoprecipitated with FLAG-tagged NPs using an anti-FLAG antibody were analyzed using western 

blotting using anti-VP24 and anti-NP antibodies. Experiments were performed three times 

independently. Source data are provided as a Source Data file. 
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C. Localization of NP mutants and VP24 in cells co-expressing FLAG-tagged NP mutants, VP24, and 

VP35.The cells were immunostained using anti-FLAG (red) and anti-VP24 (green) antibodies. Nuclei 

were stained with Hoechst 33342 (blue). Experiments were performed three times independently. 

Source data are provided as a Source Data file. Scale bars represent 10 µm. NP, nucleoprotein; IP, 

immunoprecipitation 

 

  



 

Supplementary Figure 5 Sequence alignment of the NP and VP24 among filoviruses 

The amino acid sequences of filovirus (A) NP and (B) VP24 (EBOV: Zaire ebolavirus {NCBI accession 

number: P18272 and Q05322}, SUDV: Sudan ebolavirus {NCBI accession number: Q9QP77 and 

Q5XX02}, RESTV: Reston ebolavirus {NCBI accession number: Q8JPY1 and Q77DB4}, BDBV: 

Bundibugyo ebolavirus {NCBI accession number: B8XCM7 and B8XCN4}, TAFV: Taï Forest 

ebolavirus {NCBI accession number: B8XCN6 and B8XCP3}, BOMV: Bombali ebolavirus {NCBI 

accession number: A0A4D5SFX8 and A0A343EQF5}, LLOV: Lloviu cuevavirus {NCBI accession 

number: G8EFI1 and G8EFI8}, MARV: Marburg marburgvirus {NCBI accession number: Q1PD53 
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RESTV   G D        L  LC  H Y  D   F  S    YL   G  F              EA I FQENADSF LM  LH A QG  K  LE  AV   EGH FK ELRKKD V RLEEL                          Y L    N  Q               G N     
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BDBV NLSG NNLEHGL PQLSAIALGVATAHGSTLAGVNV EQYQQLREAA  AE  LQ   E     V       F                       G          TE  KQ   YA S                                                       K    

TAFV NLSG NNLEHGL PQLSAIALGVATAHGSTLAGVNV EQYQQLREAA  AE  LQ   E     V       F                       G          TE  KQ   YA S                                                       K    
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BDBV  E      D  E  IL  FH  K EI   QT        E L  L               R LD LGL DQ KK      QK N  SFQ  TAMVTLRK R AK TEAIT  S           H           KD                                ST ILKTGRR
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BOMV MA    RYN                           GW V W    F     G  LL  L  KATG   LISPK ELE GVV SDLCNFVV QTVQ  R   AGIE EV QK MA   R               Q   K   F        S        Y        T       S  
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SUDV K     P W  T NLF HLF N  S    P   LR  L     DQ    SL           NDFA A  M R   P      Q  V   IWA  VI AAGI   LMD   IEPL GAL  V       A          K Q  E QT             L     H      S   N

RESTV K     P W  T NLF HLF N  S    P   LR  L     DQ    SL          TNDFA A  M R   P     PN  I   IWA  VI AAGL   LLD   VEPL GAL          A          Q    V QS             Q     H      T   G

BDBV K     P W  T NLF HLF N  S    P   LR  L     DQ    SL          T DFA A  M R   P      N  I   LWA  VI AAGI   LIDQ  VEPL GAL   A      S          Q S  T ES             Q            A   S

TAFV K     P W  T NLF HLF N  S    P   LR  L     DQ    SL          TSDFA A  M R   P     PN  I   LWA  VI AAGI   LIDQ  IEPL GAL          S          Q    T ES             Q            A   G

BOMV K     P W  T NLF HLF N  S    P   LR  L     DQ    SL          TNDFA A  M R   P     PN  I   LWA  VI AAGI   LIEQ  IEPL GAL          A          Q    V EH             Y            A   G

LLOV K     P W  T NLF HLF N  S    P   LR  L     DQ    SL          TSDFA A  L K   P     PT  L   VW   VI AA L   VMEQ  I PL   L          T          H    T KD   G       A Y         K  SET T
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SUDV     WLL                     M          F      LHV N  G  SS ELI D   TT TNHFNMRT  VKDQLSMR LSLIRSNII  INKLE    V Y  LL  V   A      S        QR                  N      T      K       

RESTV     WLL                     M          F      LHV N  G  SS ELI D   TT STHFNLRT  VKDQLSLR LSLIRSNIL  INKLD    V Y  LL  I   S      T        RS                  Q      A      N       

BDBV     WLL                     M          F      LHV N  G  SS ELV D   TT TNHFQMRT  AKEQLSLK LSLVRSNIL  IS LD    V Y  LL  I   S      N        QH                  K   Q  A      N       

TAFV     WLL                     M          F      LHV N  G  SS ELI D   TT TNHFQMRT  AKEQLSLK LSLVRSNIL  IN LD    V Y  LL  I   A      G        QQ                  K   Q  A      N       

BOMV     WLL                     M          F      LHV N  G  SS ELI D    T T H NLR   VKEQLSLK LSLIRSNIL  I KLD    V Y  LL  I   A    V S A L   ARS                  K  G   A      N       

LLOV     WLL                     M          F      LHV N  G  SS ELL D   TT TQKFNLRT  A EQISLR LSLVK  V   I KL     I        I   G      E        PR Q            KH DN  L  LE     NR FT    

MARV     WLL                     M          F      LHV N  G  SS EML E      TS   I    L   LT     IL   V    NKM     V        I   S    LEV  AIH SPNL GIY  SD FK  MAG KN F   FT     DH KP    
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EBOV         II R NMG LVE    D               F L  E              IGT   TI  T T   F   LQEP KS  AM   KPGPAK S LH S  K       T M   QNH                     ..  NRM             TL AFTQGSS R 

SUDV         II R NMG LVE    D               F L  E              IGT    I  T T   Y   VQEP KS  AM   HPGPVK S LH S  K       S I   PSYA                    ..  DIR             TL PVATPKP S 

RESTV         II R NMG LVE    D               F L  E              IGT   TI  T T   F   VQEP KS  AM   RPGPVK S LH S  K       S M   STH                     ..  NSK             AF PFTRVPQ G 

BDBV         II R NMG LVE    D               F L  E              IGT   TI  T T   F   LQEP KS  AM   KPGPVK S LH S  K       T M   RNH                     ..  NQK             TF ALIKKPA K 

TAFV         II R NMG LVE    D               F L  E              IGT   TI  T T   F   LQEP KS  AM   KPGPVK S LH S  K       T M   KSH                     ..  NTR             TL TLAKKPA Q 

BOMV         II R NMG LVE    D               F L  E              V T    V  T T   Y   LQEP KS  AL   HPGPVK S LH S  K       S I N NMHA                    ..  DPR             TL AFTEKST G 

LLOV         II R NMG LVE    D               F L  E              IGN   TI  S T   Y    QEP KS  AL   KPGPVK T VH    R       S I   KCN              Q      ..  RKT            DAF DFK.PER S 

MARV         II R NMG LVE    D               F L  E              I     QI  T     F   V                 V    V     R           KLTGQ      V        RRI IEPCCGETVLSES V G  A AVL EHSQMEKGQP

240       250                                                

EBOV   L    NS  AI                                               Q  ILEF  SL                                                  S                                                          

SUDV   L    NS  AI                                               T  IMEF  SL                                                  S                                                          

RESTV   L    NS  AI                                               Q  IMEF   L                                                  S       L                                                  

BDBV   L    NS  AI                                               Q  ILEF  SL                                                  A                                                          

TAFV   L    NS  AI                                               Q  ILEF  SL                                                  A                                                          

BOMV   L    NS  AI                                               Q  ILEF  SL                                                  N                                                          

LLOV   L    NS  AI                                               N  IMEF  SL                                                  L                                                          

MARV   L    NS  AI                                                         I                                                 LN TQYM  K                                                  

 

B



and Q1PD62}) were aligned with ClustalW2.11 and visualized using ESPript 3.02. The number of 

alignments was assigned based on EBOV sequences. Conserved residues are highlighted in red, similar 

residues are colored in red, and both residues are outlined in blue. The amino acids mentioned in the 

manuscript are indicated by arrows in the same color, as shown in Figure 1. 



Supplementary Table 1. Comparison of helical parameters in EBOV NC-related 

structures 

 This study EMD-6903 EMD-3871 EMD-3873 

Target VLP NP–RNA complex VLP Infectious virion 

Method Single-particle 

analysis 

Single-particle analysis cryo-ET cryo-ET 

Pitch 75.55 Å 73.56 Å 75 ± 3 Å 74 ± 1 Å 

Number of 

unit per turn 

12.8 24.4 for 1-mer NP means 

12.2 for 2-mer NPs 

12.8 or 13.8 11.9 or 12.9  

 

  



Supplementary Table 2. Cryo-EM data collection, refinement and validation statistics 

  EBOV NCLS in VLPs 

(EMDB-39081) 

(PDB ID 8Y9J) 

Data collection and processing   

Voltage (kV)  300 

Electron exposure (e–/Å2)  60 

Defocus range (μm)  -0.625 to -2 

Pixel size (Å)  0.88 

Initial particle images (no.)  263,789 

Final particle images for the helical 

reconstruction (no.) 

 34,865 

Final particle images for the 

symmetry expanded particles (no.) 

204,384 

Map resolution for the symmetry 

expanded particles (Å) 

 FSC threshold 

4.6  

 

0.143 

    

Refinement   

Initial model used (PDB code)  5Z9W, 4M0Q, 6EHM 

Model resolution (Å) 

 FSC threshold 

 4.5  

 0.143 

Model resolution range (Å) 4.3-7.0  



 

Map B factor 

 

173.9 

Model composition 

 Non-hydrogen atoms 

 Protein residues 

 Nucleotide 

  

9773 

1205 

12 

B factors (Å2) 

 Protein 

 Nucleotide 

  

263.63 

225.73 

R.m.s. deviations 

 Bond lengths (Å) 

 Bond angles (°) 

  

0.012 

2.100 

 Validation 

 MolProbity score 

 Clashscore 

 Poor rotamers (%)   

  

1.78 

2.14 

2.23 

 Ramachandran plot 

 Favored (%) 

 Allowed (%) 

 Disallowed (%) 

  

90.64 

7.35 

2.01 
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