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Abstract:  

Crimean-Congo hemorrhagic fever virus (CCHFV) is the most widespread tick-borne zoonotic 

virus, with a 30% case fatality rate in humans. Structural information on the CCHFV membrane 

fusion glycoprotein Gc–the main target of the host neutralizing antibody response–and on 

antibody-mediated neutralization mechanisms are lacking. Here we describe the structure of 

pre-fusion Gc bound to the antigen-binding fragments of two neutralizing antibodies displaying 

synergy when combined, as well as the structure of trimeric, post-fusion Gc. The structures 

show the two Fabs acting in concert to block membrane fusion: one targeting the fusion loops 

and the other blocking Gc trimer formation. The structures also revealed the neutralization 

mechanism of previously reported anti-CCHFV antibodies, providing the molecular 

underpinnings essential for developing CCHFV-specific medical countermeasures for epidemic 

preparedness. 

 

One-Sentence Summary:  

The elucidation of antibody neutralization mechanisms of a highly pathogenic virus provides 

a foundation for epidemic preparedness.  
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Main Text:  

 
Crimean-Congo hemorrhagic fever virus (CCHFV) is endemic in Africa, Asia and 

Europe, and is transmitted by ticks and through contact with bodily fluids from viremic animals 

or patients (1, 2). Although infection is asymptomatic in most vertebrates, it can cause severe 

disease in humans with hemorrhage, myalgia and high fever that eventually leads to death in 

about 30% of diagnosed cases (1, 3, 4). As a result the WHO has shortlisted CCHFV as a 

priority pathogen in its research and development blueprint (5). The highest burden lies on the 

Balkan peninsula and Turkey, yet global warming facilitates the spread of the tick vector into 

new habitats carried by migratory birds, as exemplified by a recent outbreak in Spain and by 

the appearance of infected ticks in Italy (6-8).  

CCHFV is a member of the Orthonairovirus genus in the Nairoviridae family of the 

Bunyavirales order of viruses with a segmented, negative-strand RNA genome (9). New human 

pathogens in the Orthonairovirus genus (termed nairoviruses from here on) continue to be 

identified (10), highlighting the need for high-resolution structural information to guide 

antiviral strategies. The Bunyavirales order also includes other pathogenic arthropod-borne 

viruses (or “arboviruses”), such as the Rift Valley fever virus (RVFV, Phlebovirus genus, 

Phenuiviridae family), as well as rodent-borne viruses such as Andes virus (Orthohantavirus 

genus, Hantaviridae family). CCHFV infects host cells through its envelope glycoproteins Gn 

and Gc, which form a locally ordered lattice of heterodimers on the virus surface after they are 

cleaved from a poly-glycoprotein precursor by host proteases (Fig. 1A) (11-13). Entry into 

target cells takes place by receptor-mediated endocytosis (14), with the acidic environment of 

the endosome triggering dissociation of the Gn/Gc heterodimer and the surface lattice, followed 

by a conformational change of Gc into a trimer of hairpins to drive membrane fusion (Fig. 1B). 

As for most bunyaviruses, CCHFV Gc is predicted to be a class II membrane fusion protein 

(11, 12) and is the only known target of CCHFV-neutralizing antibodies (15).  
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We determined the X-ray structure of the CCHFV Gc post-fusion trimer using two 

constructs at resolutions of 2.2 Å and 3.0 Å (Table S1), as described in Materials and Methods. 

The trimer revealed a typical class II fold, with each protomer adopting the characteristic post-

fusion hairpin conformation (16). The inner arm of this hairpin is composed of domains I and 

II, (red and yellow, respectively, in Fig. 1C) and forms a rod-like structure with the distal tip of 

domain II exposing loops bc, cd and ij, also termed “fusion loops” as they form a non-polar 

host-membrane insertion surface (HMIS) required to drive membrane fusion. The domain I/II 

rods make interactions about the 3-fold molecular axis along their entire length to make an 

elongated trimeric core. The outer arm of the hairpin is formed by domain III (blue) followed 

by the stem (magenta) running in an extended conformation to reach the HMIS, thus completing 

the hairpin by bringing the downstream C-terminal trans-membrane segment, which is not 

included in our structure, next to the HMIS. The turn of the hairpin at the opposite end of the 

rod is made of a linker region connecting domains I and III (cyan in Fig. 1C). Domain III and 

the stem together fill the cleft between two neighboring subunits of the core trimer, contributing 

to the stability of the post-fusion conformation of Gc. The overall arrangement of domains I 

and III is similar to fusion proteins of other arboviruses such as phleboviruses (17, 18), 

flaviviruses (19, 20) and alphaviruses (21). This organization is different, however, in 

hantaviruses (22, 23) and in rubella virus (24), which do not infect arthropods. In the class II 

fusion proteins of these mammal-specific viruses, domain III is exchanged between 

neighboring protomers in the trimer (Fig. S1).  

Among the most potently neutralizing human monoclonal antibodies (Mabs) targeting 

CCHFV Gc, ADI-36121 and ADI-37801 were synergistic in co-neutralization experiments 

(15). We determined the X-ray structure of both Fabs in ternary complex with monomeric Gc 

to 2.1 Å resolution (Table S1) as described in Materials and Methods. The structure showed a 

Gc monomer with the ADI-36121 Fab bound at the domain II base and the ADI-37801 Fab 
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bound at the HMIS (Fig. 1D). The crystals provided interpretable electron density only for 

domains I, II and part of the domain I/III linker, indicating that the whole outer arm observed 

in the post-fusion hairpin is mobile in the monomer. On the virion surface, however, the pre-

fusion conformation of Gc is likely further stabilized by contacts with Gn and neighboring 

Gn/Gc heterodimers. Compared to the Gc post-fusion trimer, the conformation of domain I in 

the monomer is different. In particular, the N- and C-terminal b-strands, A0 and J0, display an 

altered topology (Fig. S1A). A similar change in the conformation of domain I has been 

observed between the pre- and post-fusion structures of phlebovirus Gc (17, 18, 25) (Fig. S1B), 

indicating that the conformation of domain I in the CCHFV Gc monomer indeed corresponds 

to the pre-fusion form. 

Unlike domain I, the conformation of the domain II tip in the Fab-bound monomer is 

similar to that seen in the post-fusion trimer (Fig. 2A). In the flavivirus, alphavirus and 

phlebovirus class II fusion proteins, the HMIS is formed essentially by the cd loop alone 

(orange in our figures) (16). In hantaviruses, however, the HMIS is tri-partite, with additional 

contributions from two adjacent loops, bc and ij (Fig. 2B) (22). CCHFV Gc has a similar tri-

partite configuration at its domain II tip, sharing with hantavirus Gc a pattern of conserved 

residues (Fig. 2C) despite an overall sequence identity of only about 20% between the two Gc 

orthologs. Fig. 2 compares CCHFV Gc to Maporal virus (MPRLV) Gc, for which the best-

resolved pre- and post-fusion hantavirus Gc structures are available (22, 23, 26). The main 

chain conformation of the bc, cd and ij loops is similar in the post-fusion forms of the CCHFV 

and MPRLV Gc (Fig. 2A and 2B, left panels), with a root-mean-square deviation (RMSD) of 

0.8 Å over 29 C𝛼 atom pairs. In both cases, four conserved disulfide bonds (green in Fig. 2A–

C) stabilize the structure, two of which cross-link the cd loop with the ij and bc loops (Fig. 2C). 

In CCHFV, the HMIS conformation is further supported by a hydrogen bond network that 

involves the buried polar side chains of Asn1194 and Arg1189 of the cd loop in both the pre- 
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and post-fusion forms (Fig. 2A–C). The equivalent residues in MPRLV, Asn769 and Asn764, 

recapitulate the same interactions in the post-fusion form (26) but are solvent-exposed in the 

pre-fusion Gn/Gc heterodimer, where non-polar side chains such as MPRLV Trp766, 

corresponding to CCHFV Trp1191, are buried instead (Fig. 2B). It is likely that  Gn locks the 

domain II tip in the conformation shown in the MPRLV pre-fusion Gn/Gc complex and that 

release of Gn results in the HMIS conformation seen in the pre and post-fusion forms of 

CCHFV. This suggests that the Gc monomer observed in the ternary complex corresponds to 

an activated pre-fusion form of CCHFV capable of insertion into the host membrane. 

To experimentally test the role of residues suggested by the structure to be important 

for Gc function in membrane fusion, we established an assay to follow syncytia formation of 

cells expressing the CCHFV glycoproteins at their surface upon low pH treatment. We used 

this assay to test single point mutations at the interface between domains I and III (at the turn 

of the post-fusion hairpin) to explore their functional impact. Alanine substitutions of two 

conserved residues, His1479 on domain III, which makes a salt bridge with Glu1113 of domain 

I, and Trp1068 in the N-terminal tail, which projects into a pocket at the domain I/II boundary, 

abrogated low pH-triggered cell-cell fusion (Fig. 2D-E). Gc-derived linear peptides spanning 

the N-terminal tail (aa 1041–1060 & 1061–1080) around the functionally important Trp1068 

residue robustly react with CCHFV-positive human sera (27), suggesting this site as a potential 

target for neutralizing antibodies. On the contrary, we saw no effect by alanine substitution of 

His1398 at the binding pocket for the N-terminal tail, and only a mild effect by alanine 

substitution of the glycosylation site Asn1563 on the stem (28) (Fig. 2D-E).  

We also tested the role of nonpolar side chains of the HMIS. Mutation to alanine of the 

highly conserved Trp1191, Trp1197 and Trp1199 exposed by the cd loop, as well as Trp1365 

and Met1362 exposed by the ij loop (see Fig. 2C), strongly impaired low pH-triggered syncytia 

formation relative to wild type Gc when substituted individually (Fig. 2D). This result is in line 
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with the functional effect of the corresponding residues of hantavirus Gc (Fig. 2B), which had 

been also shown to be functionally required for target membrane insertion (22).   

The residues exposed at the HMIS constitute the epitope of Mab ADI-37801, which 

covers 627 Å2 of surface area on Gc. Two thirds of the epitope are buried by the three 

complementarity-determining regions (CDRs) H1, H2 and H3 of the heavy chain, and the 

remainder by the light chain CDRs L1 and L3 (Fig. 2F). There are four hydrogen bonds at the 

epitope/paratope interface (Table S2). The core of the epitope is formed by the cd loop, which 

contributes ten amino acids, whereas the bc loop contributes an additional two. The residues 

critical for membrane fusion—Trp1191, Trp1197 and Trp1199 of the cd loop—are an integral 

part of the ADI-37801 epitope (Fig. 2A and 2F). Our structure is thus consistent with the yeast-

display-based epitope mapping, which identified Trp1199 as critical for ADI-37801 binding 

(15).  

Our crystals of the ternary complex grew at pH 5.6, suggesting that the complex of Gc 

and ADI-37801 remains stable in the endosome during viral entry. Using biolayer 

interferometry (BLI), we confirmed that ADI-37801 binding is insensitive to mildly acidic 

conditions (Fig. 2G). Taken together, the cell-cell fusion, structural and kinetic data suggest 

that ADI-37801 inhibits endosomal membrane insertion of Gc by masking its fusion loops. 

The X-ray structure showed that ADI-36121 binds laterally to the domain II base 

adjacent to the Asn1345 glycan and covers 943 Å2 of surface area on Gc, 63% and 37% of 

which are buried by the heavy and light chains, respectively, involving all six CDRs (Fig. 3A-

B). The epitope is composed of 22 residues featuring 13 hydrogen bonds and one salt bridge at 

the interface (Table S2). The structure is consistent with the yeast-display-based mutagenesis 

screen that identified Leu1307 and Ile1229 as important for ADI-36121 binding (Fig. 3B) (15).  

Structural comparison shows that the ADI-36121 epitope becomes entirely buried at the 

trimer interface upon formation of the post-fusion trimer of Gc (Fig. 3C-D). To experimentally 
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confirm that the ADI-36121 epitope is inaccessible in the post-fusion trimer, we used BLI to 

compare antibody binding to both monomeric and trimeric fractions of recombinant soluble Gc. 

The affinity of ADI-36121 was approximately 200-fold higher for the monomeric fraction than 

for the trimeric fraction (Fig. 3E). The observed residual ADI-36121 binding to the trimeric 

fraction suggests contamination of the sample with Gc monomers, as trimeric and monomeric 

fractions eluted in partially overlapping peaks in size-exclusion chromatography (Fig. S2). 

Nevertheless, antibody binding likely outcompetes the trimerization process during viral 

infection, since the KD of ADI-36121 for the Gc monomer is in the picomolar range at pH 7.5 

and 5.5 (Fig. 3F). These data suggest that ADI-36121 neutralizes CCHFV by blocking Gc 

homotrimerization in the endosome and preventing membrane fusion.  

The CCHFV-neutralizing human antibodies described previously had been tentatively 

assigned to six different antigenic sites using a homology model for Gc based on the MPRLV 

Gc structure (15). Our experimental structures confirm the proposed distribution of the epitopes 

among the three Gc domains, and they now also reveal the neutralization mechanisms by 

showing that they map to the HMIS or other surfaces that become buried during Gc-driven 

membrane fusion (Fig. 4A). The dominant antigenic site 1 maps to the cd loop (Fig. 4A), which 

is conserved across CCHFV strains as well as across members of the Orthonairovirus genus 

(Fig. 4B-C, S3 and S4). Antigenic sites 2–4 map to the domain II base, with sites 2 and 3 at the 

trimer core interface of post-fusion Gc (Fig. 4A). The most potently neutralizing antibodies, 

including ADI-36121, target site 3. Consistent with the high degree of conservation of its 

epitope across CCHFV strains (Fig. 4B), ADI-36121 displays highly potent cross-clade 

neutralization (15), which makes it a viable candidate for clinical development. It remains to 

be investigated whether this Mab would be effective against nairoviruses from other 

serogroups, such as the veterinary pathogens Dugbe virus or Nairobi sheep disease virus - which 

can potentially spillover to humans (29), as Gc from these viruses carries several point 



 9 

mutations in the epitope (Fig. S4 and S5). Site 4 maps to the opposite face of domain II, near 

the interface with domain III and the stem in the post-fusion structure (Fig. 4A), suggesting that 

antibody binding would inhibit hairpin formation. Similar to sites 2 and 3, site 5 overlaps with 

the Gc trimer interface but lies within domain I (Fig. 4A). Moreover, antibody binding to site 5 

likely restrains the conformational change of domain I during fusion (Fig. S1A). Finally, site 6 

maps to domain III, where antibody binding may sterically inhibit its translocation for post-

fusion hairpin formation (Fig. 4A). In addition to human antibodies, this site is likely also 

targeted by the broadly neutralizing murine antibody 11E7, which has been mapped to a Gc 

fragment encompassing both domain III and the stem (aa 1443–1566) (30). As the epitope was 

sensitive to chemical reduction, it can now be assigned to the disulfide-stabilized domain III. 

Because domain III contains more sequence polymorphisms across CCHFV strains than the 

other Gc domains (Fig. 4B), cross-clade neutralization by site 6 antibodies may be more limited 

compared to the other sites. While inhibition of binding to the yet unknown entry receptor for 

CCHFV may also play a role in neutralization, our findings are consistent with a neutralization 

mechanism that inhibits membrane fusion, either by blocking insertion of the HMIS into target 

membranes, by interfering with Gc trimerization, or by inhibiting post-fusion hairpin formation.  

Our structural data revealed that the HMIS of CCHFV Gc is at least transiently 

accessible on virus particles, as Mab ADI-37801 efficiently neutralizes the virus. Yet the 

current paradigm is that the HMIS is protected by the companion protein Gn from premature 

exposure. The only available high-resolution structures of a bunyavirus Gn/Gc complex come 

from hantaviruses, and indeed they show that the conformation of the Gc domain II tip in 

interaction with Gn is such that the HMIS is not formed. Recent studies on Andes hantavirus 

have however shown a significant degree of breathing, transiently exposing the HMIS at 

physiological temperatures (31). The strong structural similarity between their domain II tips 

(Fig. 2A and 2C) suggest that comparable breathing dynamics can also be expected from 
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CCHFV Gc. Since ADI-37801 neutralization was strain-dependent (15) despite almost perfect 

conservation of the HMIS sequence across CCHFV strains (Fig. S3), the breathing dynamics 

of the HMIS are likely controlled by sequences outside the fusion loops. Of note, strain-

dependent breathing is also known to affect the neutralization potency of fusion loop antibodies 

in flaviviruses (32, 33).  

Unlike the fusion loop antibody ADI-37801, the trimerization-inhibiting antibody ADI-

36121 showed potent neutralization across CCHFV strains (15), indicating that accessibility of 

its epitope is not restricted by strain-dependent structural dynamics within the envelope. The 

ADI-36121 epitope on CCHFV Gc lies in the same position as the P-4G2 epitope on hantavirus 

Gc (Fig. S6). Both antibodies bind to the same secondary structure elements on their respective 

Gc targets (Fig. S6C), at a surface patch that is involved in lateral inter-spike contacts on the 

hantavirus glycoprotein lattice (Figs. S6A and S6D). This surface patch becomes buried in the 

Gc post-fusion trimer in both cases. Low resolution studies of Hazara virus, a non-pathogenic 

nairovirus, showed tetrameric spikes arranged in a square surface lattice (34), similar to that of 

hantaviruses, which was visualized at higher resolution (26) and which is very different from 

the icosahedral T=12 Gn/Gc lattice of the phlebovirus RVFV, for which relatively high-

resolution structures are available (35). Considering the similar square surface lattices of nairo- 

and hantaviruses, and the structural similarity between the corresponding fusion proteins, it is 

reasonable to expect that comparable surfaces in CCHFV Gc are involved in lateral spike-spike 

contacts (see Figs. S6B and S6E). It is possible therefore that ADI-36121 perturbs the long-

range order of the CCHFV envelope in a similar way as was shown for P-4G2 (36). Higher-

resolution cryo-electron tomography data on the nairovirus surface glycoprotein lattice are 

needed to identify the precise lateral spike-spike contacts and confirm the predictions illustrated 

in Fig. S6. Our study nevertheless raises important parallels between these two zoonotic viruses, 

despite their different life-styles and reservoirs - one of them being arthropod-borne and the 
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other being transmitted by small mammals - highlighting the power of comparative structural 

studies to understand common features of emerging viruses. 

The combination of antibodies ADI-37801 and ADI-36121 displayed synergy in a 

neutralization assay (15). Moreover, a single dose of a bispecific antibody containing the 

variable domains of both ADI-36121 and ADI-37801 protected mice against CCHFV even 

when administered 24 h post-exposure, while the individual Mabs protected only in a 

prophylactic setting (15). To explain these findings, our structural analysis suggests that ADI-

36121 binding indirectly influences the Gc fusion loop breathing dynamics by perturbation of 

the glycoprotein surface lattice in such a way that the HMIS becomes more exposed, allowing 

ADI-37801 to recognize its epitope more easily (Fig. S6E-F). Combination with ADI-36121 

should therefore also broaden the reactivity of ADI-37801 with the various CCHFV strains, 

making these two antibodies strong candidates for therapeutic antibody cocktails. Describing 

CCHFV neutralization at the mechanistic level, our data guide the design of future therapeutic 

antibodies and will likewise support the design of protective CCHFV vaccines. 
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Figure Captions  

Fig. 1. Structures of CCHFV Gc. A) Organization of the CCHFV glycoprotein precursor B) 

Mechanism of bunyavirus class II membrane fusion proteins. C) X-ray structure of the CCHFV 

Gc ectodomain in post-fusion conformation. The front protomer is colored by domains and the 

trimer axis is shown in light blue. Secondary structure elements and disulfide bonds (green 

numbers) are labeled. An orthonairovirus-specific insertions cluster (IC) is depicted in brown. 

D) X-ray structure of the CCHFV Gc monomer in complex with the ADI-37801 and ADI-

36121 Fabs.  

Fig. 2. ADI-37801 binds HMIS residues required for Gc driven syncytia formation. A) 

The CCHFV HMIS of the post-fusion trimer (left) and in complex with ADI-37801 (right). In 

the left panel, W1191, W1197 and W1199, mutated to obtain the crystals, have been modeled 

for clarity. B) The hantavirus fusion loops in the post-fusion trimer forming the HMIS (left, 

PDB:6y68, MPRLV structure) and in the pre-fusion Gn/Gc heterodimer, where the HMIS is 

not formed (right, PDB:6y62) (15). C) Fusion loop sequences of CCHFV Gc with consensus 

sequence logo for the Orthonairovirus (top) and Orthohantavirus (bottom) genera. The bar 

chart shows the exposed surface area per residue in pre- (hantavirus Gc) and post-fusion 

(CCHFV and hantavirus Gc) structures. The accessible and buried surface per residue are 

represented in grey and black, respectively. Non-polar residues are black, acidic red, basic blue 

and cysteines green. D) CCHFV Gc-induced syncytia formation by wild-type and indicated 

mutant Gc at neutral and acidic pH. The transfected cell surface expression is shown for each 

mutant below. E) Details of two alternative conformations of the N-tail and a pH-sensitive salt 

bridge between domains I and III. The helical conformation (top) is dominant, whereas the b-

hairpin (bottom) is well defined in only two of the six polypeptide chains in the asymmetric 

unit of the monoclinic crystals obtained at pH 7.5. The view is as in Fig. 1C. F) Interface 
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between the ADI-37801 CDRs and the Gc fusion loops. The antibody heavy and light chain 

CDRs are respectively colored blue and gray. CCHFV Gc is colored orange (cd loop) and 

yellow (bc loop). Polar interactions denoted as dashed lines. G) BLI sensorgrams showing 

binding kinetics of CCHFV Gc1579 to ADI-37801 at pH 7.5 (top) or pH 5.5 (bottom).  

Fig. 3. ADI-36121 epitope is buried at the trimer interface of the post-fusion hairpin. A) 

The CCHFV Gc monomer in complex with the ADI-36121 Fab. B) The CDRs interacting with 

the Gc domain II base. Green and gray indicate heavy and light chains, respectively, and yellow 

indicates Gc domain II. Polar interactions are shown by dashes. C) Superposition of the ADI-

36121 complex with the Gc post-fusion trimer. The trimer’s front protomer is shown in ribbons 

colored by domains and the flanking protomers as a white surface. D) One trimer protomer 

shown as surface colored by domains with the trimer interface outlined and the ADI-36121 

footprint superposed in green, illustrating that the epitope is occluded in the trimer. E) BLI 

sensograms showing binding kinetics of the monomeric fraction (top) or the trimeric fraction 

(bottom) of CCHFV Gc1572 W3 to ADI-36121 at pH 7.5. F) BLI sensograms showing binding 

kinetics of CCHFV Gc1579 to ADI-36121 at pH 7.5 (top) or pH 5.5 (bottom). See Materials and 

Methods for details of the constructs used.  

Fig. 4. The epitopes of CCHFV-neutralizing human antibodies map to Gc surfaces 

involved in driving membrane fusion. A) Antigenic sites mapped on the surface of one 

CCHFV Gc protomer within the post-fusion trimer. The trimer axis is shown in light blue. Only 

the front Gc subunit is shown in the right panel, after a 180° rotation about the trimer axis. The 

trimer interface is outlined in black. B) Sequence variability across 15 representative CCHFV 

strains (Fig. S3) color-plotted on the Gc surface. C) Sequence variability across 14 species in 

the Orthonairovirus genus (Fig. S4).  
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Materials and Methods 
Recombinant protein production 

Mature CCHFV Gc, generated by processing of the polyprotein precursor by the host 

protease SKI-1 (37), spans codons 1041 to 1684 at the end of the single open reading frame of 

genomic segment M (Fig. 1A). The sequences used for our structural studies correspond to the 

IbAr10200 strain of CCHFV (GenBank: AF467768; UNIPROT: Q8JSZ3). To obtain soluble 

forms for structural studies we truncated Gc upstream of the trans-membrane (TM) segment, 

which spans residues 1595–1615. We made three different Gc constructs ending at residues 

1579, 1572 and 1561, which also omits a putative amphipathic membrane-proximal external 

region immediately upstream of the TM segment. These constructs, respectively termed Gc1579, 

Gc1572 and Gc1561, were monomeric in solution, yet failed to yield diffraction-quality crystals. 

To prevent micro-aggregation of potential post-fusion trimers formed in solution, we 

introduced three-point mutations to replace aromatic residues exposed in the predicted fusion 

loop: W1191H, W1199A and W1197A to make the “Gc1561 W3” and “Gc1572 W3” mutant 

constructs. A similar strategy had been used in the past to obtain crystals of other class II fusion 

proteins in the post-fusion form (17, 38). The recombinant CCHFV Gc W3 mutants eluted as 

two distinct peaks in size-exclusion chromatography (SEC), corresponding to trimer and 

monomer, whereas no soluble trimer was detected for the wild-type counterpart (Fig. S2). 

Crystals of the post-fusion trimer were obtained using recombinant protein produced in 

Drosophila S2 cells (Thermo Fisher Scientific Cat# R690-07) stably transfected with the pMT 

expression vector (Invitrogen) expressing synthetic, codon-optimized genes (Invitrogen) 

starting with the Drosophila BiP signal sequence for efficient secretion into the culture medium. 

The Gc1561 wild-type and W3 mutant constructs carried at their C-termini the sequence 

ENLYFQSAG WSHPQFEK GGGSGGGSGGGS WSHPQFEK containing a Twin-Strep-tag 

(in bold) and a TEV protease cleavage site (underlined). The Gc1572 W3 wild-type and mutant 
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constructs had a single Strep tag (sequence: WSHPQFEK) fused to their N-termini, 

immediately after the signal sequence.  

Adherent S2 cell cultures were grown in Insect-XPRESS protein-free medium with L-

glutamine (Lonza) supplemented with 25 U/mL penicillin/streptomycin (Gibco) at 28°C. 

Expression plasmids were co-transfected with the selection plasmid pCoPURO (39) at a mass 

ratio of 20:1 using the Effectene transfection reagent (Qiagen) according to the manufacturer’s 

instructions. Polyclonal stable S2 cell lines were established by selection with 7.5 µg/mL 

puromycin (Invivogen), which was added to the medium 40 h after transfection. Cultures were 

expanded to 1 L of 107 cells/mL in Erlenmeyer flasks shaking at 100 rpm at 28°C. Recombinant 

protein expression was subsequently induced with 5 µM CdCl2. Cell supernatants were 

harvested one week after induction, concentrated to 50 mL on a 10 kDa MWCO PES membrane 

(Sartorius), pH-adjusted with 0.1 M Tris-HCl pH 8.0, cleared from biotin with 15 µg/mL avidin, 

cleared from precipitate by centrifugation at 4000 x g for 15 min at 8°C, and used for affinity 

purification on a 5 mL Strep-Tactin Superflow hc column (iba Life Science). Trimeric fractions 

were further purified by size exclusion chromatography (SEC) on a HiLoad Superdex 200 pg 

column (GE Healthcare) in 20 mM Tris-HCl pH 8.0, 150 mM NaCl. Protein concentrations 

were adjusted in 10 kDa MWCO PES Vivaspin centrifugal concentrators (Sartorius).  

In order to remove the Twin-Strep-tag of the Gc1561 construct, the protein concentration 

was adjusted to 1 mg/mL for cleavage with 100 ng/mL trypsin (Sigma-Aldrich) for 60 min at 

24°C. The reaction was stopped with 200 ng/mL soybean trypsin inhibitor (Sigma-Aldrich) and 

the cleavage products were separated by SEC in 20 mM Tris-HCl pH 8.0, 150 mM NaCl. The 

final sample was concentrated to 12 mg/mL in a 10 kDa MWCO PES Vivaspin centrifugal 

concentrator (Sartorius). The resulting crystal structure shows that trypsin cleaved the 

recombinant protein at the C-terminal end of its first Strep tag. We initially used TEV protease 

to remove the complete purification tag, but the resulting crystals were only of poor quality. 

Inspection of the crystal packing of the trypsin-cleaved protein indicated an involvement of the 
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TEV cleavage sequence and of the first Strep tag in inter-trimer contacts, explaining the 

difference in crystal quality between the two samples. 

 Gc1579, which we used for co-crystallization with the two Fab fragments, was made from 

a construct containing residues 1–515 (including the authentic signal peptide of the precursor 

polyprotein) fused to 1041–1579 of the CCHFV poly-glycoprotein precursor with a furin 

cleavage site (RSKR) inserted in between the two segments. This construct was codon 

optimized for human cell expression (via GenScript) and cloned into a pαH eukaryotic 

expression plasmid with a C-terminal HRV3C protease cleavage site, an 8×HisTag, and a Twin-

Strep-tag. The plasmid was transiently transfected into FreeStyle 293 cells (ThermoFisher 

Scientific Cat# R7007) using polyethyleneimine. Transfected FreeStyle 293 cells were treated 

with 5 µM kifunensine to ensure uniform high-mannose glycosylation. Cleavage with 

endogenous furin generated soluble monomeric Gc1579 which was secreted into the medium, 

harvested and purified over Strep-Tactin resin (IBA Lifesciences). After elution of Gc1579 from 

Strep-Tactin resin, the affinity tags were removed by HRV3C cleavage. Gc1579 was further 

purified by SEC using a HiLoad 16/600 Superdex 200 pg (GE Healthcare Biosciences) in 2 

mM Tris-HCl (pH 8.0), 200 mM NaCl, and 0.02% NaN3. 

 The light and heavy chain variable regions of human antibodies ADI-37801 and ADI-

36121 were cloned into human Igκ and Igγ1 vectors, respectively. The Igγ1 vector contains a 

HRV3C protease site in the hinge region of the heavy chain. Plasmids encoding antibody heavy 

and light chains for ADI-37801 and ADI-36121 were co-transfected into FreeStyle 293-F cells. 

All IgG antibodies were eluted off the Protein A column using 0.1 M glycine pH 3.0 into a 

buffered solution containing 1/10 (v/v) of 1 M Tris-HCl pH 8.0. To produce ADI-37801 and 

ADI-36121 Fabs, corresponding IgGs were digested with HRV3C for 2 hours at room 

temperature, followed by passing the solution over protein A resin to remove the Fc, and 

subsequently purified by SEC using a Superdex 200 column (GE). 
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 For crystallization, Gc1579 was mixed with a 2-fold molar excess of each Fab (ADI-

37801 and ADI-36121) and the resulting complex was purified by SEC using a HiLoad 16/600 

Superdex 200 pg (GE Healthcare Biosciences) in 2 mM Tris-HCl (pH 8.0), 200 mM NaCl, and 

0.02% NaN3. 

Crystallization  

Initial crystal screening with the trimeric Gc constructs was performed at the 

macromolecular crystallization platform of the Institut Pasteur (40). Optimal crystals of the 

trypsin-cleaved Gc1561 W3 trimer were obtained by the hanging-drop vapor diffusion method: 

0.75 µL of 12 mg/mL protein in 20 mM Tris-HCl pH 8.0 and 150 mM NaCl were added to 0.50 

µL of reservoir solution containing 0.1 M MES pH 6.5, 0.1 M MgCl2 and 30% (v/v) PEG 400. 

The drops were equilibrated against reservoir solution on siliconized glass slides (Hampton) for 

5 days at 18°C before crystals were conserved in liquid nitrogen without additional cryo-

protection. Iodide derivate samples for SAD phasing were prepared by incubating native 

crystals in a drop containing 0.6 M NaI, 85 mM MES pH 6.5, 85 mM MgCl2 and 26% (v/v) 

PEG 400 for 24 h before cryo-cooling without back-soaking. 

 Optimal crystals of the Gc1572 W3 trimer were obtained by the hanging-drop vapor 

diffusion method: 0.5 µL of 13.4 mg/mL protein in 20 mM Tris-HCl pH 8.0, 150 mM NaCl 

were added to 0.5 µL of reservoir solution containing 0.1 M HEPES pH 7.5, 10% (w/v) PEG 

8K, 8% (v/v) ethylene glycol. The drops were equilibrated against reservoir solution one week 

at 18°C. Crystals were cryo-protected in 20% (v/v) glycerol, 80 mM HEPES pH 7.5, 8% (w/v) 

PEG 8K, 6.4% (v/v) ethylene glycol prior to conservation in liquid nitrogen. 

Crystals of the ADI-36121 Fab in space group P 21 21 21 diffracting to 2.6 Å were 

obtained by the sitting-drop vapor diffusion method after mixing 100 nL of the Fab (12.6 

mg/mL) to 50 nL of reservoir solution containing 0.1 M MgCl2, 0.1 M CaCl2, 0.1 M KNa 

Tartrate, 25% PEG 4K, 4% isopropanol, 0.1 M Bis-Tris-HCl pH 6.5.  
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Crystallization trials for the Gc1579–ADI-37801–ADI-36121 complex were set up using 

the sitting-drop vapor diffusion method. The best diffracting crystals were grown in a solution 

of 0.1 M sodium citrate (pH 5.6), 2% methyl-pentane-diol, 13.4% PEG 8000 via hanging-drop 

vapor diffusion by mixing 1 µl of the ternary complex (5 mg/mL) with 1 µl of reservoir solution. 

Crystals were soaked in reservoir solution supplemented with 20% (v/v) glycerol as a 

cryoprotectant before being plunge frozen with liquid nitrogen.  

X-ray data collection and structure determination 

Native high-resolution X-ray diffraction data for CCHFV Gc1561 W3 were recorded on 

beamline ID23-1 at the ESRF in Grenoble, France, with a Pilatus 6M detector. The dataset was 

processed with XDS (41) and AIMLESS (42). For SAD phasing, two iodide derivate datasets 

of 360° (oscillation angle: 0.1°) were collected from a single crystal at a photon energy of 7 

keV at beamline PX2 of synchrotron SOLEIL in St Aubin, France with an EIGER X 9M 

detector. The two derivate datasets were auto-processed with XDSME and merged with 

XSCALE (41). Significant anomalous signal reached to a resolution of 3.4 Å, and SAD phasing 

was carried out with PHENIX.AUTOSOL (43). The initial density map was readily interpretable 

through iterative cycles of manual model building in COOT (44) and automatic refinement in 

PHENIX.REFINE (45). Phases were extended to the high-resolution native dataset in 

PHENIX.MR (45).  

X-ray diffraction data for CCHFV Gc1572 W3 were recorded on beamline PX2 at the 

SOLEIL synchrotron with an EIGER X 9M detector. The dataset was processed with XDS (41) 

and AIMLESS (42), and the structure was determined by molecular replacement with the 

CCHFV Gc1561 W3 model using PHENIX.MR (45). 

X-ray diffraction data for the free ADI-36121 Fab and the Gc1579–ADI-37801–ADI-

36121 complex were collected at the 19-ID beamline (Advanced Photon Source; Argonne 

National Laboratories) and were processed using the CCP4 software suite (46), indexed and 

integrated in iMOSFLM (47), and scaled and merged with AIMLESS (42). A molecular 
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replacement solution for the ADI-36121 Fab dataset was found by PHASER (48) using a 

chimeric protein model consisting of the heavy and light chains of PDB ID: 5I19 and PDB ID: 

1HEZ, respectively, separated into the constant and variable domains as search models. The 

ADI-36121 Fab structure was built in COOT (44) and refined using PHENIX (45) to an Rwork / 

Rfree of 19.9 % / 24.1 %. This structure was then used to find a molecular replacement solution 

for ADI-36121 and ADI-37801 Fabs in the structure of Gc and Fab complex. The initial 

structure of Gc1579 was built using ARP/wARP (49, 50) by manually placing orthohantavirus 

Gc structure (PDB ID: 5J9H) that had been processed in Sculptor (51) with default settings. 

The structure of Gc and the Fab complex was finally built manually in COOT (44) as a part of 

iterative model building and refined using PHENIX (45) to an Rwork/Rfree of 21.9 % / 24.4 %. 

The structure was displayed using PYMOL (DeLano WL. The PyMOL Molecular Graphics 

System. Schrödinger LLC. 2002; Available: http://www.pymol.org). All crystallographic 

statistics are summarized in Table S1. 

Multi-angle static light scattering 

Purified recombinant proteins at concentrations of 1 mg/mL were subjected to SEC on 

a Superdex 200 10/300 column (GE Healthcare) equilibrated in 20 mM Tris-HCl, 150 mM 

NaCl, pH 8.0. Elutions were performed at 20 °C with a flow rate of 0.5 mL/min. Online multi-

angle static light scattering analysis was performed with a DAWN-HELEOS II detector (Wyatt 

Technology). Online differential refractive index measurements were performed with an 

Optilab T-rEX detector (Wyatt Technology). Data were analyzed using the ASTRA software 

(Wyatt Technology). 

Biolayer interferometry 

IgG binding properties were determined using the OctetRedTM system (ForteBio, Pall 

LLC). IgG was immobilized on anti-hIgG (AHC) sensors (FortéBio cat#18-5060) in 1x kinetics 

buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 1 mg/mL bovine serum albumin [BSA], 

and 0.05% Tween 20 [pH 7.5]) in 96-half well black flat bottom polypropylene microplates 
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(FortéBio cat#3694). For the low pH experiments HEPES was replaced with Sodium Citrate to 

attain a final pH of 5.5, keeping all other constituents the same. Association and dissociation 

curves were measured for IgG binding to Gc. An antibody-captured AHC sensor was also 

dipped in a well containing kinetics buffer (with no binding protein) to allow single-reference 

subtraction to compensate for the slow dissociation of the antibody from the sensors. The data 

analysis was performed using the FortéBio Data Analysis 8.1 software and fitted to a 1:1 

binding model to determine KD, kon, and koff. All affinity measurement experiments were 

performed in duplicates. 

Cell-cell fusion assay 

Huh7 (RRID:CVCL_0336) “donor” cells (2x105 cells seeded 24 h before transfection) 

were co-transfected with 3 µg of pCAGGS-GP plasmid (52, 53) encoding the CCHFV poly-

glycoprotein precursor, either wild type or carrying a single amino acid mutation within the Gc 

moiety and 100 ng of an HIV-1 long terminal repeat (LTR)-luciferase reporter plasmid (a kind 

gift of Françoise Bex, Institut de Recherches Microbiologiques Jean-Marie Wiame, Belgium). 

For a negative control, cells were co-transfected with 3 µg of empty phCMV plasmid and 100 

ng of the HIV-1-LTR-luciferase reporter plasmid. Huh7 “indicator” cells were transfected with 

the expression vector LXSN-Tat encoding for HIV-1 Tat (54). Huh7 donor and indicator cells 

were transfected with GeneJammer transfection reagent (Agilent) following the manufacturer´s 

instructions. The next day, the transfected cells were detached with Versene (0.53 mM EDTA; 

Invitrogen), counted, and reseeded at a 1:3 donor to indicator cells ratio and co-cultivated 

overnight in DMEM media supplemented with 10% FCS. Then, the co-cultures were washed 

with PBS, incubated for 3 min in fusion buffer (130 mM NaCl, 15 mM sodium citrate, 10 mM 

MES [morpholineethanesulfonic acid], 5 mM HEPES) at either pH 4 or pH 7 at room 

temperature. Following acidic or neutral pH treatment co-cultures were washed twice with pre-

warmed DMEM media with 10% FCS and incubated for an additional period of 16-24 hours 

before being lysed with 1x passive lysis buffer (Promega) and luciferase luminescence 
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measured using a luminescence reader with integrated injectors after automatic addition of 

firefly luciferase reagent. Luciferase signals were normalized by the background signal of a 

mock-transfected control. All data are represented as means ± standard deviation of 6 to 16 

replicates per condition, and they were analyzed using the Mann-Whitney test: ns, not 

significant (P > 0.05); **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001).  

Cell surface expression of CCHFV Gc wild type and mutants was confirmed by FACS 

48 h after transfection (of 293T cells, RRID:CVCL_0063) using the anti-Gc murine antibody 

11E7 (BEI Resourses NR-40277; (55)) and a goat anti-mouse IgG secondary antibody 

conjugated with APC. 
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Fig. S1. 

Conformational changes in bunyavirus Gc domain I. A, B and C: Left column, the X-ray 

structures of the post-fusion Gc trimer for bunyaviruses belonging to three different families, 

as indicated. Note the domain III swap in the trimer of the bottom panel (which goes to the 
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right) compared to the upper two panels, in which domain III goes to the left (for clarity, only 

the front subunit of each trimer is colored according to domains as in Fig. 1). Middle column, 

comparison of domain I in pre- (top) and post-fusion (bottom) forms, rotated as indicated from 

the view of the left panel. Right panel, topology diagrams of domain I in pre-fusion (top) and 

post-fusion (bottom) form: A) CCHFV (Nairoviridae family)  B) RVFV (Phenuiviridae family) 

(top, PDB:4hj1 (25), bottom PDB:6egu (17)) C) MPRLV (Hantaviridae family) (top, 

PDB:6y62; bottom, PDB:6y68 (26)). For the latter, fragments of neighboring protomers in the 

post-fusion trimer are shown in grey. The trimer axis is shown in light blue in the left and 

middle panels. Curved colored arrows in the middle panels indicate the rearrangements 

converting the putative pre-fusion structure into the post-fusion hairpin. It is not known if the 

domain III swap in the post-fusion trimer in arboviruses with respect to non-arboviruses is a 

coincidence or if it has an underlying significance. 
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Fig. S2.  Soluble fractions of the CCHFV Gc1561 wild-type and Gc1561 W3 mutant. Samples 

were eluted from a Superdex 200 10/300 SEC column (GE Healthcare) in 20 mM Tris-HCl, 

150 mM NaCl, pH 8.0. The molecular mass in solution was determined by multi-angle static 

light scattering (MALS). The unusually high elution volume for the wild-type monomer 

suggests that the protein was held back by weak attractive interactions between its fusion loops 

and the column matrix. A similar behavior has been observed with monomeric class II fusion 

proteins (i.e, with the fusion loops exposed) from other viruses (e.g. alphaviruses (56)). 
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Fig. S3. Conservation of Gc across CCHFV strains. Gc sequence alignment across 15 

representative CCHFV strains. Identical residues in the alignment are highlighted with grey 

background and highly divergent residues are shown in black font. The ADI-37801 epitope is 

boxed in orange and the ADI-36121 epitope is boxed in red. Disulfides are highlighted with 

green background and are labelled. N-glycosylation sites are highlighted with black 

background. CCHFV Gc contains three N-linked glycosylation sites, at Asn1054, Asn1345 and 

Asn1563 (Fig. 1C-D). The first one lies within a mobile segment that is disordered in the 

crystals. The Asn1345 glycan lies within a cluster of orthonairovirus-specific sequence 

insertions at the domain II base (insertion cluster (IC), brown in Fig. 1C-D), from which it 

projects laterally. The Asn1563 glycan lies approximately 20 Å away from the HMIS (Fig. 1C), 

in a location where the sugar chain would be within reach of the merging membranes during 

fusion. However, this glycan does not serve a critical function, as it is not essential for 

membrane fusion (Fig. 2D) and was found to be dispensable for virus growth (28).  
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Fig. S4. Conservation of Gc across the Orthonairovirus genus. Gc sequence alignment across 

14 species of the Orthonairovirus genus. Disulfides are highlighted with green background and 

are labelled. N-glycosylation sites are highlighted with black background. Identical residues in 

the alignment are highlighted with grey background and highly divergent residues are shown 

in black font. The ADI-37801 epitope is boxed in orange and the ADI-36121 epitope is boxed 

in red. 
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Fig. S5. Epitope deviations in Dugbe virus (DUGV) and Nairobi sheep disease virus 

(NSDV). A) The paratope of ADI-37801 in complex with the epitope of CCHFV (left) 

compared to homology models of the respective complexes for DUGV (center) and NSDV 

(right). The view corresponds to Fig. 2F. B) The paratope of ADI-36121 in complex with the 

epitope of CCHFV (left) compared to homology models of the respective complexes for DUGV 

(center) and NSDV (right). The view corresponds to Fig. 3B. Amino acid changes are 

highlighted in magenta for DUGV and NSDV. The homology models were prepared with the 

Swiss-Model server (57). 
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Fig. S6. ADI-36121 targets a similar site of vulnerability as observed for hantavirus Gc. 

A) Puumala virus (PUUV) pre-fusion Gc fitted into the hantavirus surface lattice derived from 

cryo-electron tomography (cryo-ET) (PDB:7b0a, EMD-11966) (36). Adjacent Gc monomers 

are colored in pink and cyan. B) CCHFV Gc monomer fitted into the nairovirus surface lattice 

derived from cryo-ET (34). Adjacent Gc monomers are colored in pink and cyan. C) Left: P-

4G2 Fab bound to PUUV Gc (36) (PDB:6z06, grey), middle: Fab ADI-36121 (green) bound to 

CCHFV Gc (cyan), right: superposition of the two structures on the epitope. The superposition 

is on 23 alpha carbons of a and e strands with an RMSD of 1.4 Å. CCHFV Gc and PUUV Gc 

share an overall sequence identity of only 17%, yet the two structures have an RMSD of 3.6 Å 

over 411 residues. D) PUUV Gc bound to P-4G2 Fab (36) fitted into the respective cryo-ET 

map of the Fab-bound spike (PDB:7b09, EMD-11964). E) CCHFV Gc bound to ADI-36121 

Fab fitted into cryo-ET map of nairovirus spike. F) CCHFV Gc bound to ADI-37801 Fab fitted 

into cryo-ET map of the nairovirus spike displayed as top view (left) and side view (right). 
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Table S1.  

Crystallographic data collection and refinement statistics. 

  Gc1561 W3 trimer Gc1572 W3 trimer Gc1579 Fabs complex ADI-36121 Fab 

PDB ID 7A59 7A5A 7L7R 7KX4 

Reservoir solution for 
crystallization 

0.1 M MES pH 6.5 
0.1 M MgCl2 

30% (v/v) PEG 400 

0.1 M HEPES pH 7.5 
10% (w/v) PEG 8K 

8% (v/v) ethylene glycol 

0.1 M sodium citrate pH 5.6 
2% (v/v) MPD 

13.4% (w/v) PEG 8K 

0.1 M MgCl2, 0.1 M CaCl2 

0.1 M K/Na Tart 
25% (w/v) PEG 4K 

4% isopropanol 
0.1 M Bis-Tris-HCl pH 6.5 

Data collection     

Space group C 2 2 21 P 1 21 1 P 21 21 21 P 21 21 21 

Wavelength (Å) 1.044 0.980 0.979 0.979 

Cell dimensions     

    a, b, c (Å) 70.0, 216.1, 274.3 77.0, 108.3, 223.5 60.2, 95.2, 323.0 58.2, 76.6, 208.5 

    α, β, γ (°) 90, 90, 90 90, 93.22, 90 90, 90, 90 90, 90, 90 

Resolution range (Å) 48.91-2.20 (2.28- 2.20) 49.05-3.00 (3.10-3.00) 43.1-2.1 (2.14-2.10) 51.5-2.6 (2.71-2.60) 

Rsym 0.068 (1.053) 0.169 (1.203) 0.094 (1.134) 0.202 (0.796) 

<I/σ(I)> 16.8 (1.5) 8.7 (1.2) 9.5 (1.7) 8.1 (2.4) 

CC1/2 0.999 (0.725) 0.996 (0.588) 0.997 (0.697) 0.987 (0.736) 

Completeness (%) 99.7 (97.8) 99.3 (93.5) 98.5 (99.8) 100 (100) 

Redundancy 7.1 (7.3) 7.0 (6.5) 6.1 (6.2) 6.9 (5.7) 

Total reflections 754,138 (74,882) 520,158 (44,674) 656,856 (33,169) 206,107 (20,408) 

Unique reflections 105,819 (10,254) 73,899 (6,924) 107,701 (5,342) 29,766 (3,571) 

Refinement     

Resolution range (Å) 48.91-2.20 (2.28- 2.20) 49.05-3.00 (3.10-3.00) 43.1-2.1 (2.14-2.10) 51.5-2.6 (2.69-2.60) 

Unique reflections 105,807 (10,253) 73,878 (6,912) 107,532 (3624) 29,696 (2659) 

Rwork / Rfree (%) 16.1/19.4 (29.3/32.5) 20.4/24.0 (34.6/36.9) 21.9/24.4 (32.9/36.2) 19.9/24.1 (26.4/32.6) 

Number of atoms 12,589 23,452 9,730 6,842 

    Protein 11,761 23,321 9,295 6,524 

    Water 729 0 396 318 

    Ligands 99 131 39 0 

Average B-factor (Å2) 72.77 93.95 67.1 36.5 

    Protein 73.0 93.63 67.7 36.8 

    Water 62.4 - 54.1 30.4 

    Ligands 126.4 152.28 54.1 - 

R.m.s. deviations     

    Bond lengths (Å) 0.006 0.004 0.006 0.006 

    Bond angles (°) 0.81 0.59 0.815 0.892 

Ramachandran (%)     

    Favored 97.2 97.3 97.0 98.3 

    Allowed 2.7 2.6 3.0 1.7 

    Outliers 0.1 0.2 0.0 0.0 

Data in parentheses are for the highest resolution shell. 
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Table S2.  

Epitope Details 

Residue Position Buried surface area (Å2) Polar interactions with antibody 
ADI-37801 

C1165 bc loop 14.8 - 
T1166 bc loop 52.7 - 
H1187 cd loop 68.6 - 
W1191 cd loop 34.5 - 
N1194 cd loop 3.9 Hydrogen bond to Y94LC 
W1197 cd loop 36.3 - 
C1198 cd loop 4.0 - 
W1199 cd loop 172.7 Hydrogen bond to S100HC 
G1200 cd loop 8.7 - 
V1201 cd loop 117.1 Hydrogen bond to Y35HC 
G1202 cd loop 33.6 Hydrogen bond to S54HC 
T1203 cd loop 49.1 - 

ADI-36121 
M1143 b-strand a 5.9 - 
S1145 b-strand a 35.4 - 
P1146 b-strand a 21.7 - 
V1147 b-strand a 53.5 - 
F1148 b-strand a 31.0 Hydrogen bonds to K97HC and W99HC 
E1149 b-strand a 18.0 Hydrogen bond to Y32LC 
K1225 b-strand e 77.6 Hydrogen bond to Y92LC 
E1227 b-strand e 82.9 Hydrogen bonds to Y52HC, K58HC and N94LC, salt bridge to K58HC 
Y1228 b-strand e 5.2 Hydrogen bond to K58HC 
I1229 b-strand e 75.3 - 
K1230 b-strand e 17.4 - 
P1276 H0f loop 17.0 - 
E1277 b-strand f 20.1 Hydrogen bond to Y92LC 
L1307 gh loop 92.8 Hydrogen bond to K31LC 
Q1308 gh loop 60.6 Hydrogen bond to Y53LC 
S1309 gh loop 7.9 - 
Y1321 hh’ loop 33.4 - 
H1322 hh’ loop 19.3 - 
T1346 h’h’’ loop 20.1 - 
H1405 kl loop 26.5 - 
T1408 kl loop 44.2 Hydrogen bond to K97HC 
Q1410 b-strand l 75.0 Hydrogen bond to R53HC 
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