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SUMMARY

Several influenza antibodies with broad group 2-neutralization have recently been isolated. Here,
we analyze the structure, class, and binding of one of these antibodies from an H7N9 vaccine trial,
315-19-1D12. The cryo-EM structure of 315-19-1D12 Fab in complex with the hemagglutinin
(HA) trimer revealed the antibody to recognize the helix A region of the HA stem, at the supersite
of vulnerability recognized by group 1-specific and by cross-group neutralizing antibodies. 315-
19-1D12 derived from HV1-2 and KV2-28 genes and appeared to form a new antibody class.
Bioinformatic analysis indicated its group 2-neutralization specificity to be a consequence of four
key residue positions. We specifically tested the impact of the group 1-specific N33 glycan, which
decreased but did not abolish group 2-binding of 315-19-1D12. Overall, this study highlights

the recognition of a broad group 2-neutralizing antibody, revealing unexpected diversity in
neutralization specificity for antibodies that recognize the HA-stem supersite.
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Influenza
on hemagglutinin differs
from other group-2 neutralizing
antibodies, but is similar to group 1 and
groups 1+2 neutralizing antibodies

CR8034 CR8020 F10 MEDI8852
Group2 Group 2 Group 1 Groups 1+2

eTOC Blurb

Influenza hemagglutinin stem-targeting antibodies can neutralize group 1 and/or 2 viruses. Cheung
et al. isolate a broad group 2-neutralizing antibody, 1D12, from an H7N9-vaccine trial. Its epitope
overlaps better with group 1 and cross-group epitopes than with previously described group 2
epitopes, revealing unexpected differences in neutralization specificity versus epitope.

Keywords
antibody class; hemagglutinin; influenza; neutralizing antibodies; stem supersite

INTRODUCTION

Influenza A and B viruses cause seasonal flu epidemics and are severe threats to

public health, resulting in significant disease burden in terms of morbidity, complications,
hospitalizations, and deaths, as well as the potential for flu pandemics (reviewed in Wu and
Wilson, 2017). For decades, influenza A subtypes HIN1 and H3N2 have been the major
strains circulating in humans in annual flu epidemics. However, over the last 20 years,
sporadic cross-overs of divergent influenza viruses have occurred with what appears to be
increasing frequency; these often involving the group 1-H5N1 strain, which can be highly
lethal, but generally does not transmit between humans (Ferguson et al., 2005; Subbarao

et al., 1998; reviewed in Neumann et al., 2009; Webster et al., 1992). In 2013, the first
human infection with the group 2-H7N9 avian influenza virus was reported in China (Li and
Chen, 2020). Since then, the subtype H7 avian influenza viruses have rapidly evolved to be
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highly pathogenic, causing an increasing number of outbreaks among poultry and humans
(Su et al., 2017). As most humans are immunologically naive to subtype H7 viruses, the
H7N9 influenza is considered potentially the most serious future pandemic threat (Su et al.,
2017). Moreover, none of the strains used in annual flu vaccination are known to induce
protective responses against H7 viruses. Thus, there is an urgent need to develop more
effective vaccines and antiviral drugs to combat this disease.

Hemagglutinin (HA) is the major glycoprotein on the influenza surface and principal target
of neutralizing antibodies. HA is synthesized as a monomer that assembles into a trimeric
precursor, which upon cleavage by host proteases, forms the fusion-competent mature trimer
comprised of disulfide-linked HA1 and HA2 subunits (Gething et al., 1980; Verhoeyen et
al., 1980; Ward and Dopheide, 1981; Wilson et al., 1981). The trimeric HA consists of

a membrane-distal and antigenically variable globular head domain and a more conserved
elongated membrane-proximal stem domain dominated by helices. The globular head is
made up of HA1 and contains the receptor-binding site (RBS) for viral attachment as well
as vestigial esterase subdomain. The stem domain comprises HA2 (F fusion subdomain)
and the N- and C-terminal segments of HA1 (F” fusion subdomain) (Rosenthal et al., 1998;
Russell et al., 2004) and is responsible for mediating membrane fusion (Carr and Kim, 1993;
Weis et al., 1988; Wilson et al., 1981). In general, neutralizing antibodies against HA are
divided into two categories: head-targeting and stem-targeting (Corti et al., 2017; Ekiert and
Wilson, 2012). Although head-targeting antibodies are generally more potent, they tend to
have restricted recognition, even within a single subtype due to sequence diversity of the
head (Cheung et al., 2020; Krause et al., 2011; Nogales et al., 2018; Qiu et al., 2020).

In contrast, stem antibodies, which bind the relatively conserved HA stem, generally have
considerably greater neutralization breadth and some even have extensive heterosubtypic
activities (Corti et al., 2011; De Jong et al., 2020; Dreyfus et al., 2012; Joyce et al., 2016;
Kallewaard et al., 2016; Wu and Wilson, 2017). A stem supersite of vulnerability involving
the helix A region is recognized by pan group 1-neutralizing and cross-group neutralizing
antibodies (Corti et al., 2011; Ekiert et al., 2009; Joyce et al., 2016; McCarthy et al., 2018;
Pan et al., 2014; Sui et al., 2009); however a group 2-specific glycan at position 38 impedes
recognition of this site, and pan-group 2-neutralizing antibodies identified thus far bind to

a distinct region on HA that is substantially closer to the membrane (Ekiert et al., 2011;
Friesen et al., 2014).

In the VRC 315 clinical trial (ClincialTrials.gov identifier NCT02206464), healthy, H7N9-
naive adults vaccinated with H7N9 show a transient expansion of memory B cells specific
for conserved epitopes on H7 HA with little observed adaptation (Andrews et al., 2019).
One of these antibodies, 315-19-1D12 (abbreviated as 1D12) binds group 2 HAs, including
H3, H7 and H10, and neutralizes potently many group 2 strains, including a wide spectrum
of H3 viruses spanning from 1968-2014, but not group 1 viruses (Creanga et al., 2021).

To gain insight into the broad group 2-recognition by this antibody, we determined the
cryogenic electron microscopy (cryo-EM) structure of 1D12 in complex with HA trimer
and analyzed the revealed epitope relative to other broad influenza-neutralizing antibodies
as well as its class and the residue responsible for its neutralization specificity. These
studies revealed 1D12 to target the helix A region of the HA stem, an epitope differing
from previously described human pan-group 2-neutralizing antibodies, CR8020 (Friesen et
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al., 2014) and CR8043 (Ekiert et al., 2011) but overlapping with the epitopes of broad
cross-group neutralizing antibodies and of group 1-specific neutralizing antibodies such as
CR6261 and F10 (Ekiert et al., 2009; Sui et al., 2009). Overall, this study highlights a broad
group 2-neutralizing antibody recognizing an atypical group 2-binding site and provides
insight into the relationship between recognized epitope and neutralization specificity.

Isolation of the broad group 2 influenza neutralizing antibody 1D12 from a human donor
receiving the H7N9 experimental vaccine

We isolated antibody 1D12 from a human donor primed with DNA plasmid (VRC-
FLUDNAO71-00-VP) that encoded for A/Anhui/1/2013 and a monovalent influenza subunit
virion A/Shanghai/02/2013 (SH13) H7N9 vaccine (MIV) manufactured by Sanofi Pasteur
Inc (Swiftwater, PA), followed by an H7N9 MIV boost 16 weeks later (Andrews et al.,
2019). PBMCs were collected from the donor two weeks after the boost and sorted using
the H3 (A/Texas/50/2012) and H7 (SH13) HA probes. 1D12 antibody was isolated from a
B cell showing cross-reactivity to both H3 and H7 HA trimers (Figure S1A). Recombinant
1D12 was observed to bind multiple group 2 HAs, including H3, H7, and H10, but no HA
from group 1 viruses except H9 (Figures S1B and S1C). The neutralization profile of 1D12
was similar to that of 315-27-1C08 from the same clinical trial and that of CR8020 (Friesen
et al., 2014), as well as that of 315-09-1B12 except that the latter also neutralized group
1-H5N1 strains (Andrews et al., 2017; Creanga et al., 2021).

Structural analysis of 1D12 antibody in complex with H7 A/Shanghai/02/2013 (SH13) HA

To elucidate the molecular basis for the broad group 2 reactivity of 1D12, we determined

a structure of H7 SH13 HA in complex with 1D12 Fab at 2.76 A resolution by cryo-EM
(Figures 1A and S2, Table S1). Structural analysis revealed 1D12 to bind the HA stem,

with 35.3% of the contact surface on HA1 and 64.7% on HA2 (Table S2). Binding involved
complementarity-determining regions (CDRs) H1, H3, L1, and L3 (Figure 1A, inset). The
heavy and light chains contributed 544.1 A2 and 600.1 A2, respectively, to the overall buried
surface area (BSA) of 1144.2 A2 (Figure 1B). The heavy chain framework 1 (FR1) residues
Thr28 and Phe29, as well as CDR H1 residues Gly31 and Tyr32 interacted with Lys394a1
and GIn42 yaq of helix A (Figure 1C). CDR H3 residues Lys95, Tyr100e, and Tyr100h
formed hydrophobic interactions and hydrogen bonds with the HA2 residues Asp19ya2,
GInd2y a9, Aspdbao, and Thrd9yao, which are highly conserved within the group 2 viruses
(Figure 1D). The light chain CDR L1 residues Arg24, Ser27a, Leu27c, His27d, and Leu27e
interacted with loops of F fusion subdomain through extensive hydrogen bonds (Figure

1E); and Arg93 of CDR L3 also formed hydrogen bonds with 1le562 of helix A and
Asn291p a1 (Figure 1F). A summary of these interactions between 1D12 and H7 SH13 HA
were annotated on the heavy and light chain sequences in Figure 1G. Overall, 1D12 utilized
both heavy and light chain CDRs to bind a relatively conserved region of HA stem, away
from the membrane-proximal base.
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1D12 shares an overlapping epitope with cross-group broadly neutralizing antibodies

To delineate the 1D12 epitope versus other HA-recognizing antibodies, we analyzed surface
areas of interaction of 1D12 as well as of all antibody-HA complexes in the PDB and
calculated pairwise epitope overlap. Despite binding predominantly group 2 HAs (Figure
S1, B and C), the 1D12 epitope was distinct from those of the two other known group
2-specific human antibodies, CR8020 and CR8043 (Ekiert et al., 2011; Friesen et al., 2014).
Owing to the conserved A-linked glycan at Asn38pa1 in most group 2 HAs (Ekiert et al.,
2011), binding of CR8020 and CR8043 is confined primarily to a portion of the fusion
peptide and the edge of the membrane proximal p-sheet (Figure 2B) (Ekiert et al., 2011,
Friesen et al., 2014). However, the 1D12 epitope shifted laterally, with the Asn38441 glycan
at one edge to have favorable interactions with 1D12, enabling it to bind higher up on

the stem. As a result, 1D12 shared less than 25% overlapping epitope with CR8020 and
CR8043 (Figure 2A,B). By contrast, 1D12 epitope exhibited a much higher percentage

of overlap (ranging from 54.5%-69.7%) with cross-group neutralizing antibodies, such as
31.a.83, 39.29, 16.a.26 and 16.9.07, and group 1-specific antibodies, like CR6261 and F10,
which bind a supersite of vulnerability encompassing helix A in the middle portion of the
HA stem (Figure 2C).

1D12 does not belong to any known influenza antibody class

To determine whether 1D12 belongs to a previously identified influenza antibody class, i.e.,
sharing the same recognition mode and similar B cell ontogeny as other influenza antibodies
(Kwong and Mascola, 2012; Zhou et al., 2013), we performed informatic and experimental
analyses to define its antibody class (Figure 3A). 1D12 was derived from IGHV1-2 and
IGLV2-28 germline genes (Figures 3B and S3A). Although the mature 1D12 antibody
exhibited low somatic hypermutation (<4% in both heavy and light chains) (Figure S3, A
and B), the inferred germline antibody bound none of the group 1 or group 2 HAs tested
(Figure S3C). We searched PubMed (https://pubmed.ncbi.nlm.nih.gov) and IEDB (Vita et
al., 2019) for influenza A antibodies that used these same germline genes and identified
sequences for five other IGHV1-2-encoded and five other IGLV2-28-encoded influenza
antibodies. Six of the ten antibodies (CH65, K03.12, 02-1G08, 02-2B07, FLD194 and
3C11) were excluded because they targeted the HA head instead of stem, and thus have

a different mode of recognition and could not be of the same class. Further, of the four
remaining antibodies, 315-27-1C08 and 315-04-1B12 shared the same IGHV and IGLV
genes and belonged to the same class so 315-27-1C08 was used as a representative for both,
leaving a total of three antibodies to examine in greater detail (Figure 3B).

We modeled the heavy and light chains of 315-27-1C08 (Figure 3C), 315-02-1A05 (Figure
3D), and 1000-3D04 (Figure 3E) to analyze whether these antibodies could have the same
interactions with HA as 1D12. Even though both 315-27-1C08 and 315-02-1A05 are
encoded by the HV1-2 germline gene, modeling indicated contact residues of 1D12 CDRs
H3 and L3 to not be conserved in 315-27-1C08 and 315-02-1A05, indicating a 4-fold
decrease in the predicted binding energy compared to 1D12 (Figure 3B). Although both
1000-3D04 and 1D12 used the same KV2-28 gene, and therefore light chain contacts to HA
are mostly preserved, 1000-3D04 used a completely different heavy chain germline gene
(HV3-21), where its shorter CDR H3 length would likely abolish contacts to HA. More
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importantly, the predicted binding energy score was 8-fold lower than 1D12, indicating
1000-3D04 may use a different binding mode to interact HA (Figure 3B). To verify our
bioinformatic analysis, we swapped the light chains between 315-27-1C08 (LV2-14), 315-
02-1A05 (LV2-14) and 315-19-1D12 (LV2-28) and observed a complete loss of binding
for HA for all swapped variants, indicating that these different heavy and light chains failed
to yield functional antibodies, and therefore both 315-27-1C08 and 315-02-1A05 were
unlikely to be in the same class as 1D12 (Figure 3F). We also applied informatic analyses
to known influenza antibodies and none appeared to belong to the same class as 1D12
(Figure S3D). These results suggest antibody 1D12 to comprise the first member of a newly
identified antibody class.

Conserved glycan at Asn33 on HA1 of group 1 HAs limits 1D12 specificity

As described above, 1D12 shared <25% overlapping epitope with two other group 2-specific
antibodies CR8020, and CR8043 (Figure 2A). Despite the very similar footprint with the
cross-group broadly neutralizing antibodies, 1D12 failed to neutralize group 1 viruses
(Creanga et al., 2021), and it could not bind HA of group 1 viruses except H9 (Figure S1B-
C). To explain this phenomenon, we modeled the 1D12 Fab binding to the HIN1 CA09 HA
(PDB: 4M4Y) (Hong et al., 2013) and H5N1 VNO04 HA (PDB: 4MHH) (Zhu et al., 2013),
and we found that the presence of the glycan at Asn33a1, Which is structurally distinct
from Asn38a1 and conserved in many group 1 viruses, could hinder the HA interaction
with 1D12 (Figures 4A-D, Table S3). This finding is consistent with the observation that
1D12 could bind to HOIN2 HK98 HA (PDB: 1JSD) (Ha et al., 2002), which lacks glycan

at position 33 (Figure 4D, Table S3). Indeed, as we performed mutagenesis to introduce a
glycosylation sequon in wildtype H7 SH13, H3 Vic11, and H9 HK99 HAs at position 33,
the mutants showed decreased affinity toward 1D12, relative to their wildtype counterparts
(Figure 4E). These results suggest that, although the glycan at Asn33 contributes to the
group-2 specificity of 1D12, it is not the only determining factor.

In silico analysis explains 1D12’s group 2 specificity

The broad group 2-neutralizing capability of antibody 1D12 was surprising in light of

its recognition of an epitope that overlapped primarily with antibodies that had group
1-neutralizing or cross-group-neutralizing capabilities. To provide insight into the influenza
group 2-specificity of 1D12, we first identified an extended set of 46 epitope positions using
buried surface area and sequence analysis, which encompasses all 39 residues determined to
be part of the 1D12 epitope (Table S3). Sequence analysis of 55 influenza HAs (Data S1)
revealed that the neutralization resistant and sensitive set of strains chemically diverged

in the amino acid composition for 20 positions (colored amino acids in Figure 5A).
Additionally, we developed an /n silico pipeline to estimate binding energies between

HA trimers and 1D12, as a surrogate for neutralization. The pipeline includes three

steps: (i) modeling of diverse HA trimers from diverse influenza subtypes, (ii) complex
formation of HA trimer and 1D12 antibody, and (iii) /n silico binding energy calculation
using Rosetta Interface Analyzer (Stranges and Kuhliman, 2013). Notably, /n7 silico binding
energies accurately distinguished between HA strains that were neutralization resistant or
neutralization sensitive (P-value = 3.11e-07, classification accuracy = 89%, ROC AUC =
0.87) (Figure 5B, Figure S5 A). Analysis of position-specific /n silico energies suggested
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multiple positions to contribute to the overall energetic differences between sensitive and
resistant strains, as opposed to one single key position (Figure S4).

Next, we used the 7n sifico pipeline to further estimate the effects that the 20 chemically-
divergent residue positions have on the 1D12 binding energies. Hence, we mutated HA
sequences representing neutralization resistant strains at each of the 20 residue positions

to the consensus sensitive amino acid of that position, and vice versa all neutralization
sensitive HA sequences to the consensus resistant amino acid of that position (colored
residues in Figure 5A). Four epitope residue positions showed the expected outcome of
increasing the binding strength (lower binding energies) for the neutralization resistant HAs
and decreasing the binding strength for the neutralization sensitive HAs (Figure 5C). In
particular, residue position 33 — a N-glycosylation site within the neutralization resistant set
— along with residue positions 278, 366, and 377 had expected effects. We also assessed if
single-, double-, triple-, or quadruple-mutation combinations of the aforementioned residues
are sufficient to reverse the binding energies so that the resistant set has higher binding
strength to 1D12 than the sensitive set of HAs. Selected double mutants, such as mutations
at 33-278 and 33-366, and triple as well as quadruple mutants showed reverse binding
strength as expected (Figure 5D). Single mutations, however, did not seem to be sufficient to
reverse the binding strength of HAs to 1D12 (Figure 5D). Interestingly, two of the mutations
(366 and 377) were located in Helix A of HA2, while two positions are in HA1 (Figure

5E). Overall, these results indicate the group 2-specificity of antibody 1D12 to result from
its recognition of a collection of epitope residues, rather than a specific residue, such as the
glycan at Asn384,a1, which is a central player in the group 2-specificity of known pan-group
2-neutralizing antibodies.

To validate /n sifico predictions, we performed binding studies introducing resistant
mutations at the four identified epitope positions (33, 278, 366, 377) into two sensitive
strains, in particular mutations that should revert the binding (Data S2). We selected

strains most likely to knock out binding from the in-silico predictions which resulted in
H3N2_Texas_77 and H3N2_Shanghai_87 (Figure S5B). H3N2_Shanghai_87 wildtype did
not show any binding to 1D12 antibody at any of the 4 concentrations tested nor to the
640-C1 or MEDI8852 positive control antibodies and was therefore not considered for
analysis, since it most likely did not express into well-formed HA trimers. H3N2_Texas_77
wildtype did show high binding to 1D12 at different concentrations, as well as to the positive
controls. The /n silico energy was then correlated to the experimental binding. Favorable /n
sifico energies were correlated with an increase in experimental binding as predicted (Figure
S5C). At best, we found a good correlation R=0.63 with significant P-value of 0.015 at a
10ug/ml 1D12 antibody concentration, at worst R=0.56 and P-value 0.038 at a 0.6ug/ml
1D12 antibody, with similar correlation values at other concentrations.

DISCUSSION

The isolation and characterization of antibodies targeting the stem region of the influenza
virus HA have provided valuable insights to the development of therapeutics and vaccines.
Over the last few decades, a substantial number of stem-targeting antibodies neutralizing
heterosubtypic group 1 influenza viruses, or both group 1 and 2 viruses, have been identified
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(Corti et al., 2010; Corti et al., 2011; Dreyfus et al., 2013; Ekiert et al., 2009; Ekiert et
al., 2011; Friesen et al., 2014; Kashyap et al., 2008; Sui et al., 2009; Throsby et al., 2008;
Wrammert et al., 2011). However, heterosubtypic group 2-specific neutralizing antibodies
are far less common. So far, only two human group 2-specific neutralizing antibodies
(CR8020 and CR8043) have been reported (Ekiert et al., 2011; Friesen et al., 2014).

In this study, we isolated a broad group 2-neutralizing antibody 1D12 from a human
vaccinee who received a DNA prime and protein boost of an experimental H7N9 vaccine.
Compared to the two previously isolated group 2 antibodies CR8020 and CR8043, which
derive from HV1-3 and HV1-18 germline genes respectively, 1D12 is encoded by the
HV1-2 gene (Figure 3). HV1-2 is a frequent germline gene for encoding HIV CD4-binding
site neutralizing antibodies (Navis et al., 2014), but its usage is much rarer in influenza
antibodies. Structural analysis of 1D12 indicated that this antibody bound at a higher
position on HA stem at helix A (Figure 1), a site that is different from the epitopes of

the other known group 2-specific antibodies CR8020 and CR8043, but instead overlaps
considerably with that of the group 1-specific and cross-group antibodies (Figure 2).
This binding site has been traditionally considered to be inaccessible to group 2-specific
antibodies owing to steric hindrance of the conserved glycan at Asn38ya1 in group 2 HA
(Tan et al., 2014). Unexpectedly, we found that a human group 2 influenza-neutralizing
antibody can indeed accommaodate a glycan at position 381 for binding at the typical
cross-group neutralizing site (Figure 1).

Recent studies have demonstrated that influenza broadly neutralizing antibodies can evolve
and develop from either group 1- or group 2-preferring germline precursors in humans

(Wu et al., 2020). The two different types of precursors undergo distinct evolutionary
pathways to acquire somatic hypermutations, leading to increased affinity and breadth (Wu
et al., 2020). Because the 1D12 epitope overlapped considerably with that of the cross-
group neutralizing antibodies, 1D12 could potentially evolve into a cross-group neutralizing
antibody, given a sufficient level of somatic hypermutations being accumulated. Mutagenesis
studies introducing glycan at Asn33pa1 in group 2 strains showed reduced antibody binding
(Figure 4), suggesting that this glycan served only as part of the molecular barrier for 1D12
to bind group 1 HA. Because 1D12 light chain contacted extensively with the vestigial
esterase region and the lower part of the HA head, accounting for approximately 24% of
total BSA, we reasoned that the inability of 1D12 to bind group 1 HA could also result from
the collective loss of interactions with these residues that are highly variable between groups
1 and 2 HAs (Figure 5).

In summary, our findings revealed that 1D12, despite being a group 2-specific antibody,
could accommodate the glycan at Asn38pa1 and bound at the supersite recognized by the
group 1 and cross-group antibodies, which is located in the middle of the HA stem instead
of at the base as the other two known group 2 antibodies with available structures (Ekiert
etal., 2011; Friesen et al., 2014). The structural characterization of 1D12-HA complex here
provides insight into the relationship between recognized HA epitope and specificity of
influenza neutralization and adds to the accumulating understanding by the field needed to
develop vaccines that afford broad protection from diverse influenza strains.
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STAR METHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Peter D. Kwong (pdkwong@nih.gov).

Materials availability—Plasmids generated in this study will be available upon request.

Data and code availability—Cryo-EM electron density map of 315-19-1D12 in complex
with H7 SH13 HA trimer has been deposited in the Electron Microscopy Data Bank
(EMDB) under accession number EMD-21961, and the fitted atomic coordinates have been
deposited in the Protein Data Bank (PDB; www.pdb.org) under accession code 6WXL. This
paper does not report original code. Any additional information required to reanalyze the
data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—Human embryonic kidney (HEK)-derived 293T cells were obtained from

the American Type Culture Collection (ATCC), and maintained in complete Dulbecco’s
Modified Eagle Medium (herein referred to as cDMEM) containing high glucose
Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher), 1X Penicillin-Streptomycin
(Pen Strep, Thermo Fisher) and 10% fetal bovine serum (FBS, Gemini Bio Products)

at 37°C. Expi293F cells, obtained from Thermo Fisher, were maintained in Expi293
Expression Medium (Thermo Fisher), at 37°C with shaking at 120 rpm.

METHOD DETAILS

Flow cytometry and single-cell sorting—Cryopreserved peripheral blood
mononuclear cells from blood collected before vaccination or two weeks after boost from
trial volunteer were stained with the anti-human mAbs CD3, CD56, CD14, CD27, and
CD38 from BiolLegend; IgG and IgM were from BD Biosciences; and CD19 was from
Beckman Coulter. HA probes were expressed, biotinylated, and labeled with fluorochromes,
as described previously (Whittle et al., 2014). Briefly, HA ectodomain was C-terminally
fused to the T4 fibritin trimerization motif, AviTag sequence GLNDIFEAQKIEWHE, and
a hexahistidine affinity tag and expressed in Expi293 cells grown in Expi239 medium
(Invitrogen) by transient transfection. Cells were grown for 5 days, and the culture
supernatant was clarified by centrifugation. The protein was purified by Ni Sepharose Fast
Flow resin (GE Healthcare) and then passed through a Superdex 200 16/60 column in 10
mM Tris (pH 8.0). The fractions containing trimeric HA were pooled and concentrated.
The protein was biotinylated using biotin protein ligase (Avidity), following manufacturer’s
recommendation, and then exchanged into PBS. Biotinylated protein was then incubated
with fluorochrome-labeled streptavidin (ThermoFisher) at a 1:4 molar ratio. Aqua dead cell
stain was added for live/dead discrimination (Thermo Fisher Scientific). Stained samples
were run on an LSR 11 (BD Biosciences), and data were analyzed using FlowJo (TreeStar).
To single-cell sort, HA-specific B cells were stained as above, and CD19+ 1gG+ HA+ B
cells were single cell-sorted into 96-well plates using a FACSAria Il (BD Biosciences).
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Addition of multiple HA probes and index sorting were used to determine the binding of
each sorted B cell to HA of multiple subtypes simultaneously.

Single-cell Ig amplification and cloning—Reverse transcription was performed on
sorted cells, and multiplexed polymerase chain reaction (PCR) was used to amplify Ig
heavy and light chain genes, as described previously (Doria-Rose et al., 2016; Tiller

et al., 2008). Briefly, cDNA was directly made from cells sorted into dry 96-well

plates using Superscript 111 Reverse Transcriptase (ThermoFisher), dNTPs (ThermoFisher),
random hexamers (GeneLink), IGEPAL (Sigma-Aldrich) and RNAseOUT (ThermoFisher).
Immunoglobulin heavy and light chain (kappa and lambda) genes were then PCR amplified
separately with two rounds of nested PCR, 50 cycles each, using DreamTaq Mastermix
(ThermoFisher) and previously published primer pools and cycle conditions (Doria-Rose et
al., 2016). The paired heavy and light chain Ig sequences were obtained from an average

of 70% of single cells. PCR products were sequenced by Beckman Coulter or Genewiz

and analyzed using IMGT (Brochet et al., 2008). Heavy and light variable region sequences
were synthesized and cloned by GenScript into pVRC8400 vectors, containing human 1gG1,
kappa, or lambda constant region and a human cytomegalovirus promoter.

Preparation of HA trimers—All HA constructs being studied were fused to a thrombin
cleavage sequence, T4 fibritin trimerization motif, and a hexahistidine affinity tag at their
C-termini. DNA sequences encoding H7 SH13, H3 VIC11, and H9 HK99 were synthesized
by GenScript. Asn33 mutation was introduced into H7 SH13, H3 VIC11, and H9 HK99 HA
constructs by Genelmmune Biotechnology LLC. DNA sequences of H7 SH13, H3 VIC11,
and H9 HK99 wildtype and mutant HA trimers were cloned into a pVRC8400 expression
plasmid as previously described (Whittle et al., 2014). Expi293 cells were diluted to 1.2 x
108 cells/ml and transfected with 1,000 pg/liter of HA expression plasmids using Turbo293
transfection reagent. At day six, the media was clarified by centrifugation at 10,000 x g
and filtered, concentrated, and loaded on Complete His-Tag Resin (Roche) by gravity flow.
The resin was washed with three column volumes of PBS with 50 mM imidazole (Roche)
and the target protein was subsequently eluted in three column volumes of PBS with 300
mM imidazole. The eluted protein was concentrated and loaded on a Superdex 200 16/60
size exclusion column (GE Healthcare). Fractions corresponding to SH13 HA trimer were
collected, pooled and concentrated.

Antibody production and Fab preparation—To produce the 315-19-1D12 antibody,
Expi293 cells were transfected with p\VRC8400 plasmids encoding Ig heavy and light chain
pairs with ExpiFectamine (Thermo Fisher Scientific). The cells were grown at 33°C for

five days and IgG purified from the cell supernatant using Sepharose Protein A (Pierce).
The purified 1gG protein was cleaved by LysC enzyme (1:4000 w/w) (Roche) at 37°C
overnight for Fab preparation. The enzymatic digestion reaction was stopped by adding in
protease inhibitor (Roche). The cleavage mixture was subsequently passed through a Protein
A column to separate the Fc fragments from the Fab. The Fab collected in the flow-through
was further purified by a Superdex 200 16/60 column in a buffer containing 5 mM HEPES
pH 7.5 and 150 mM NaCl.
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Cryo-electron microscopy structural analyses—The H7 SH13 HA trimer was
incubated with molar excess of antibody Fab fragments of 315-191-D12 and 2.3 pl of

the complex at 2 mg/ml concentration was deposited on a C-flat 1.2/1.3 carbon grid
(protochip.com). An FEI Vitrobot Mark IV was used for vitrification with a wait time of

30 seconds, blot time of 3 seconds, blot force of 1 and humidity of 100%. Leginon (Suloway
et al., 2005) was used for automated data collection on a Titan Krios microscope was using
a Gatan K3 direct detection device. Exposures were collected in movie mode for 2 seconds
with the total dose of 49.9 e-/A2. Pre-processing was performed with Appion (Lander et
al., 2009; Voss et al., 2010); frames were aligned and dose-weighted with MotionCor2
(Zheng et al., 2017), ctf was estimated with CTFFind4 (Rohou and Grigorieff, 2015; Zhang,
2016), DoG Picker (Lander et al., 2009; Voss et al., 2010) was used for particle picking,
RELION (Scheres, 2012) was then used for particle extraction. CryoSPARC 2.15 (Punjani
et al., 2017) was subsequently used for the remaining steps of 2D classifications, ab initio
3D reconstruction, and nonuniform 3D refinement. The initial reconstruction was performed
using C1 symmetry, confirming 3 Fab molecules per trimer, C3 symmetry was then applied
for the final refinement. Model building through coot was followed by simulated annealing
and real space refinement in Phenix (Adams et al., 2004) and then iteratively improved

with manual fitting of the coordinates in Coot (Emsley and Cowtan, 2004). Geometry and
map fitting were assessed through Molprobity (Davis et al., 2004) and EMRinger (Barad et
al., 2015). PyMOL (www.pymol.org) and ChimeraX (Pettersen et al., 2021) were used to
generate figures.

Calculation of pairwise epitope overlap—To determine the epitope residues, the
surface area of each hemagglutinin residue buried by the antibody of each antibody is
calculated based on published antibody-HA complex structure using NACCESS (http://
www.bioinf.manchester.ac.uk/naccess/). A residue is considered an epitope residue if it has
>5A2 of such buried surface area. The epitope overlap between two antibodies defined as
(# of overlapping epitope residues between 2 antibodies) / (maximum number of epitope
residues for the 2 antibodies).

Homology modeling of antibody—Antibody sequences were threaded on H7 SH13
HA-1D12 Fab complex structure (PDB: 6WXL) using software NEST (Koehl and Delarue,
1995). The models were energy minimized using YASARA (Krieger and Vriend, 2015) to
give optimized structure models. Rosetta package, InterfaceAnalyzer, was applied to predict
binding energy between antibody and influenza A virus HA (Stranges and KuhIiman, 2013).
The values of dG_separated reported by Interface Analyzer were used in Figure 3B.

Germline reversion—The inferred germline-reverted antibody was constructed by
reverting the V (HV1-2*06 and KV2-28*01) and J (HJ6*02 and KJ4*01) amino acids

to germline versions. Amino acids on CDR 3 region within the range of germline gene were
also reverted to germline amino acids.

HA binding assay—Meso Scale Discovery (MSD) 384 well Streptavidin coated
SECTOR® Imager 2400 Reader Plates were blocked with 5% MSD Blocker A for 30-60
minutes, then washed six times with the wash buffer (PBS+0.05% Tween). The plates were
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then coated with recombinant biotinylated HA protein for one hour and washed. mAbs were
diluted in 1% MSD Blocker A to 1ug/ml, serially diluted 3-fold, and added to the coated
plates. Sera was diluted 1:100 in 1% MSD Blocker A and serially diluted 3-fold before
adding to coated plates. After one hour incubation, plates were washed and incubated with
SULFO-TAG conjugated anti-human IgG for one hour. After washing, the plates were read
using 1X MSD Read Buffer using a MSD SECTOR® Imager 2400. Binding curves were
plotted and the area under the curve (AUC) was determined using Prism 7.

Affinity measurement—Affinity expressed as dissociation constant (Kp) value was
determined by biolayer interferometry (BLI) using an Octet RED instrument (ForteBio,
Inc.). Histidine-tagged HAs (wildtype or mutants) were loaded onto NTA sensors for 180
s. For the measurement of kg, the association of 1D12 Fab was measured for 180 s

by exposing the sensors to six concentrations (100 nM, 50 nM, 25 nM, 12.5 nM, 6.25
nM, 0 nM) of Fabs in PBS. For the measurement of kogr, the dissociation of 1D12 Fab
was measured for 180 s. Experiments were performed at 30°C. Data analysis and curve
fitting were carried out using the Octet Data Analysis Software 9.0 (fortéBio). Experimental
data were fitted with the binding equations describing a 1:1 interaction. Global analysis
of the data sets assuming reversible binding (full dissociation) were carried out using
nonlinear least-squares fitting allowing a single set of binding parameters to be obtained
simultaneously for all of the concentrations used in each experiment.

In silico protein-protein interface analysis—/n silico pipeline was developed to
approximate protein-protein interface binding energies to correlate with the neutralization
outcome. First, homology models of HA molecules of the diverse influenza subtypes

were generated using YASARA software (Stranges and Kuhlman, 2013), where the
experimentally determined H7 SH13 HA-1D12 Fab cryo-EM structure served as a template.
The modelled HA structure was then superimposed onto the cryo-EM complex structure
and minimized using YASARA. Subsequently, Rosetta’s InterfaceAnalyzer (https://
new.rosettacommons.org/docs/latest/application_documentation/analysis/interface-analyzer)
was used to determine the binding energies between the modelled HA structure and the
1D12 antibody.

An extended epitope set of 46 positions was determined by taking the union of positions
with strictly positive BSA values across all virus strains. This extended epitope definition
was chosen to cover all energy values present in Rosetta’s InterfaceAnalyzer outputs.

Sequence analysis was performed by first aligning HA sequences with the 2HMG sequence
as reference using MAFFT. For logo plots, residues were clustered per position into 6
chemical categories {GSTYC} (Polar), {QN} (Neutral), {KRH} (Basic), {DE} (Acidic),
{AVLIPWFM} (Hydrophobic) and {O} where O represents N-glycosylated residues with
the pattern NxS or NXT with x#P.

A residue was colored grey at a given position if the similarity between the frequency

distribution for the sensitive set P and the resistant set Q was lower than 0.5, as

D(P|Im) + D(Ql1m)
2

measured by the Jensen-Shannon distance JSD. JSD(P11Q) = , Where
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m is the is the pointwise mean of P and Q, and D is the Kullback-Leibler divergence

D(PI1Q) = Zx c XP(x)logz(%) with x being a chemical category.

Experimental validation of in silico method—We performed binding studies

introducing resistant mutations at the four identified epitope positions (33, 278, 366, 377)
into two sensitive strains, in particular mutations that should revert the binding.

Two strains with the highest average in-silico delta energies AE;across the 4 key positions
with the constraint that these strains should also contain the most frequent and representative
residue from the sensitive set as shown in figure 5A were first selected.

1
AEjz Y Eji= Ejwr
1

i € {O33N_E35T, S278D, L3660, N377T}

J € Sensitive strains comtaining most frequent resdiue at the 4 key positions

In other words, we selected strains most likely to knock out binding in-silico with residues
Q33, S278, L366 and N377. This resulted in H3N2_Texas_77 and H3N2_ Shanghai_87.
The resistant mutations introduced were also the most representative of the full resistant set
(glycan33N_E35T, 278D, 366Q and 377T).

For H3N2_Texas_1977, a ABinding was calculated by ABinding = Bindy,,;— Bindy,rwhere
Bind,,,;corresponds to the ELISA reading of a given mutant and Bind),, 7 corresponds to
the HA_A H3N2_Texas_1 1977_DS2-6R ELISA reading. A mutant was not considered

in the analysis if the MEDI8852 control reading was below the average negative controls
(Medium and blank in Data S2, average = 0.103). A correlation was calculated for each
individual 1D12 antibody concentration. P-values were calculated using the python library
statsmodels.api.OLS.

96-well expression and ELISA assessment—Wells with 100 uL of log-phase HEK
293T cells at 2.5 x 10°/ml density in RealFect Media (ABI Scientific) were inoculated in

a 96-well cell culture microplate (Corning Scientific), and allowed to grow for 24 hours at
37°C, 5% CO,. Immediately before transfection, 40 uL of media was removed from each
well. 250 ng of plasmid DNA encoding His-tagged HA protein (GenScript synthesized) in
10 pL of Opti-MEM | Reduced Serum Medium (Invitrogen) was mixed with 0.75 pL of
TrueFect Max transfection reagent (United Biosystems) in 10uL of Opti-MEM | Reduced
Serum Medium at RT for 15 minutes, then added into a cell well in 96-well cell culture
microplate. One day post transfection, 30 pL per well of CelBooster Cell Growth Enhancer
(ABI Scientific) was added. Four days post transfection, the supernatant in the cell well was
harvested, and analyzed in a 96-well ELISA format. Briefly, 30 UL of expression supernatant
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and 70 uL of PBS per well were incubated in Ni-coated plate (Thermo Scientific) at RT for
2 hrs. Captured HA proteins were detected by incubating with anti-HA primary antibodies
at 10 pg/ml concentration at RT for 60 minutes, followed with HRP-conjugate (Jackson
ImmunoResearch Labs) at RT for 30 minutes. After final washing, the reaction signal was
developed by addition of BioFX-TMB (SurModics) at RT for 10 minutes. The reaction was
stopped by the addition of 0.5N H,SO4. The signal was measured at 450nm on a micro plate
reader (SpectraMax Plus, Molecular Devices).

QUANTIFICATION AND STATISTICAL ANALYSIS

Cryo-EM data were processed and analyzed using CryoSPARC. Cryo-EM structural
statistics were analyzed with Phenix and Molprobity. BLI data were analyzed with ForteBio
Data Analysis 9.0 software supplied by the instrument manufacturer. B cell sorting data
were analyzed with GraphPad Prism. Statistical details of experiments are described in
Method Details or figure legends. The /n silico energy distribution in Figures 5B, C, D was
analyzed with the Mann-Whitney test with n_sensitive=26 and n_resistant=29. Additional
details are described in Figure 5 legend. Experimental validation of /n silico results in Figure
S5C was analyzed as detailed above in the section of Experimental validation of in silico
method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Structure of 1D12 in complex with HA at 2.8 A reveals an epitope in the HA
stem

1D12 epitope differs from that of other known broad group 2-neutralizing
antibodies

1D12 derives from IGHV1-2 and IGKV2-28 and forms another antibody
class

HA residues 33, 278, 366, and 377 delineate neutralization specificity of
1D12
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Figure 1. Cryo-EM structure of 1D12 Fab in complex with H7 SH13 HA trimer at 2.8 A
resolution

(A) Overall structure of 1D12 Fab bound to the H7 SH13 HA trimer. Only one antibody

is shown for clarity. The HA trimer is shown in gray with varied shades for the protomers.
The 1D12 epitope is colored yellow; heavy and light chain variable domains colored cyan
and magenta, respectively. Zoom-in view highlights interactions of CDR and FR loops with
HA. (B) Percentage of total buried surface area on SH13 HA contributed by the FRs and
CDRs of 1D12 Fab. Buried surface areas were calculated with PISA (https://www.ebi.ac.uk/
pdbe/pisa/). (C-F) CDR interactions show in ribbons with interacting residues in stick
representation, colored as in (A). (G) 1D12 sequence annotated with Kabat numbering
scheme. Heavy and light residues in contact with HA are colored cyan and magenta. O
denotes main-chain interaction, % denotes side-chain interaction and % denotes both main-
and side-chain interactions. See also Figures S1 and S2, and Tables S1 and S2.
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Figure 2. Similar HA binding region observed in 1D12 and cross-group broadly neutralizing

antibodies

(A) Comprehensive analysis of pairwise % epitope overlap amongst influenza HA stem
antibodies. % overlap with the epitope of 1D12 is indicated by yellow. % epitope overlap
amongst known antibody classes are indicated by magenta. (B) Epitopes of pan-group 2
antibodies CR8020 and CR8043. The HAs of the CR8020 and CR8043 complexes are
depicted as surface representation, with HA1 in dark gray and HA2 in white. The epitopes
(colored forest-green) are located near the base of HA and have little overlap with that of
1D12 (yellow outline). Glycan at Asn38ya1 is shown in cyan for carbon atoms. (C) Epitopes
of HA stem antibodies that are most similar to that of 1D12 correspond to those of groups

1 and 2 broadly neutralizing and group 1-specific neutralizing antibodies. Epitope of 1D12
is indicated in yellow. Epitopes of all other antibodies are indicated in purple. Overlap of
epitopes are indicated in blue.
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Figure 3. Antibody 1D12 appears to be a unique class

(A) Workflow for determination of 1D12 antibody as a new influenza antibody class. (B)
Classification of influenza antibodies encoded by either HV1-2 or KV2-28 from published
papers and this paper. (C) - (E) Superposition of 1D12-HA complex with modeled HA
complex structures of 315-27-1C08, 315-02-1A05 and 1000-3D04 showing their predicted
binding interactions at CDR H3 (left panel of each set) and CDR L1 (right panel of each
set). Interacting residues are shown in stick representation. (F) HA binding analysis of
antibodies 1D12, 315-02-1A05, and 315-27-1C08, and their heavy and light chain-swapped
variants by biolayer interferometry using Octet RED.(G) Summary of classification of 1D12

class antibody. See also Figure S3.
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Figure 4. Glycan at Asn33 is present in all HAL of group 1 except H9 and hinders 1D12 binding
(A) A trimer of the H7 SH13 structure is shown with 1D12. The glycans at positions N33

and N38 of protomer 1 (P1, light yellow) are shown as spheres for this trimer and aligned
trimers from H1IN1 and H5N1. (B-D) Modelling of the 1D12 Fab onto the HIN1 CA09 HA
(PDB: 4M4Y) (B), H5N1 VN04 HA (PDB: 4MHH) (C), and HON2 HK98 (PDB: 1JSD)
(D). The protein of protomer P2 is shown with the glycans from protomer P1. The presence
of glycan at HA1 Asn33 in H1 CAQ09 and H5 VVNO4 resulted in clashes with the 1D12 Fab.
Absence of glycan at HA1 Asn33 in H9 HK98 allowed 1D12 binding without clashes. (E)
Octet affinity measurements of 1D12 Fab binding to wild-type group 2 (H3 and H7) as well
as group 1 (H9) HAs with and without glycan Asn33 introduced. The Kp values were shown
on the right. Hemagglutinin analyte concentrations used 2-fold dilutions starting at 100 nM
and ending with 6.25 nM.
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Figure 5. Resistance and sensitivity of neutralization by 1D12 appears to relate to a collection of
sequence changes, not to a single amino acid change in the epitope

(A) Sequence analysis of epitope residues by chemical properties and corresponding buried
surface area. Chemically different residues between the two sets are colored. (B) /17 silico
binding energy distributions for neutralization resistant and sensitive HAs to 1D12. Mann-
Whitney test P-value = 3.11e-07. (C) Binding energy distributions for resistant (top) and
sensitive (bottom) HAs to 1D12 after introducing consensus sensitive amino acid (top) or
consensus resistant amino acid into WT HA sequences. Mean values for each distribution
are depicted by red circles. Epitope positions with highest expected mutational effected
are highlighted by black dashed boxes and assessed statistically using Mann-Whitney test
(****: P-value < 0.0001, ***: P-value < 0.001, ns: not significant). (D) HA-1D12 binding
energy distributions after introduction of consensus resistant (cyan) or consensus sensitive
(salmon) amino acids in key epitope residues. Single, double, triple and quadruple mutants
are highlighted using black, grey, brown and blue dashed boxes, respectively. (E) Key
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epitope residues are depicted on HA trimer by red spheres. 1D12 light (magenta) and heavy
(cyan) chains are shown in surface representation. See also Figures S4 and S5, and Data S1
and S2.
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REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies

315-19-1D12 | This paper | N/A
Bacterial and virus strains

None |

Biological Samples

PBMC of donor 19 (VRC 315 trial) | (andrews etal., 2017) [ na
Chemicals, peptides, and recombinant proteins

2’-(4-Methylumbelliferyl)-alpha-D-N- Sigma Cat# 8639
aceylneuramainic acid sodium salt hydrate

AbBooster medium ABI scientific Cat# PB2668

Anti-total 1gG-alkaline peroxidase antibody

Southern Biotechnologies

Cat# OB2041-04

BirA Avidity Cat# BirA

Bovine serum albumin Sigma Cat# A2058

Cell culture lysis buffer Promega Cat# E1531
COmplete His-Tag Resin Roche Cat# 05893801001
DreamTaq Mastermix ThermoFisher Cat# K1082
Endoproteinase LysC Roche Cat# 11058533103
Endoglycosidase H New England Biolabs Cat# PO702L
Fugene6 Promega Cat# E2691
HEPES Life Technologies Cat# 15630-080
IGEPAL CA-630 Sigma-Aldrich Cat# 13021

1gG elution buffer Thermo Scientific Cat# 21009
Luciferase assay reagent Promega Cat# E1500
Ni-NTA Capture Biosensors fortéBIO Cat# 18-5103
p-nitrophenyl phosphate Sigma Cat# 487663
Protease inhibitor cocktail tablets Roche Cat# 37378900
Random Hexamers GeneLink Cat# 26-4000-03

Recombinant H1 CAQ9 protein

Protein Sciences

Cat# NR-44074

Recombinant Protein A sepharose

GE Healthcare

Cat# 17-1279-03

RNAseOUT

ThermoFisher

Cat# 10777019

Sodium chloride

Quality Biological, Inc

Cat# 351-036-101

Streptavidin PE ThermoFisher Cat# SA10041
Superscript 11 Reverse Transcriptase ThermoFisher Cat# 18080093
Thrombin Millipore Cat# 2964423

Turbo293 transfection reagent

SPEED BioSystem

Cat# PXX1002

Critical commercial assays

DNA gene synthesis and cloning

GenScript Biotech Corporation

N/A

Site-directed mutagenesis

Genelmmune Biotechnology LLC

N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited data

1D12 Fab

Cryo-EM data and structure of SH13 HA in complex with

This paper

PD: 6WXL; EMDB: EMD-21961

Experimental models: Cell lines

Human: Expi293F cells

Thermo Fisher

Cat# A14527; RRID: CVCL_D615

Human: FreeStyle 293-F cells

Thermo Fisher

Cat# R79007

Human HEK 293T/17 cells ATCC Cat# CRL-11268
Recombinant DNA

H3N2_A/Victoria/361/2011 hemagglutinin NIH/VRC N/A
wild-type plasmid

H3N2_A/Victoria/361/2011 hemagglutinin NIH/VRC N/A
plasmid with Asn33 introduced

H7N9 A/Shanghai/2/2013 hemagglutinin NIH/VRC N/A
wild-type plasmid

H7N9 A/Shanghai/2/2013 hemagglutinin NIH/VRC N/A
plasmid with Asn33 introduced

HIN2 A/Hong Kong/1073/99 Hong Kong NIH/VRC N/A
hemagglutinin wild-type plasmid

HIN2 A/Hong Kong/1073/99 Hong NIH/VRC N/A
Kong hemagglutinin plasmid with Asn33

introduced

pVRC8400-1D12-heavy-chain NIH/VRC N/A
pVRCB8400-1D12-light-chain NIH/VRC N/A

Software and algorithms

Chimera

(Pettersen et al., 2004)

https://www.cgl.ucsf.edu/chimera/

Coot

(Emsley and Cowtan, 2004)

https://sbgrid.org/software/

CryoSPARC 2.15

(Punjani et al., 2017)

https://cryosparc.com

EMRinger

(Barad et al., 2015)

http://emringer.com/

GCTF

(Zhang, 2016)

https://www.mrc-Imb.cam.ac.uk/kzhang/Gcetf/

ForteBio Data Analysis 9.0 software

ForteBio, Inc.

N/A

IMGT (Lefranc et al., 2015) http://www.imgt.org

Leginon (Suloway et al., 2005) https://sbgrid.org/software/titles/leginon

MolProbity (Williams et al., 2018) http://molprobity.biochem.duke.edu

NACCESS http://www.bioinf.manchester.ac.uk/naccess/ | N/A

NEST (Koehl and Delarue, 1995) N/A

PDBePISA (Krissinel and Henrick, 2007) http://www.ebi.ac.uk/pdbe/pisa/

Phenix (Adams et al., 2004) https://sbgrid.org/software/

PRISM GraphPad Software https://www.graphpad.com/scientific-software/
prism/

PyMOL Schrédinger https://pymol.org

Relion (Scheres, 2012) https://www3.mrc-Imb.cam.ac.uk/relion/
index.php/Main_Page

Rosetta (Lyskov et al., 2013; Weitzner et al., 2017) https://rosie.graylab.jhu.edu

YASARA (Krieger and Vriend, 2015) http://www.yasara.org
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