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Structures of respiratory syncytial 
virus G bound to broadly reactive 
antibodies provide insights into 
vaccine design
Maria G. Juarez1, Sara M. O’Rourke2, John V. Dzimianski2, Delia Gagnon2, Gabriel Penunuri2,3, 
Vitor H. B. Serrão4,5, Russell B. Corbett-Detig2,3, Lawrence M. Kauvar6 &  
Rebecca M. DuBois2

Respiratory syncytial virus (RSV) is a leading cause of severe lower respiratory tract disease in infants 
and older adults. The attachment glycoprotein (RSV G) binds to the chemokine receptor CX3CR1 to 
promote viral entry and modulate host immunity. Antibodies against RSV G are a known correlate of 
protection. Previously, several broadly reactive, high-affinity anti-RSV G human monoclonal antibodies 
were isolated from RSV-exposed individuals and were shown to be protective in vitro and in vivo. 
Here, we determined the structures of three of these antibodies in complex with RSV G and defined 
distinct conformational epitopes comprised of highly conserved RSV G residues. Binding competition 
and structural studies demonstrated that this highly conserved region displays two non-overlapping 
antigenic sites. Analyses of anti-RSV G antibody sequences reveal that antigenic site flexibility may 
promote the elicitation of diverse antibody germlines. Together, these findings provide a foundation 
for next-generation RSV prophylactics, and they expand concepts in vaccine design for the elicitation 
of germline lineage-diverse, broadly reactive, high-affinity antibodies.

Lower respiratory infections are the leading cause of infant mortality worldwide with Respiratory Syncytial 
Virus (RSV) as the primary causative agent1,2. RSV induced lower respiratory disease also significantly impacts 
children under 5, immunocompromised individuals, and the elderly3–7. Current FDA approved prophylactic 
strategies include two monoclonal antibodies, palivizumab (Synagis) and nirsevimab (Beyfortus), and three 
vaccines, Abrysvo (Pfizer), Arexvy (GSK), and mRESVIA (Moderna), all of which target only one of the two 
major surface glycoproteins required by RSV for efficient infectivity8–11. While these prophylactics are effective 
at reducing severe lower respiratory symptoms, albeit with efficacy decreasing with age among the elderly, 
upper respiratory infections are still prevalent and may contribute to RSV shedding and transmission in the 
community12–16.

RSV is a filamentous, enveloped, negative sense, single stranded RNA virus with a 15 kilobase genome coding 
for 11 proteins17. RSV belongs to the Pneumoviridae family of viruses which rely on their G and F glycoproteins 
to mediate attachment and membrane-fusion, respectively, to airway epithelial cells17,18. RSV F is a type Ι integral 
membrane protein and it facilitates fusion between the viral envelope and the host cell plasma membrane by 
undergoing a series of conformational changes taking it from a pre-fusion to a post-fusion state18–20. Antibodies 
that target the pre-fusion state of RSV F are highly correlated to reduced disease severity. In fact, Nirsevimab, 
Abryso, Arexvy and mRESVIA were all designed to target antigenic sites Ø and V which are only accessible in 
this conformation21–23. However, known variability localized in these sites highlight the potential for escape 
from current prophylactics20,24,25. This limitation materialized during a phase 3 clinical trial for Suptavumab, 
an anti-preF neutralizing antibody that failed to meet its efficacy endpoint due to the emergence of an RSV 
B strain yielding two key mutations in its binding epitope26,27. Escape mutations to Nirsevimab have already 
been identified in circulation, albeit in low abundance28. Nevertheless, these escape mutants do not restrict viral 
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fitness in vitro, making it possible for one to emerge as the dominant strain in the future29. Escape was also found 
in 10–30% of subjects (dose-dependent) treated with the small molecule presatovir targeting RSV F30.

To improve the protective breadth of RSV prophylactics, it is important to consider all correlates of protection 
which not only includes antibodies targeting pre-fusion RSV F, but those targeting RSV G as well23,31. RSV G is 
a ~ 300 amino acid type II membrane protein. Its extracellular region is composed of two highly-O-glycosylated 
mucin-like domains flanking a ~ 40 amino acid region known as the central conserved domain (CCD) (Fig. 1A). 
The CCD contains four cysteines that form two disulfide bonds with 1–4 and 2–3 connectivity. The CCD interacts 
with CX3CR1 to promote virus attachment and modulate immune responses32–34. Antibodies that target RSV 
G are correlated to reduced disease severity even while being present at < 3% the abundance of those that target 
the pre-fusion RSV F23,35. Mechanistically, anti-RSV G antibodies impede RSV G interaction with the human 
CX3CR1 receptor and are shown to directly neutralize virus infection in vitro using primary human airway 
(HAE) and bronchial epithelial cells32,36,37. In one study using primary HAE’s, anti-RSV G antibodies targeting 
the CCD reached up to 92% RSV neutralization; murine mAb 131-2G, a well-studied protective antibody 
in vivo, reached complete neutralization37–39. Anti-RSV G antibodies also mediate opsonization, antibody 
dependent cellular cytotoxicity (ADCC), and antibody dependent cellular phagocytosis (ADCP) to promote 
viral clearance32,33,36,37. Moreover, anti-RSV G antibodies mitigate the immune modulating activities of RSV G, 
and using PBMC’s, A549 cells, and a two-chamber transwell in-vitro system, anti-RSV G antibodies were found 
to restore type Ι and III interferon levels that are normally suppressed by RSV G-CX3CR1 interactions40. In 
vivo, anti-RSV G antibodies work prophylactically and therapeutically to restore a beneficial Th1/Th2 cytokine 
profile, decrease mucus production, and relieve pulmonary inflammation using both mouse and cotton rat 
models36,38,39,41,42. Notably, the broadly reactive (strain-independent) human monoclonal antibody 3D3 was 
superior to palivizumab (Synagis), a commercially available anti-RSV F monoclonal antibody, in reducing viral 
load in mice in both prophylactic and post-infection treatment models42. Considering the crucial role of RSV G 
in viral entry and disease, it is an attractive target for the development of improved prophylactic strategies that 
could be used alone and/or in combination with those that target RSV F.

In previous studies, five high-resolution crystal structures of human monoclonal antibodies (mAbs) in 
complex with the RSV G CCD were elucidated36,43,44. Unexpectedly, these structures revealed that these mAbs 
bind to conformational epitopes on the CCD, with additional interactions in the CCD beyond their linear 
epitopes. However, it is unclear how many conformational epitopes on the CCD exist, if multiple mAbs can 
bind to the CCD simultaneously, or how mature anti-RSV G human mAb sequences compare to their germline 
progenitors and to each other. To broaden our understanding of RSV G’s epitope landscape and to understand 
the basis for elicitation of broadly reactive high-affinity anti-RSV G antibodies from germline lineages, we 
investigated three broadly reactive high-affinity anti-RSV G human mAbs 1G1, 2B11, and 1G8, which were 
previously isolated from RSV-exposed individuals42. We solved the crystal structures of these antibodies in 
complex with the CCD and found that each mAb recognizes a unique conformational epitope, distinct from 
those characterized previously. Moreover, we found that while some mAbs bind to nearly identical CCD amino 
acids, each antibody makes unique combinations of hydrophobic, electrostatic, and hydrogen bond interactions 
with either the backbone or sidechain to stabilize contact with the CCD (Fig. 1C). Epitope binning assays and 

Fig. 1.  Biolayer interferometry binding studies show that mAbs 1G1, 1G8, and 2B11 bind to RSV Gecto 
with high affinity. (A) Schematic of the RSV G gene. (B-D) Biolayer interferometry traces for (B) mAb 1G1 
(pink traces), (C) mAb 1G8 (purple traces), and (D) mAb 2B11 (slate gray traces) binding to RSV Gecto. 
Concentrations of RSV Gecto used for each trace are shown. The vertical red line indicates the transition of the 
biosensors from the association step to the dissociation step. Curve fits using a 1:1 global binding model are 
colored red. KD values were determined using the average of two technical replicates.
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cryoelectron microscopic studies revealed that the CCD can accommodate binding by two broadly reactive 
monoclonal antibodies simultaneously, supporting the potential for vaccine immunogens that are highly 
resistant to escape. Finally, mAb sequence analyses of known broadly reactive anti-RSV G human antibodies 
revealed that they are derived from several different germline lineages, and that they are of modest divergence 
from their germline genes, suggesting that vaccines will be able to induce such antibodies in a substantial 
majority of subjects. Altogether, these studies reveal the potential for the RSV G CCD to elicit diverse polyclonal 
antibody responses that resist virus mutational escape while also providing viral load reduction and unique 
activity counteracting dysfunctional innate immune responses. This work serves to inform the development of 
next-generation RSV vaccines and antibody therapeutics.

Results
mAbs 1G1, 1G8, and 2B11 bind RSV G with high affinity
Previously, a panel of broadly reactive high-affinity human monoclonal antibodies (mAbs) was isolated from 
RSV-exposed individuals, and several mAbs were shown to be protective in prophylactic and post-infection 
mouse models36,39,41,42,45–47. Here, we investigated mAbs 1G1, 1G8, and 2B11 from this panel. We selected mAb 
1G1 because linear epitope mapping studies had shown no binding to any RSV G linear peptide, suggesting it has 
a conformational epitope. Additionally, we selected mAbs 1G8 and 2B11 due to their high-affinity binding for 
RSV. All three mAbs are broadly reactive and bind RSV G from both A and B subtypes42. We first generated the 
recombinant mAbs 1G1, 1G8, and 2B11 and subjected them to kinetics binding experiments with recombinant 
RSV G ectodomain (RSV Gecto) using biolayer interferometry (Fig. 1B, C, D). We found that mAb 1G1 binds 
RSV Gecto with nanomolar affinity (4.54 nM) while mAb 1G8 and mAb 2B11 bind RSV Gecto with picomolar 
affinity (5.26 pM and 3.19 pM, respectively) (Fig. 1).

High-resolution structures of Fabs 1G1, 1G8, and 2B11 bound to RSV G CCD
To understand the molecular basis for the high-affinities and broad-reactivity of these mAbs, we used X-ray 
crystallography to determine the high-resolution structures of the 1G1, 1G8, and 2B11 antigen binding fragments 
(Fabs) in complex with the RSV G CCD (Fig. 2; Table 1). All three mAbs recognize distinct conformational 
epitopes on the CCD formed by varying conformations of the CCD’s N-terminal region (CCD amino acids 
161–171) along with one face of the cysteine loop (CCD amino acids 172–187). These conformational epitopes 
explain the lack of linear epitope binding for mAb 1G1 and unveil additional epitope amino acids beyond the 
linear epitopes for mAbs 1G8 and 2B11.

Fig. 2.  Crystal structures of antibody - RSV G CCD complexes reveal novel conformational epitopes. (A-C) 
Overall surface views of Fab 1G1 (pink), Fab 1G8 (purple), and Fab 2B11 (slate gray) bound to RSV G CCD 
(cyan). The CCD is shown as stick-and-ribbon view with disulfide bonds colored yellow. (D-F) Detailed 
stick-and-ribbon models depicting the molecular interactions between Fab 1G1, Fab 1G8, and Fab 2B11 and 
the CCD. Black dotted lines indicate hydrogen bonds. All 3D protein structures in this figure were rendered in 
ChimeraX version 1.6.1 (https://www.rbvi.ucsf.edu/chimerax)68.
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The 1G1-CCD complex structure reveals a 1,084-Å2interface of which 849-Å2is contributed by the heavy 
chain and 235-Å2 is contributed by the light chain (Fig. 2A). Major hydrophobic contacts are mediated by the 
heavy chain complementarity-determining region (CDR) loops HCDR2 and HCDR3 and light chain CDR loop 
2 LCDR2 (Fig. 2D). The N-terminal tail of the CCD is comprised of both polar and non-polar residues that are 
tucked into a pocket created between the 1G1 heavy chain and light chain. F170 and F163 in the CCD form pi-pi 
stacking interactions with Y104 in HCDR3 while H164 and F165 in the CCD rest inside a hydrophobic pocket 
formed by H100 and Y113 in HCDR3 and Y48, P54, and L45 in the LCDR2. A salt bridge is mediated by K49 in 
LCDR2 interacting with D162 in the CCD. Eleven hydrogen bond interactions, the most seen among the three 
crystal structures in this study, are predominantly mediated by HCDR2 and HCDR3 with the CCD backbone, a 
pattern observed previously in the antibody 3G12-CCD interface44.

The 1G8-CCD complex structure reveals a 1041-Å2interface of which 845-Å2is contributed by the heavy 
chain and 196-Å2 is contributed by the light chain (Fig. 2B). The N-terminal tail of the CCD, which includes the 
known linear epitope amino acids 164–17242, wraps around the heavy and light chain, predominantly interacting 
with HCDR3, HCDR2, and LCDR3. Heavy chain residues V107, L104, L102, Y60, T59, and Y35 and light chain 
residue W94 form major and minor hydrophobic pockets wherein lie the CCD amino acids F163, F165, V167, 
F168, and I175 (Fig. 2E). Five out of six hydrogen bond interactions are found between antibody 1G8 and the 
CCD backbone.

The 2B11-CCD complex structure reveals a 1130-Å2interface of which 820-Å2is contributed by the heavy 
chain and 310-Å2 is contributed by the light chain (Fig. 2C). This interface is the largest out of the three in 
this study. Similar to what was observed in the structures with antibodies 1G1 and 1G8, the N-terminal tail of 
the CCD, which includes the known linear epitope amino acids 162–17242, forms intimate interactions with 
antibody 2B11 using both hydrogen bond and hydrophobic interactions (Fig. 2F). In particular, HCDR2 amino 
acids I51, I52, P55, P56, A58, I60, and A72 form a hydrophobic interface to interact with the CCD. Interestingly, 
K74 in the 2B11 heavy chain forms a tunnel with P56 from HCDR2 where the CCD amino acid F165 neatly 
tucks into. Beyond the linear epitope amino acids, one face of the CCD’s cysteine loop lays flat over 2B11, making 
prominent interactions with HCDR3, LCDR1, and LCDR3. Specifically, amino acids L101 and F106 in HCDR3 
and H34, L99, I98, and T96 in LCDR1 and LCDR3 create a hydrophobic environment that interacts with CCD 

Fab 1G1/RSV G CCD Fab 1G8/RSV G CCD Fab 2B11/RSV G CCD

PDB Code
Data collection 9CQA 9CQB 9CQD

Space group P 21 21 21 P 31 2 1 P 1 21 1

Cell dimensions 

a, b, c (Å) 76.2, 80.75, 175.18 67.39, 67.39, 286.34 74.65, 184.33, 161.23

 α, β, γ (°) 90, 90, 90 90, 90, 120 90, 96.87, 90

Resolution (Å) 47.32–1.74 (1.80–1.74)* 286.35–2.50 (2.54–2.50) 80.04–3.10 (3.21–3.10)

Rmerge 0.100 (2.346) 0.171 (1.385) 0.412 (1.884)

I / σI 14.6 (1.0) 12.7 (1.0) 3.3 (0.4)

CC(1/2) 0.999 (0.457) 0.997 (0.553) 0.984 (0.348)

Completeness (%) 99.1 (94.3) 99.90 (99.62) 99.08 (92.06)

Redundancy 13.2 (9.6) 18.9 (19.6) 13.2 (10.3)

Refinement

Resolution (Å) 47.32–1.74 (1.80–1.74) 58.36–2.5 (2.59–2.50) 79.88–3.1 (3.21–3.10)

No. reflections 110,821 (10422) 27,222 (2663) 78,360 (7747)

Rwork / Rfree 0.211/0.225 0.226/0.263 0.292/0.324

No. atoms

Protein 7451 3578 25,773

Ligand/ion 20 0 0

Water 393 16 0

B-factors

Protein 34.79 54.45 74.50

Ligand/ion 30.0

Water 39.08 44.81

R.m.s. deviations

Bond lengths (Å) 0.008 0.009 0.006

Bond angles (°) 0.97 1.09 0.88

Ramachandran statistics
Favored (%)
Allowed (%)
Outliers (%)

98.56
1.44
0.00

93.07
6.93
0.00

93.55
6.45
0.00

Table 1.  Data collection and refinement statistics. *Values in parentheses are for highest-resolution shell.

 

Scientific Reports |         (2025) 15:8666 4| https://doi.org/10.1038/s41598-025-92886-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


amino acids P180, T181, and I185 located at the apex of the cysteine loop. In addition, N179 in the CCD forms 
a hydrogen bond with H34 in LCDR2.

Antibodies bound to similar RSV G CCD conformations and epitope amino acids utilize 
distinct molecular interactions
Alignment of the CCDs from the three antibody-CCD structures reported here and the five antibody-CCD 
structures determined previously reveal that the CCD can adopt several different conformations (Fig. 3A)36,43,44. 
While several of these mAbs bind to the same RSV G amino acids, careful structural analysis reveals that each 
mAb displays a unique pattern and type of interaction, resulting in a unique epitope. However, two of the 
structures reported here appear to bind a conformation of CCD that is similar to that in another structure. For 
example, the RSV G CCD conformation and the epitope amino acids of Fab 1G1 resemble those of Fab 3D343 
(Fig. 3B). However, a closer inspection reveals distinct angles of approach and distinct molecular interactions. 

Fig. 3.  Comparative structural analyses of mAbs bound to similar RSV G CCD conformations reveal distinct 
interactions. (A) Overlay of RSV G CCD structures when bound to antibodies 1G1 (pink, PDB code 9CQA), 
3D3 (pale green, PDB code 5WNA), 1G8 (periwinkle, PDB code 9CQB), 3G12 (yellow, PDB code 6UVO), 
2B11 (blue, PDB code 9CQD), 2D10 (orange, PDB code 5WN9), CB002.5 (salmon pink, PDB code 6BLI), 
and CB017.5 (turquoise PDB code 6BLH). (B) Overlay of the structures Fab 1G1 (pink surface and ribbon 
model) and Fab 3D3 (green surface and ribbon model) bound to RSV G CCD (ribbon model in magenta when 
bound to Fab 1G1 and forest green when bound to Fab 3D3). (C, D) Overview and zoom-in of the overlay 
of the structures of Fab 1G8 (purple) and Fab 3G12 (goldenrod) bound to RSV G CCD (ribbon model in sea 
green when bound to Fab 1G8 and gold when bound to Fab 3G12). In panel C, sea green dotted lines represent 
hydrogen bonds between Fab 1G8 and RSV G CCD, and gold dotted lines represent hydrogen bonds between 
Fab 3G12 and RSV G CCD. All 3D protein structures in this figure were rendered in ChimeraX version 1.6.1 
(https://www.rbvi.ucsf.edu/chimerax)68.
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Specifically, overlayed Fab 1G1-RSV G CCD and Fab 3D3-RSV G CCD structures reveal a 23.9° angle difference 
in approach by these antibodies for binding to the CCD (Fig. 3B). At the molecular level, Fab 1G1 relies on 
an extensive hydrogen bond network with the CCD backbone whereas Fab 3D3 relies on sidechain-sidechain 
interactions43 (Fig. 2D). Overall, while antibodies 1G1 and 3D3 bind to nearly identical amino acids on the 
CCD, their different angles of binding result in different contributions by each CCD amino acid to the epitope 
(Fig. 3B).

In contrast, Fab 1G8 and Fab 3G12, which are from the same antibody germline (described further below), 
have similar angles of approach, capture RSV G CCD in a nearly identical conformation, and bind to nearly 
identical amino acids on the CCD (Fig. 3C). Despite this, molecular nuances distinguish their modes of binding 
to the CCD. Most notably, W94 from the Fab 1G8 LCDR2 is flipped over and positioned on the opposite side of 
the RSV G CCD N-terminal tail compared to W94 from the Fab 3G12 LCDR2 (Fig. 3D). This difference allows 
W94 to create a hydrogen bond with RSV G CCD amino acid H164, an interaction not seen in the Fab 3G12-
RSV G CCD interface (Fig. 3D). Also, N93 from the Fab 3G12 LCDR2 acts as a hydrogen bond donor to the 
carbonyl group of RSV G CCD amino acid N160. At this same position, Fab 1G8 LCDR2 bares E93 which is 
negatively charged and is unable to act as a hydrogen bond donor.

Overall, comparative analyses of the epitopes for all six human mAbs from our panel for which we have 
high-resolution structures is shown in Fig. 4. Analysis of approximately 6000 publicly available RSV G sequences 
reveals that the CCD is extraordinarily conserved (Fig. 4A). While many of the mAbs bind to the same CCD 
amino acids, they differ in their mechanism and extent of interaction with each amino acid (Fig. 4B).

RSV G CCD has two non-overlapping antigenic sites
To determine if the RSV G CCD, which is only ~ 40 amino acids, displays antigenic sites accessible by more than 
one antibody at the same time, we conducted an epitope binning assay with the six human mAbs from our panel 

Fig. 4.  Broadly reactive human mAbs use distinct interactions to bind to RSV G amino acids that are 
conserved across thousands of RSV genotypes. (A) RSV G CCD sequence conservation analysis using the 
National Center for Biotechnology Information (NCBI) database. (B) Buried surface area (BSA) quantitation 
for each antibody-CCD interface across each CCD amino acid using PDBePISA. Light blue bars indicate 
antibodies making a hydrogen bond with the CCD peptide backbone. Dark blue bars indicate other 
hydrophilic or hydrophobic interactions. Orange bars indicate a salt bridge.
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for which we have structural information. Biolayer interferometry biosensors coated with recombinant RSV G 
glycoprotein were used to evaluate competitive binding by each mAb against the other, allowing the generation 
of a competitive binding matrix (Fig. 5A, B). Antibodies 1G1, 3D3, 1G8, 3G12, and 2B11 all competed against 
each other for binding to RSV G, confirming that they share the same antigenic site, termed γ1, consistent with 
their structures and overlapping epitopes (Fig. 5B). In contrast, antibody 2D10 was the only antibody in our 
panel that did not compete for binding to RSV G, supporting that it binds to a distinct antigenic site, termed γ2. 
Interestingly, antibody 2B11 appears to compete intermediately with antibody 2D10 for binding to RSV G when 
it is introduced in the second association step. This can be explained through its slight overlap with antibody 
2D10 when viewing the overlaid structures (Fig. 5C). No competition was observed when antibody 2B11 was 
introduced in the first association step, likely due to the higher affinity of antibody 2D10 (KD < 1pM) compared 
to antibody 2B11 (KD= 4.5 nM)44.

Taking structural data and epitope binning data together, we propose antigenic site γ1 at residues N160-P172 
and antigenic site γ2 at residues C173-R188. To further support this antigenic model, we incubated non-
competing Fabs 2D10 and 3D3 with recombinant RSV G glycoprotein and used this sample to collect cryoelectron 
microscopy (cryo-EM) data (Fig. 5D, Supplementary Fig. 1). A ~ 6.9 Å-resolution 3D volume shows the relative 
shape of two Fabs bound at one focal point (RSV G CCD)(Fig. 5E). The RSV G mucin-like domains are highly 
flexible and were not seen in either our raw or processed data. Nevertheless, we created an overlay of the crystal 
structures of Fabs 2B11 and 3D3 bound to RSV G CCD and modeled this into our 3D volume (Fig. 5E). These 
data serve to corroborate the existence of two antigenic sites and is the first time that RSV G bound to two 
antibodies simultaneously has been visualized.

Anti-RSV G antibodies have modest divergence from genomic precursors
B-cell precursors undergo a process called VDJ recombination where selected variable (V), diversity (D), and 
joining (J) genes are rearranged as the B-cell matures and migrates to secondary lymph nodes. These naïve 
B-cells reside in the secondary lymph organs until they are activated, at which point, they are instructed to 

Fig. 5.  Biolayer interferometry epitope binning and cryo-EM reveal two non-overlapping antigenic sites 
on the RSV G CCD. (A) Graphical description of the epitope binning experimental design using biolayer 
interferometry. RSV Gecto coated on biosensors (Baseline) is incubated with one mAb to saturation 
(Association 1) and then incubated with a second mAb to evaluate binding (Association 2). (B) Epitope 
binning data showing the extent of competition between the mAbs in the Association 1 and 2 steps. Higher 
numbers (white boxes) indicate strong reactivity of the mAb in Association 2 in the presence of the mAb 
in Association 1 (no competition) and lower numbers (black boxes) indicate complete competition. Data 
represents the average of two technical replicates. (C) Overlay of the crystal structures Fab 2B11 (slate gray) 
and antibody scFv 2D10 (orange) bound to RSV G CCD (cyan). (D) Representative 2D classes and Fourier 
shell correlation (FSC) graph. (E) Approximately 6.9 Å-resolution cryo-EM map and model of Fab 2D10 
and Fab 3D3 bound to RSV Gecto. The model was generated using the overlaid crystal structures of the scFv 
2D10 - RSV G CCD and Fab 3D3 - RSV G CCD complexes which was then fit into the map using ChimeraX 
Isolde68,76. All 3D protein structures in this figure were rendered in ChimeraX version 1.6.1 ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​r​b​v​i​.​
u​c​s​f​.​e​d​u​/​c​h​i​m​e​r​a​x​​​​​)​​6​8​​.​​​​
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enter the light zone of the germinal center and undergo affinity maturation, the process of creating nucleotide 
substitutions or insertions in CDR1 and CDR2 (coded by the V gene) and CDR3 (coded by the D and J gene in 
the heavy chain and the V and J genes in the light chain). To understand the genetic basis for the elicitation of 
broadly reactive high-affinity anti-RSV G antibodies, we analyzed variable heavy chain (VH) and variable light 
chain (VL) germline gene usage for each antibody from our panel of 13 mAbs and nine other anti-RSV G human 
mAbs with publicly available sequences36,42,48. We found 11 distinct VH gene precursors and 12 distinct VL gene 
precursors across these twenty-two anti-RSV G mAbs. Surprisingly, these mAbs show relatively high sequence 
identity to their germline genes (77.6–95.9% in VH and 81.1–97.9% in VL) indicating moderate levels of somatic 
hypermutation (Table 2). Additionally, we find HCDR3 lengths to be 8–18 amino acids long. Most antibodies 
use a unique set of heavy and light chains except for antibodies 1G8, 3G12, and 1A5 (IGHV4-39*01 and IGKV3-
15*01) along with antibodies AT50 and AT51 (IGHV1-18*01 and IGKV1-9*01). 

Discussion
Here, we defined three novel highly conserved conformational epitopes on the RSV G CCD using X-ray 
crystallography, and we visualized two non-competing antigenic sites (γ1 and γ2) using cryo-EM. We find that 
the CCD, while only 40 amino acids in length, can adopt multiple conformations that are recognized by diverse 
antibody paratopes. For mAb 1G1, a linear epitope could not be mapped42, and now we understand that its 
reactivity with RSV G can be explained via a unique conformational epitope. Of note, mAb 1G1’s extensive 
hydrogen bond network with the RSV G CCD N-terminal tail is largely composed of peptide backbone amino 
and carbonyl groups, leaving open the possibility that it may be more resistant to mutations in the CCD 
compared to other antibodies, although its affinity is not as strong as other antibodies in the panel. For mAbs 
1G8 and 2B11, we find that these antibodies also recognize conformational epitopes, which include amino acids 
beyond their linear epitopes42. Epitope binning studies reveal that five out of the six mAbs investigated are able 
to compete with each other for binding to an overlapping site, termed antigenic site γ1, whereas mAb 2D10 binds 
to a distinct epitope, termed antigenic site γ2. Interestingly, mAb 2B11 showed partial competition with mAb 
2D10, which can be explained by a partial overlap of their epitopes on opposite faces of the CCD’s cysteine loop.

It is well known that extensive genomic divergence via somatic hypermutation (SHM) is a common feature 
of broadly-neutralizing high-affinity antibodies, such as those targeting HIV and influenza virus49–52. The 
broadly neutralizing anti-HIV-1 antibody VRC01 variable heavy chain has a sequence identity of 58.2% to its 
germline gene IGVH1-2*0249. In a similar vein, broadly-neutralizing anti-influenza antibody C05 possesses a 
24 amino acid long HCDR3 which it utilizes to insert into the HA receptor binding site50. In contrast, broadly-
neutralizing high-affinity antibodies targeting RSV G diverge modestly from their germline sequences, with the 
lowest sequence identity being 77.6% and with the longest HCDR3 at 18 amino acids in length across 22 human 
monoclonal antibodies. While the VRC01 antibody has an HCDR3 length of only 12 amino acids, it relies more 
heavily on its HCDR2 to form the highest surface area interface with the HIV gp120 protein and takes advantage 

Table 2..  Germline gene sequence identity.
Green letters indicate the framework region flanking CDRH3 (Kabat or Chothia numbering scheme).
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of its LCDR1 to make important contacts with an HIV gp120 N-linked glycan49. Similarly, Fab 2B11 and Fab 
1G8 appear to rely more heavily on their HCDR2 and light chain residues and possess only 12 and 10 amino acid 
long HCDR3s, respectively. However, antibody 1G1 uses its CDRH3 to a higher degree, making its length an 
important factor when we consider how divergent it might be from its germline gene. It is important to consider 
the role that RSV G’s flexibility has in the generation of the high affinities (KDs from nM to pM) observed in 
these antibodies. It is possible that the CCD’s flexibility allows it to conform to bind to germline antibodies with 
an already relatively high affinity, circumventing their need to undergo high SHM to achieve high affinity, a 
feature that could make the CCD an excellent target for vaccines.

Another feature of some broadly-neutralizing antibodies is that they can be restricted in their antibody 
germline usage. For example, the highly potent anti-influenza HA mAb CR6261 belongs to a panel of thirteen 
antibodies, all of which use the same VH gene (IGHV1-69), making it evident that mAb diversity is severely 
restricted for this antigenic site. In stark contrast, our analysis of 22 anti-RSV G antibodies use 11 unique VH 
genes in combination with 12 unique VL genes. Elicitation of diverse anti-RSV G antibodies is likely the result of 
the CCD’s display of many different conformational epitopes via highly flexible N- and C-termini.

In a larger sense, these studies support a key concept for vaccine design: preservation of antigen flexibility. 
A current strategy in vaccine design is antigen stabilization, primarily in virus membrane-fusion glycoproteins 
to stabilize them in their pre-fusion conformations. Addition of proline substitutions, disulfide bonds, and 
cavity-filling mutations have served as the main strategies for antigen stabilization. However, we propose that 
overstabilization and reduction of antigenic site flexibility could be detrimental, as it may limit polyclonal 
antibody breadth, which in turn may allow virus escape. Here, we provide evidence that the flexibility of RSV 
G promotes high-affinity antibody binding and the stimulation of diverse antibody lineages. Moreover, when 
flexible antigenic sites contain conserved amino acids, as in the case of the RSV G CCD, virus escape may be 
even more difficult.

Altogether, our studies reveal the RSV G CCD as an ideal vaccine target due to its high sequence conservation 
and its high flexibility that promotes the elicitation of diverse, high-affinity, and broadly-neutralizing antibodies. 
These features are especially notable for such a small antigenic target of ~ 40 amino acids. Moreover, the existence 
of two non-competing antigenic sites, γ1 and γ2, on the CCD further supports its potential to elicit antibody 
responses that resist virus escape. However, we acknowledge that there has been little selective pressure for 
the RSV G CCD to mutate due to its naturally low immunogenicity. Thus, it is unclear if selective pressure 
from a CCD-focused vaccine would result in RSV mutational escape, and future studies focused on this area 
would be informative. A limitation to performing escape studies in vitro is that anti-G antibodies are most 
readily assessed for RSV-neutralization only in primary airway epithelial cells, making such studies technically 
challenging32,36,37,42. Overall, this study broadens our understanding of the RSV G epitope landscape and serves 
as a blueprint for structure-guided vaccine design and therapeutic antibody strategies.

Methods
Expression and purification of mAbs
Synthetic genes encoding the heavy-chain or light-chain variable regions of the human mAbs 1G1, 3D3, 1G8, 
2B11, 2D10, and 3G12 were cloned into the pCMVR VRC01 light and heavy chain human IgG1 antibody 
vectors obtained through the NIH HIV Reagent Program, Division of AIDS, NIH: (ARP 12036, ARP-12035) 
contributed by John Mascola, in place of the variable regions of antibody VRC01. The plasmids were verified 
by Sanger sequencing. Recombinant mAbs were expressed by electroporation of suspension adapted Chinese 
Hamster Ovary Cells (CHO-S Freestyle) (Thermo Fisher, Life Technologies) with mAb heavy and light chain 
plasmids. Prior to transfection, CHO-S cells were maintained at a density of 0.3–2.0 million cells/mL in CD-
CHO medium supplemented with 8 mM GlutaMax, 100 µM hypoxanthine and 16 µM thymidine in shake 
flask cultures at 37 °C, 8% CO2, 85% humidity, rotating at 135 rpm in an ISF1-X shaker incubator (Kuhner). 
For protein production, cells were transfected using an STX electroporation system (MaxCyte Inc.) according 
to the manufacturer’s protocol using endotoxin free DNA. Following transfection, cells were maintained at a 
density of 10 million cells /mL in CD OptiCHO supplemented with 0.1% pluronic acid, 2 mM GlutaMax, 100 
µM hypoxanthine and 16 µM thymidine. At 24  h post electroporation, protein expression was enhanced by 
adding sodium butyrate (1 mM final concentration) and lowering the temperature to 32 °C. Cultures were fed 
daily with CHO Growth A feed which comprises 0.5% Yeastolate (BD, Franklin Lakes, NJ, US), 2.5% CHO-CD 
Efficient Feed A, and 0.25 mM GlutaMax, 2  g/L Glucose (Sigma-Aldrich) and harvested when cell viability 
dropped to below 50% (usually following 8–14 days in culture). All media and supplements were purchased 
from Thermo Fisher, Life Technologies, unless stated otherwise. Secreted mAbs were purified from 0.2 micron 
filtered conditioned media by affinity chromatography using a HiTrap Protein G column (Cytiva) in PBS buffer 
[pH7.4]. Bound antibody was eluted with 0.1 M glycine•HCl pH 2.8 and immediately neutralized with 10 µL/
mL 1 M Tris-Cl pH 9.0. Purified mAbs were verified by Coomassie stained SDS-PAGE with both reducing and 
non-reducing loading buffer, dialyzed into phosphate-buffered saline (PBS) pH 7.4 and flash frozen for long 
term storage.

Expression and purification of Fabs
Fabs 3D3 and 2D10 were generated by incubation of 4.0  mg full length mAb with 62.5  µg equilibrated 
immobilized papain at 37 °C overnight, followed by removal of the Fc fragment with protein A using a Pierce™ 
Fab Preparation Kit (Thermo Fisher, Life Technologies). Fabs were further purified by Superdex 200 size-
exclusion chromatography in 10 mM Tris-HCl pH 8.0 and 150 mM NaCl. Purified Fabs were dialyzed into PBS 
pH 7.4, and flash frozen for long term storage. For the generation of Fabs 1G1, 2B11, and 1G8, Fab expression 
plasmids encoding the heavy-chain variable and constant region 1 in frame with a C-terminal Twin-StrepTactin-
Tag were cloned. Sanger sequencing was used to verify these plasmids. Fabs were expressed in an identical 
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manner to mAbs, in CHO-S culture. Secreted Fabs were affinity purified from 0.2 micron filtered conditioned 
media adjusted to 50 mM Tris-Cl pH 8.0, 1mM EDTA, supplemented with 27 mg/L Biolock (IBA life sciences), 
using a StrepTrap HP column (Cytiva) equilibrated in 50 mM Tris-Cl pH 8.0, 150 mM NaCl and 1 mM EDTA 
wash buffer. After column washing, Fabs were eluted with wash buffer containing 2.5 mM d-Desthiobiotin. 
Purified Fabs were verified by Coomassie stained SDS-PAGE with both reducing and non-reducing loading 
buffer and dialyzed into PBS pH 7.4 and flash frozen for long term storage.

Antibody germline gene sequence identity analysis
Using the IgBlast tool on the National Center for Biotechnology Information (NCBI) website, we input each 
mAb heavy chain or light chain protein sequence, selecting the top hit for each variable (V) gene and allele to 
include in our table. Additionally, we determined the CDRH3 sequences using the Kabat or Chothia numbering 
scheme as a guide53.

RSV G gene sequence analysis
We performed a blastp search with the RSV A sequence (UniProtKB/Swiss-Prot: P03423.1) and the RSV B 
sequence (GenBank: AGG39486.1)54,55. We kept the top 5000 hits ranked by e-value for each sequence and used 
a custom python script to collect the amino acid regions encompassing the CCD region for these top hits. We 
then performed a multiple sequence alignment for both the RSV A and RSV B blastp hits using Clustal Omega56. 
The alignments were inspected visually and trimmed with trimAl using the ‘automated1’ flag57. The alignment 
files were then used to create the sequence logos using the python package logomaker within a custom python 
script58.

Expression and purification of RSV Gecto proteins
A synthetic gene encoding the RSV strain A2 (RSV/A2) G glycoprotein ectodomain (RSV Gecto) spanning amino 
acids 64–298 (UniProtKB entry P03423) was codon optimized and cloned into a pcDNA3.1 derivative plasmid 
in frame with a N-terminal CCR5 secretion signal sequence and a C-terminal 6xHistidine-Tag followed by a 
Twin-StrepTactin-Tag. Sanger sequencing was used to verify this plasmid. All recombinant RSV Gecto proteins 
were produced from stable G418 selected pools generated by transfection followed by selection in 0.8  mg/
mL G418 (Thermo-Fisher Scientific). For protein expression, a pool of the G418 resistant cells was grown to 
a density of 5 million cells/mL in BalanCD CHO Growth A - Irvine Scientific (FujiFilm) supplemented with 2 
mM GlutaMax, 100 µM hypoxanthine and 16 µM thymidine and 0.1% pluronic in standard shake flask culture. 
The temperature was then dropped to 32  °C, and sodium butyrate added to a final concentration of 1 mM. 
The cultures were supplemented as described above for transient CHO-S expression, with the exception that 
they were batch-fed on a 3 day regime with 10% v/v CHO A Feed. Secreted RSV Gecto was purified from CHO 
media adjusted to pH 8.0 by the addition of Tris-Cl buffer to a final concentration of 50 mM, supplemented 
with 1mM EDTA and Biolock (IBA life sciences) at 27  mg/L. Protein was recovered by affinity purification 
using a StrepTrap HP column (Cytiva) equilibrated in 50 mM Tris-Cl pH 8.0, 150 mM NaCl and 1 mM 
EDTA wash buffer. After washing, RSV Gecto was eluted with wash buffer containing 2.5 mM d-Desthiobiotin. 
CHO-S derived RSV Gecto was further purified by size exclusion chromatography on a Sepharose 6B column 
(Cytiva) equilibrated with 50 mM Tris-HCl pH 8.0, 300 mM NaCl, and 1 mM EDTA. Fractions were analyzed 
by Coomassie stained SDS-PAGE, pooled and verified by SDS-PAGE in both reducing and non-reducing 
loading buffer before dialysis into PBS pH 7.4 and flash frozen for long term storage (Supplementary Fig. 2). A 
biotinylated version of RSV Gecto was expressed in an identical manner from a plasmid encoding RSV Gecto with 
a C-terminal 10XHis tag followed by an AviTag sequence. Purification was accomplished on a Ni Sepharose Hi 
Trap excel column (Cytiva) equilibrated with 20 mM sodium phosphate pH 7.4 and 0.5 M NaCl (wash buffer). 
Conditioned CHO media was adjusted to pH 7.4 and 0.5 M NaCl prior to column loading. Wash buffer with 20 
mM imidazole was used to strip low affinity contaminants and a 20 mM to 500 mM imidazole gradient was used 
to elute bound protein. Eluted fractions were analyzed by SDS-PAGE prior to pooling. RSV GectoAviTag was 
then dialyzed into PBS pH 7.4 and biotinylated using GST-BirA ligase as described by Fairhead and Howath59. 
RSV Gecto with GalNAc-restricted O-glycosylation was generated specifically for structural studies by expression 
of RSV Gectoin SimpleCell (Cosmc-KO) GALNT3 + suspension-adapted CHO K1 cells, a gift from H. Clausen 
at the University of Denmark60. Stable RSV Gecto SC ZFN192 GALNT3 cells were generated by electroporation 
followed by selection in 0.8 mg/mL G418. For protein expression, a pool of the G418 resistant cells was grown 
to a density of 5  million cells/mL in BalanCD CHO Growth A - Irvine Scientific (FujiFilm) supplemented 
with 2 mM GlutaMax, 100 µM hypoxanthine and 16 µM thymidine and 0.1% pluronic in standard shake flask 
culture. The temperature was then dropped to 32 °C, and sodium butyrate added to a final concentration of 
1 mM. The cultures were supplemented as described above for transient CHO-S expression, expecting that 
cultures were batch fed on a 3-day regime with 10% v/v CHO A Feed. Cultures were harvested when cell viability 
dropped < 50% by trypan blue exclusion, and protein was purified on a StrepTactin Sepharose HP column (as 
previously described for CHO-S produced RSV Gecto) followed by size exclusion chromatography on a Superose 
6 increase 10/300 column (Cytiva) in 50 mM Tris-Cl pH 8.0, 300 mM NaCl, and 1mM EDTA and verified by 
Coomassie stained SDS-PAGE and Blue Native PAGE. The protein was then dialyzed into TBS (50 mM Tris-Cl, 
pH 7.5 150 mM NaCl) before flash freezing (Figure S5).

Binding kinetics
Binding kinetics were assessed using biolayer interferometry on an Octet Red384 instrument. Anti-Human 
Fc-Capture AHC biosensors (Sartorius, REF 18 − 0015) were equilibrated in Octet Kinetics Buffer (Sartorius, 
#18–1105, formulation: 0.1% BSA, 0.02% Tween20, PBS pH 7.4, and Kathon) diluted to 1X using PBS pH 7.4. 
Biosensors were then dipped into wells containing kinetics buffer for 60 s to record a baseline measurement. 
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Next, biosensors were loaded with either mAb 1G1, mAb 1G8, or mAb 2B11 at a concentration of 5 µg/ml for 
240 s followed by another baseline step in kinetics buffer for 120 s. Loaded biosensors were then dipped into 
wells containing two-fold serial dilutions of purified RSV Gecto for 300 s with the highest concentration being 
40 nM and the lowest being 0.625 nM. The last biosensor was dipped into kinetics buffer which served as a 
control and to subtract non-specific upward or downward drift from our measurements. A dissociation step 
was measured for 600 s after moving biosensors into wells containing kinetics buffer. All steps were done with 
a shakespeed of 1000 rpm and at 24 °C. Two technical replicates were done per antibody. Binding dissociation 
constants (KDs) were calculated using the Data Analysis HT software version 11.1 with a 1:1 binding model and 
curves fitted globally per assay.

Epitope binning
Epitope binning was performed using biolayer interferometry on an Octet Red384 instrument and following 
suggestions described by Nagashima and Mousa61. Anti-penta histidine HIS1K biosensors (Sartorius, REF 18–
0038) were equilibrated in Kinetics Buffer. Biosensors were then dipped into wells containing kinetics buffer 
for 60 s to record a baseline measurement. Next, biosensors were loaded with RSV Gecto at a concentration of 
4 µg/ml for 150 s followed by another baseline step for 60 s. Loaded biosensors were then dipped into wells 
containing either mAb 1G1, mAb 2D10, mAb 3G12, mAb 3D3, mAb 2B11, or mAb 1G8 at concentration of 
100 µg/ml for 300 s in the first association step. The second association step was done by dipping into either 
mAb 1G1, mAb 2D10, mAb 3G12, mAb 3D3, mAb 2B11, or mAb 1G8 at a concentration of 100 µg/ml for 300 s 
so that each antibody was tested for competition against all other antibodies in addition to itself. Antibodies 
in the first association step were also tested in the second association step to test antibodies in both directions 
and observe the effect of steric hindrance which might occur after the first association step. A “no load” empty 
biosensor was used to test for non-specific antibody binding to the biosensor itself, and a 0 µg/ml concentration 
of antibody in the first association step was as in another control to verify complete saturation in the second 
association step. Two technical replicates were done per antibody and per order of association. mAb 2B11 was 
assessed using anti-streptavidin SA biosensors (Sartorius, REF 18 − 0009) and biotinylated RSV Gecto due to its 
apparent binding to anti-penta histidine HIS1K biosensors in the “no load” control assay despite the absence of 
a His-tag or StrepTactin-tag. All assays were done with a shakespeed of 400 rpm at 24 °C. To generate a value for 
competition between two mAbs, the signal of mAb B (second association step) in the presence of mAb A (first 
association step) was divided by the saturated signal of mAb A and then multiplied by 100 for a percentage value.

Expression and purification of RSV G CCD
A synthetic gene encoding the RSV strain A2 (RSV/A2) G protein amino acids 157 to 197 (UniProtKB 
entry P03423) (RSV G CCD) was codon optimized for E. coli and cloned into pRSFDuet-1 in frame with an 
N-terminal methionine and a C-terminal 6xHistidine-Tag. Sanger sequencing was used to verify this plasmid. 
Two methods were used to express and purify recombinant RSV G CCD as a result of optimization. Method 1: 
Recombinant RSV G CCD was expressed in T7Express E. coli cells (New England Biolabs, REF C2566H) cells 
overnight at 18 °C. Cells were lysed by ultrasonication in wash buffer (20 mM Tris-Cl pH 8.0, 25 mM imidazole, 
150 mM NaCl) containing 1 mM MgCl2, protease inhibitors, and benzonase. E. coli lysates were clarified by 
centrifugation and filtration using a 0.22 μm vacuum filter. RSV G CCD was purified from clarified lysates by 
affinity chromatography using a HiTrap TALON Crude column (GE Healthcare, REF 28–9537−66) and washed 
with a wash buffer containing 6 M urea. Protein was eluted in wash buffer containing 500 mM imidazole. Method 
2: Recombinant RSV G CCD was expressed in SHuffle T7Express Competent E. coli cells (New England Biolabs, 
REF C3026J) overnight at 18 °C. Cells were lysed by ultrasonication in wash buffer (20 mM Tris-Cl pH 8.0, 25 
mM imidazole, 300 mM NaCl) containing 1mM MgCl2, protease inhibitors, and benzonase. E. coli lysates were 
clarified by centrifugation and filtration using a 0.22 μm vacuum filter. Clarified lysates were mixed with 1 ml 
of packed HisPur Cobalt Resin (Thermo Scientific, REF 89965) and rotated for 1 h at 4 C. Recombinant RSV G 
CCD was eluted on a centrifuge column (Pierce, REF 89898) using wash buffer containing 500 mM imidazole 
and verified on Coomassie stained SDS-PAGE with both reducing and non-reducing loading buffer.

Production and structure determination of fab 1G1-RSV G CCD complex
A 5-molar excess of recombinant RSV G CCD at 0.1  mg/ml was mixed with Fab 1G1 at 1.5  mg/ml and 
concentrated to 2.8 mg/ml. This sample was purified on a Superdex75 10/300 size exclusion chromatography 
(SEC) column with 50 mM Tris-HCl (pH 8) and 150 mM NaCl. SEC-purified Fab 1G1-RSV G CCD complex 
was verified by Coomassie stained SDS-PAGE and was concentrated to 5 mg/ml. Crystals were grown by hanging 
drop vapor diffusion at 22 °C with well solution containing 0.1 M Bis-Tris pH 6.5, 0.2 M Ammonium Sulfate, and 
24.5% PEG 3350. Crystals were dipped into a cryoprotectant (well solution containing 25% PEG400) and flash 
frozen in liquid nitrogen. Frozen crystals were shipped to the Advanced Photon Source (APS) and diffraction 
data was collected at beamline 23-ID-B using an x-ray wavelength of 1.03 Å (12 keV). Diffraction data from one 
crystal were integrated and scaled using XDS, where CC1/2 was used to determine the resolution cutoff62,63. 
Phases were solved using molecular replacement on PHENIX.phaser64,65. The molecular replacement model for 
the variable domain of Fab 1G1 was generated using SWISS model while the constant domain model came from 
the crystal structure of VRC01 (PDB code: 3NGB)66. The molecular replacement model for RSV G CCD came 
from the crystal structure of RSV G bound to Fab 3D3 (PDB code: 5WNA) using residues 171–186. There was 
one Fab 1G1-RSV G CCD complex in the asymmetric unit. The electron density map and model were refined 
using PHENIX.refine while manual assignment and fitting of amino acid side chains into electron density were 
done using COOT65,67. Visualization of final structural features were done in UCSF ChimeraX68.
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Production and structure determination of fab 1G8-RSV G CCD complex
A 4-molar excess of recombinant RSV G CCD at 0.3 mg/ml was mixed with Fab 1G8 at 0.5 mg/ml, concentrated 
to 0.6 mg/ml, dialyzed into 10 mM Tris-Cl pH 8.0 and 150 mM NaCl. This sample was purified on a Superdex75 
10/300 SEC column with 50 mM Tris-Cl pH 8.0 and 150 mM NaCl. SEC-purified Fab 1G8-RSV G CCD 
complex was verified by Coomassie stained SDS-PAGE and was concentrated to 5 mg/ml. Crystals were grown 
by hanging drop vapor diffusion at 22 °C with well solution containing 0.15 M Sodium Thiocyanate and 16% 
PEG 3350. Crystals were dipped into a cryoprotectant (well solution containing 25% glycerol) and flash frozen 
in liquid nitrogen. Frozen crystals were shipped to the Advanced Light Source (ALS) and diffraction data was 
collected at beamline 5.0.1 using an x-ray wavelength of 0.97Å (12.4 keV). Diffraction data from one crystal were 
integrated and scaled using DIALS, where CC1/2 was used to determine the resolution cutoff69–71. Phases were 
solved using molecular replacement on PHENIX.phaser64,65. The molecular replacement model for the variable 
domain of Fab 1G8 was generated using SWISS model while the constant domain model came from the crystal 
structure of VRC01 (PDB code: 3NGB)66. The molecular replacement model for RSV G CCD came from the 
crystal structure of RSV G bound to Fab 3D3 (PDB code: 5WNA) using residues 171–186. There were two Fab 
1G8-RSV G CCD complexes in the asymmetric unit. The electron density map and model were refined using 
PHENIX.refine while manual assignment and fitting of amino acid side chains into electron density were done 
using COOT65,67. Visualization of final structural features were done in UCSF ChimeraX68.

Production and structure determination of fab 2B11-RSV G CCD complex
A 4-molar excess of recombinant RSV G CCD at 0.3 mg/ml was mixed with Fab 2B11 at 0.6 mg/ml, concentrated 
to 1 mg/ml, dialyzed into 10 mM Tris-Cl pH 8.0 and 150 mM NaCl. This sample was purified on a Superdex75 
10/300 SEC column with 50 mM Tris-Cl pH 8.0 and 150 mM NaCl. SEC-purified Fab 2B11-RSV G CCD 
complex was verified by Coomassie stained SDS-PAGE and was concentrated to 3.1 mg/ml. Crystals were grown 
by hanging drop vapor diffusion at 22 °C with well solution containing 0.22 M Ammonium Citrate Dibasic and 
15% PEG 3350. Crystals were dipped into a cryoprotectant (well solution containing 25% PEG400) and flash 
frozen in liquid nitrogen. Frozen crystals were shipped to the Advanced Light Source (ALS) and diffraction data 
was collected at beamline 5.0.1 using an x-ray wavelength of 0.97Å (12.4 keV). Two diffraction datasets from one 
crystal were integrated and scaled using DIALS where CC1/2 was used to determine the resolution cutoff69–71. 
Phases were solved using molecular replacement on PHENIX.phaser64,65. The molecular replacement model 
for the variable domain of Fab 2B11 was generated using SWISS model while the constant domain model came 
from the crystal structure of VRC01 (PDB code: 3NGB)66. The molecular replacement model for RSV G CCD 
came from the crystal structure of RSV G bound to Fab 3D3 (PDB code: 5WNA) using residues 171–186. There 
were seven Fab 2B11-RSV G CCD complexes in the asymmetric unit. The electron density map and model 
were refined using PHENIX.refine while manual assignment and fitting of amino acid side chains into electron 
density were done using COOT65,67. Visualization of final structural features were done in UCSF ChimeraX68.

Production and cryoem grid preparation of fab 3D3-RSV Gecto-Fab 2D10 complex
Equimolar ratios of size exclusion purified GALNT3 restricted O-glycosylated RSV Gecto and Fab 2D10 were 
incubated with gentle mixing at 4 °C for one hour before adding a second molar equivalent of Fab 3D3 and 
a further one hour incubation. The complex was then purified on a Superose 6 increase 10/300 SEC column 
(Cytiva) in 50 mM Tris-Cl pH 7.5 and 150 mM NaCl and verified on Coomassie stained SDS-PAGE. Purified 
Fab 3D3-RSV Gecto-Fab 2D10 complex was used at 1.4 mg/ml (approximately 10.5 µM). 3 µl of sample was fast 
incubated with 0.5 µL of octyl-D-glucoside and deposited onto a glow-discharged UltrAuFoil R 2/2 200 gold 
mesh grid using a ThermoFisher Scientific Vitrobot Mark IV and blotted at 4 °C, 100% humidity for 1.5 s before 
being plunge-frozen in liquid ethane.

CryoEM data collection of fab 3D3-RSVGecto-Fab 2D10 complex
Images were collected using an ThermoFisher Scientific Glacios-cryoTwin transmission electron microscope 
operating at 200 kV using a Gatan K2 Summit direct electron detection and pixel size of 0.69 Å (57,000x) and 
total dose of 38 e−/Å2with defocus range between − 0.8 and 3.0 μm72. A total of 6,605 movies were collected 
across all grids and processing using cryoSPARC v4.173. Stage drift and beam-induced anisotropic motion 
during data collection were corrected using patch-based motion correction74. Defocus variation was determined 
using patch-based CTF estimation. Exposures were manually inspected and curated to remove poor-quality 
micrographs by setting thresholds for CTF fit resolution (< 10 Å), motion distance, and astigmatism.

CryoEM data processing
Curated exposures were subjected to automated blob picking using a box size of 40–80 Å resulting in a total of 
9,716,771 particles. Picked particles were manually inspected and pruned using a low pass filter, normalized 
cross-correlation (NCC), and power thresholds to select the highest quality particles. Particles were extracted 
using a box size of 320 pixels, resulting in a total of 3,159,582 particles and 3,152 movies. Subsequent rounds of 
2D classification were performed in order to obtain a suitable set of references for the template picking using 
a particle diameter of 320 Å, followed by manual inspection of picked particles, particle extraction using a 
box size of 320 pixels, and 2D classification. Selected 2D classes underwent Ab Initio (67 classes were picked), 
followed by 3D-classification and the selected set of particles and volume underwent to cycles of non-uniform 
refinement75. The final polishment was performed using local CTF refinement using 50,831 particles. The best 
3D reconstructed map was visualized on UCSF-ChimeraX and overlayed crystal structures of Fab 3D3-RSV G 
CCD (PDB code: 5WNB) and scFv 2D10-RSV G CCD (PDB Code: 5WN9)68.
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Data availability
Coordinates and structure factors for the Fab 1G1 - RSV G CCD complex structure, the Fab 1G8 - RSV G CCD 
complex structure, and the Fab 2B11 - RSV G CCD complex structure have been deposited in the Protein Data 
Bank (www.rcsb.org) under accession codes 9CQA, 9CQB, and 9CQD, respectively. The electron density map 
for the Fab 3D3 - RSVGecto - Fab 2D10 complex was deposited in the Electron Microscopy Databank (www.
ebi.ac.uk/emdb/) under accession EMD-47153. All data from this study can be requested by email to Rebecca 
DuBois (rmdubois@ucsc.edu).
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