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SUMMARY

The BA.2 sub-lineage of the Omicron (B.1.1.529) severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) variant rapidly supplanted the original BA.1 sub-lineage in early 2022. Both lineages threatened the
efficacy of vaccine-elicited antibodies and acquired increased binding to several mammalian ACE2 recep-
tors. Cryoelectron microscopy (cryo-EM) analysis of the BA.2 spike (S) glycoprotein in complex with mouse
ACE2 (ImACE2) identifies BA.1- and BA.2-mutated residues Q493R, N501Y, and Y505H as complementing
non-conserved residues between human and mouse ACE2, rationalizing the enhanced S protein-mACE2
interaction for Omicron variants. Cryo-EM structures of the BA.2 S-human ACE2 complex and of the exten-
sively mutated BA.2 amino-terminal domain (NTD) reveal a dramatic reorganization of the highly antigenic N1
loop into a B-strand, providing an explanation for decreased binding of the BA.2 S protein to antibodies iso-
lated from BA.1-convalescent patients. Our analysis reveals structural mechanisms underlying the antigenic
drift in the rapidly evolving Omicron variant landscape.

INTRODUCTION

The extensively mutated Omicron variant (B.1.1.529) is threatening
the efficacy of vaccines and antibody therapeutics after replacing
the Delta variant (B.1.617.2) as the globally dominant severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) lineage.
Initially, five sub-lineages of Omicron were identified as BA.1,
BA.2, BA.3, BA.4, and BA.5. Lineages BA.1 and BA.1.1 —a further
sub-lineage of BA.1 that differs only by an additional R346K muta-
tion in the spike (S) protein—comprised the vast majority of Omi-
cron infections in late 2021 (Figure 1A)." In early 2022, however,
BA.2 infections began increasing and displacing the BA.1 lineages,
with BA.2 constituting the majority of SARS-CoV-2 infections by
March. The S protein mutational profile of sub-lineage BA.3 resem-
bles the BA.1 mutational profile most closely, yet this variant never
exceeded 1% of global SARS-CoV-2 infections. The BA.4 and
BA.5 sub-lineages share identical S protein mutations, which differ
from the BA.2 S protein by only a few mutations (A69/70, L452R,
and F486V), with these lineages combining to comprise less than
20% of global infections by the end of May 2022 (Figure 1A).
BA.2 shares many S protein mutations with BA.1 with the excep-
tion of a number of unique mutations in the receptor-binding
domain (RBD) and amino-terminal domain (NTD) (Figure 1B). Given
the functional importance of the RBD and NTD in receptor engage-
ment and their susceptibility to vaccine-elicited neutralizing anti-
bodies, > we sought to understand the molecular consequences
of BA.2 S protein mutations within these two domains.
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RESULTS

Cryoelectron microscopy (cryo-EM) structural analysis of the
BA.2 S protein ectodomain reveals preserved overall architec-
ture compared with the wild-type S, BA.1 S, and other previously
emerged SARS-CoV-2 variant S structures (Figures 1C and
S1).° Wild type (WT) refers to the Wuhan-Hu-1 isolate with
the addition of the D614G mutation (lineage B.1). Similar to our
observations for the BA.1 S trimer,” the RBD of a single protomer
within the BA.2 trimer is well resolved in the “up” position, with
poor densities for the other 2 RBDs demonstrating flexibility of
these regions relative to the rest of the trimer. This suggests a dy-
namic nature of the BA.2 RBD and is consistent with recent
structural analyses: Stalls et al. found 3-RBD-down, 1-RBD-up,
and 1.5-RBD-up conformations in their cryo-EM analysis of the
BA.2 ectodomain,'® while Zhang et al. found 3-RBD-down,
1-RBD-up, and 1-RBD conformations in an intermediate up
conformation for the BA.2 full-length S protein. "

The unique BA.1 G496S mutation, which is the sole differenti-
ating mutation between BA.1 and BA.2 within the receptor-bind-
ing motif (the portion of the S protein that directly interacts with
ACE2), was recently shown to add a new hydrogen bonding
interaction with human ACE2 (hACE2) residue K353.° We
measured the affinity of the BA.2 S protein ectodomain or RBD
binding to hACE2 using three different surface plasmon reso-
nance approaches: (1) measurement of binding of dimeric
hACE2 to immobilized WT, BA.1, and BA.2 RBDs (Figure 2A);
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Figure 1. Global prevalence and S protein mutations of the Omicron sub-lineages

(A) Global prevalence of Omicron sub-lineages BA.1, BA.1.1, and BA.2 from November 2021 to March 2022. Only Omicron sub-lineages surpassing 1% global
frequency are displayed. Sequence data were downloaded from the Global Initiative on Sharing All Influenza Data (GISAID) and graphed as weekly prevalence.
(B) SARS-CoV-2 spike (S) protein amino acid sequence boxplots for the wild-type (D614G), BA.1/BA.1.1, and BA.2 Omicron sub-lineages. The BA.1.1 lineage is
identical to BA.1 with the exception of an additional R346K mutation. NTD, N-terminal domain; RBD, receptor-binding domain; RBM, receptor-binding motif.
(C) Cryo-EM-derived atomic model of the BA.2 S glycoprotein. Each S protein protomer is colored in different shades of blue. The locations of modeled amino
acid mutations are shown as spheres on one protomer. BA.1-, BA.1.1-, and BA.2-specific mutations are colored in magenta, light magenta, and purple,
respectively. Shared mutations across BA.1, BA.1.1, and BA.2 sub-lineages are colored in gray.

(2) measurement of binding of WT, BA.1, and BA.2 RBDs to im-
mobilized dimeric hACE2 (Figure 2B); and (3) measurement of
binding of WT, BA.1, and BA.2 S protein ectodomains to immo-
bilized dimeric hACE2. Collectively, these measurements reveal
increased binding affinity of the BA.2 S protein to hACE2 relative
to WT and is comparable to the increased binding affinity
observed for BA.1.

To visualize the structural impacts of BA.2 RBD mutations on
hACE2 binding, we performed cryo-EM analysis of the BA.2 S
protein in complex with hACE2 (Figures 2D and S1). Structural
alignment of BA.1 and BA.2 RBD-hACE2 complexes demon-
strates a high degree of structural similarity across both the
RBDs and hACE2 molecules (0.97 A root-mean-square devia-
tion; Figure 2E). Seven mutations distinguish the BA.1 and
BA.2 RBDs—BA.1 contains S371L, G446S, and G496S muta-
tions and BA.2 contains S371F, T376A, D405N, and R408S mu-
tations—yet only the G496S mutation makes differential interac-
tions with hACE2 residues between these two sub-lineages
(Figures 2F and 2G). The S496G revertant mutation present in
the BA.2 receptor-binding motif (RBM) no longer makes a
hydrogen bonding interaction that is present in the BA.1 RBD-
hACE2 complex. However, the loss of this hydrogen bonding
interaction in the BA.2 variant S does not impart a measurable
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difference in overall hACE2 binding (Figures 2A-2C); therefore,
we conclude that similar to BA.1, the numerous mutations within
the BA.2 S protein enable enhanced hACE2 affinity relative to the
WT S protein.

The BA.1 and BA.2 S proteins uniquely exhibit a significant in-
crease in binding affinity for mouse ACE2 (mACE2) compared
with previous SARS-CoV-2 lineages.'*'® Additionally, increased
cell entry —relative to WT —was observed in authentic BA.1 virus
infecting cells overexpressing mACE2."* Mouse-adapted SARS-
CoV-2, generated by the serial passaging of the virus in mice,
reproducibly (across multiple studies) selected for mutations at
positions Q493 and Q498,'>'® which are mutated sites in the
BA.1 and BA.2 Omicron sub-lineages. To provide a structural
basis for the increased mACE2 affinity exhibited by both the
BA.1 and BA.2 Omicron variants, we solved cryo-EM structures
of their S proteins in complex with the ectodomain of mMACE2
(Figures 3A-3C and S1). mACE2 is observed to be similarly posi-
tioned in its binding of the BA.1 and BA.2 RBDs compared with
hACE2 (Figures 3A-3C and S2). Focused refinement of the BA.1-
and BA.2-mACE2 regions was possible, resultingin 2.8 and 2.7 A
local reconstructions, respectively, and allowing for side-chain
placement at the RBD-mACE2 interfaces. As shown for the
hACE2 structures, the BA.1- and BA.2-mACE2 focused
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Figure 2. Binding affinity and cryo-EM structure of the Omicron BA.2 S protein-human ACE2 complex

(A) Surface plasmon resonance experiments measuring dimeric human ACE2 (hACE2) binding to immobilized wild-type (WT), BA.1, and BA.2 RBDs, performed in
technical triplicates. Summary data are shown at the top with representative surface plasmon resonance (SPR)-binding curves (colored solid line), and fitted 1:1
binding models (black dashed line) are shown on bottom.

(B) As in (A) but measuring WT, BA.1, and BA.2 RBDs binding to immobilized dimeric hACE2, performed in at least technical quadruplicates.

(C) As in (A) but measuring WT, BA.1, and BA.2 ectodomains binding to immobilized dimeric hACE2, performed in at least technical duplicates. The WT and BA.1
data in (C) were previously reported.’ Pairwise statistical significance test was performed using a one-way ANOVA test (*p < 0.05; **p < 0.01; **p < 0.001; ****p
< 0.0001, ns, not significant).

(D) Focus-refined cryo-EM density map and fitted atomic model of the BA.2 RBD in complex with hACE2 at 2.8 A.

(E) Aligned atomic models of hRACE2 bound to BA.1 and BA.2 RBDs. The BA.1 RBD (PDB: 7T9L) and complexed hACE2 atomic models are shown in magenta and
dark blue, respectively. The BA.2 RBD and complexed hACE2 atomic models are shown in purple and light blue, respectively.

(F) Atomic model of the BA.1 S protein-hACE2 complex, focused on residue S496. The hydrogen bonding interaction between BA.1 S protein residue S496 and
hACE2 residue K353 is indicated by an orange dashed line.

(G) As in (F) but for the BA.2 S protein-hACE2 complex, focused on residue G496.
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Figure 3. Cryo-EM structure of the Omicron BA.2 S protein-mouse ACE2 complex

(A) Cryo-EM density map of BA.2 S protein in complex with mouse ACE2 at 2.5 A. Mouse ACE2 is shown in green, and protomers of the BA.2 S protein are shown
in shades of purple.

(B) Focus-refined cryo-EM density map and fitted atomic model of the BA.2 RBD-mouse ACE2 (MACE2) complex at 2.7 A.

(C) Aligned atomic models of the BA.1 and BA.2 RBD-mACE2 complexes. The BA.1 RBD and complexed hACE2 atomic models are shown in magenta and dark
green, respectively. The BA.2 RBD and complexed hACE2 atomic models are shown in purple and light green, respectively.

(D) Atomic model of the BA.2 RBD-mACE2 complex, focused on residues Y501 and H505.

(E) As in (D) but focused on residue R493.

(F) Atomic model of the WT RBD-hACE2, focused on residues N501 and Y505.

(G) As in (H) but focused on residue Q493.

(H) Atomic model of mMACE2 from the perspective of a binding RBD. Black labels are mACE2 residues, and gray labels denote the interacting residues in a bound
RBD. Gold labels denote the interacting residues in a bound RBD that are mutated in the BA.1 and BA.2 Omicron sub-lineages.
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refinements exhibit a high degree of structural similarity relative
to one another (0.87 A root-mean-square deviation), with iden-
tical side-chain interactions made at the RBD-mACE2 interface.
In the BA.1 and BA.2 RBD-hACE2-bound structures, the sole
differentiating mutation at this interface is the BA.1-specific
G496S mutation, which makes a hydrogen bonding interaction
with hACE2 residue K353 (Figures 2F and 2G). In mACE2, posi-
tion 353 is a histidine residue that is not positioned to hydrogen
bond with S496 (>4.8 A distance) in BA.1 (Figure S2), thus the
BA.1-specific G496S mutation does not distinguish the BA.1
and BA.2 variants at the mACE2 interface as it did in hACE2.
Our analysis proceeds with the higher-resolution BA.2-mACE2
focus-refined structure, with direct parallels possible for the
BA.1-mACE2 structure.

mACE?2 has a high degree of overall amino acid sequence ho-
mology with hACE2 (82% identity), with lower sequence homol-
ogy (73% identity) at the RBD-interaction interface comprising
ACE2 amino acid residues 18-46, 78-91, 324-358, and 392-
394."" There are two sites within the Omicron RBD-mACE?2 inter-
face that differ relative to the Omicron RBD-hACE2 interface.
The first site (Figure 3D) involves residue H353 in mACE2
(K353 in hACE2) forming -7t stacking and hydrogen bonding in-
teractions with Omicron-mutated RBD residues Y501 and H505,
respectively. Both of these interactions are not possible in the
WT RBD, which harbors N501 and Y505 residues at these posi-
tions (Figure 3F). Site two (Figure 3E) involves Omicron-mutated
residue R493 forming a hydrogen bonding interaction with resi-
due N31 of mACE2 (K31 in hACE2). Across these two sites, we
see that non-conserved ACE2 residues between hACE2 and
mACE2 (H353, N31, Q34) are complemented by mutated resi-
dues in the Omicron variants, providing us with the conclusion
that the mutations Q493R, N501Y, and Y505H engage non-
conserved ACE2 residues unique to mACE2, rationalizing the
enhanced binding of mMACE2 by the Omicron variant S proteins
(Figure 3H).

Given that the vast majority of mutational differences between
the BA.1 and BA.2 S proteins are within the immunogenic NTD
and RBD regions, we sought to probe the antigenic differences
between these proteins. We first assessed antibody binding of
WT, BA.1, and BA.2 S proteins via ELISA using a small panel
of RBD- and NTD-directed antibodies.®?° BA.1 and BA.2 S pro-
teins exhibited similarly decreased binding by all antibodies
compared with the WT S protein, with a pronounced decrease
in BA.2 S binding by S309 compared with BA.1. S309 is the pre-
cursor to the clinical monoclonal antibody sotrovimab, which is
the only FDA-approved monoclonal antibody that retained
neutralization capability for the BA.1 variant.'*?%?* Both BA.1
and BA.2 share N440K and G339D mutations, which are within
the S309 epitope, while the sub-lineages are differentiated by
S371L (BA.1) and S371F (BA.2) mutations in an alpha helix close
to the N343 glycan, an important feature of the S309 epitope
(Figure S2).%° A recent study by lketani et al. showed that the
S371F mutation alone was sufficient to decrease the neutraliza-
tion potency of S309 by 20-fold, suggesting that this distal mu-
tation may disrupt the S309-binding epitope via allosteric muta-
tional mechanisms.?® Superposition of WT, BA.1, and BA.2
RBDs reveals no prominent structural changes that could ac-
count for this finding, although a shift in the antigenic surface

¢ CellP’ress

of these domains is evident upon mapping BA.1- and BA.2-spe-
cific mutations (Figures 4C and 4D). There is a distinct shift from
the location of two BA.1-specific RBD mutations to three BA.2-
specific RBD mutations, which are located within the footprints
of different patient-derived antibodies.

To assess structural differences within the flexible NTD region,
we performed focused refinement on the NTD of the BA.2 S pro-
tein and were able to resolve a structure at 2.9 A (Figures S1 and
S3). In contrast to the RBD, inspection of the WT, BA.1, and BA.2
NTDs reveals a structural reordering of the immunodominant N1
loop within the BA.2 NTD (Figure 4E). While the N1 region is adja-
cent to the loop formed by residues 67-79 within the WT and
BA.1 NTDs, the BA.2 N1 region is located between both ends
of the 67-79 loop as a beta strand within an anti-parallel beta
sheet, resembling a “threading” of the BA.2 N1 region within
the 67-79 loop. Given the inability of proline to contribute favor-
able hydrogen bonding contacts within beta sheets,?® the struc-
tural rearrangement and ordering of the BA.2 N1 region is likely
driven by the loss of two proline residues due to the BA.2-spe-
cific deletion of residues 24-26. This structural threading of the
N1 loop is a distinguishing feature of the BA.2 variant and is sig-
nificant given the inclusion of the N1 loop within the “NTD
neutralization supersite” —designated for the propensity of pa-
tient-derived neutralizing antibodies to bind this location.®?” Fig-
ure 4F shows a comparison of PDB-deposited structures of pa-
tient-derived NTD binding antibodies aligned to a single NTD.
From this alignment, one can see that a significant portion of
NTD-binding antibodies contact the N1 and 67-79 loops, which
are rearranged in the BA.2 NTD and rationalizes the reported
antibody escape.”>?® Further, this rearrangement likely perturbs
the NTD glycan shield, with glycosylated amino acid residue N74
significantly rearranged in the BA.2 NTD (Figure S3).% Addition-
ally, the BA.2 S protein lacks the N17-linked glycan present in
both the WT and BA.1 NTDs due to the T19] mutation, which de-
stroys the N-linked glycosylation consensus sequence (N-X-S/T/
C, where X is any amino acid except proline). Therefore, rear-
rangement and the loss of glycans within the BA.2 NTD likely
further contribute to its antibody escape.

Despite detecting a large decrease in 4A8 binding against
BA.2 relative to WT (Figure 4A), we were able to complex the
BA.2 S protein with 4A8 under conditions with high antibody
excess and solve a cryo-EM structure of the complex, yielding
a slightly higher-resolution (2.5 /f\) focus-refined structure of the
BA.2 NTD (Figures S1 and S3). This structure also shows the
threading of the N1 loop through the 67-79 loop and confirms
that this BA.2 NTD rearrangement is present when the NTD is
bound to an antibody.

We hypothesized that the mutational changes in the antigenic
surface of the RBD along with the structural reordering of the
NTD represent an antigenic drift between the BA.1 and BA.2 S
proteins. To test this, we purified BA.1 S ectodomain-, RBD-,
and NTD-specific polyclonal antibodies from patients with a his-
tory of BA.1 infection and assessed the ability of the immuno-
globulin G (IgG) component of these preparations to bind the
BA.2 S ectodomain via ELISA (Figures 4G and S4). The IgG
component of all three polyclonal antibody preparations bound
the BA.2 S ectodomain to a lower extent than BA.1. Interestingly,
the disparity between BA.2 and BA.1 S ectodomain binding was
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Figure 4. Antigenic shift of the BA.2 S protein

(A) Percentage of binding of monoclonal antibodies against the BA.1 and BA.2 S proteins relative to WT as assessed by ELISA, performed in technical triplicates.
(B) Antibody epitopes with the side chains of contacted residues within the RBD or NTD shown and colored. BA.1- and BA.2-mutated residues are labeled within
the antibody epitopes in magenta and purple, respectively, with shared mutations labeled in gray.

(C) Alignment of WT, BA.1, and BA.2 RBDs, with shared, BA.1-specific, and BA.2-specific mutations labeled in gray, magenta, and purple, respectively.

(D) Alignment of select patient-derived RBD-directed antibodies on the RBD. CB6, PDB: 7C01; REGN10933/REGN10987, PDB: 6XDG; CV2-75, PDB: 7M31;
CR3022, PDB: 6YLA.

(E) Side-by side comparison of WT (PDB: 7KRS), BA.1 (PDB: 7TNW), and BA.2 NTDs with a focused view on the structural rearrangement of the 67-79 loop and
N1 antigenic loop.

(F) Alignment of deposited patient-derived NTD-directed antibody atomic models with PDB IDs listed in Table S2. The labels of antibodies that make inter-
molecular contacts with the N1 and/or 67-79 loop are colored in orange and/or underlined in green, respectively. The NTD is shown in gray with its N1 loop
highlighted in orange and the 67-79 loop in green.

(G) Schematic and BA.2/BA.1 antibody-binding ratio for domain-enriched (ectodomain, NTD, or RBD) BA.1-convalescent polyclonal sera. Serum was pooled
from 18 BA.1-convalescent patients (16 breakthrough cases and 2 infections in non-vaccinated patients) prior to incubation with either BA.1 ectodomain, NTD, or
RBD to enrich domain-specific BA.1-convalescent antibodies. The samples were washed prior to quantification of IgG binding by ELISA and plotting of the BA.2/
BA.1 ratio of domain-specific antibody binding. Data are derived from serum from 18 pooled BA.1-convalescent patients, and the ELISA assays were performed
in technical duplicates.
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greater for both RBD-specific antibodies (~40% decrease in
BA.2 S binding) and NTD-specific antibodies (~60% decrease
in BA.2 S binding) relative to whole S ectodomain-specific anti-
bodies (~20% decrease in BA.2 S binding). This result suggests
that antibodies targeting the BA.1 RBD and NTD are particularly
sensitive to mutations within the BA.2 S protein, demonstrating
an antigenic drift between BA.1 and BA.2 lineages that is driven
by S protein RBD and NTD mutations.

DISCUSSION

Herein, we have conducted a structural comparison of the spike
proteins from the original Omicron BA.1 sub-lineage and the
BA.2 lineage that replaced it. We provide a structural basis for
the acquired ability of BA.1 and BA.2 S proteins to engage
mACE2, finding Omicron mutations at the ACE2-binding site to
complement non-conserved residues between hACE2 and
mMACE2. As for BA.1, BA.2 exhibits dramatic escape from mono-
clonal antibodies through direct mutational effects within the
RBD and allosteric mutational effects within the BA.2 NTD, for
which we determined a structural basis. Finally, our discovery
that BA.1 convalescent polyclonal sera exhibits decreased bind-
ing for the BA.2 ectodomain, RBD, and NTD relative to BA.1
highlights the antigenic difference between the BA.1 and
BA.2 S proteins. Our overarching finding is that the BA.1 and
BA.2 S proteins do not differ greatly with regards to ACE2 bind-
ing (human or mouse) yet are distinguished by the arrangement
of their NTDs, with implications for the evasion of convalescent
serum antibodies. It is likely that mutations within proteins other
than the S protein that underlie processes such as transmission
and replication also rationalize the emergence and global domi-
nance of the BA.2 sub-lineage.

The Omicron BA.1 and BA.2 sub-lineages share mutations with
previously circulating SARS-CoV-2 variants, such as Alpha
(B.1.1.7) and Delta (B.1.617.2)—the only other variants to
surpass 50% global prevalence." We previously showed that
SARS-CoV-2 S protein mutations are highly modular, with a given
mutation in one variant imparting similar effects on hACE2 binding
and antibody evasion in another variant S.°° For example, the
N501Y mutation within the RBM of the Alpha and BA.1/
BA.2 S proteins contributes additional interactions with hACE2,
likely explaining—in part—their enhanced hACE2 binding affinity.
While the Alpha and Delta variants emerged prior to population-
level vaccination, the BA.1/BA.2 variants arose since widespread
vaccination had been achieved. This widespread global vaccina-
tion may have shifted viral fithess pressure toward variants that
exhibit significant evasion of pre-existing immunity.®"*? The
Alpha and Delta variant S proteins were primarily characterized
as enabling enhanced cell infectivity compared with the WT
S,7%33% while the BA.1 and BA.2 S proteins exhibit preserved
hACE2 binding efficiency and dramatically altered antigenic sur-
faces, enabling them to significantly escape vaccine- and infec-
tion-elicited immunity. Therefore, the enhanced immune evasion
achieved by the Omicron sub-lineage S proteins, in combination
with mutational effects in non-S viral proteins, likely rationalizes
their rapid and sustained global prevalence.

Omicron spillover into non-human animals has been reported
in white-tailed deer and cats.***” The acquired ability of
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SARS-CoV-2 variants to access animal reservoirs allows them to
sample different evolutionary pressures in these organisms, with
potential impacts on “spillback” transmission, which has recently
been reported for deer-to-human transmission.*® Our identifica-
tion of Q493R, N501Y, and Y505H Omicron mutations as comple-
menting the non-conserved residues N31 and H353 (between
hACE2 and mACE2) may be extended to the ACE2 sequences
of other animals to enable predictions of their susceptibility to
SARS-CoV-2 infection. Interestingly, mACE2 is distinguished
from human, cat, ferret, deer, and bat ACE2 by non-conserved
N31 and H353 residues (Figure S5), and the fact that these resi-
dues make intermolecular contacts with Omicron-specific RBD
mutations provides a structural rationale for the acquisition of
BA.1 and BA.2 sub-lineages binding to mACE2.

The restructuring of the N1 antigenic loop within the BA.2 NTD
rationalizes, in part, the antigenic drift reported between the BA.1
and BA.2 Omicron sub-lineages. While BA.1 and BA.2 appear to
be similarly immune evasive,”>*° these variants are distinguished
by different antigenic properties in their S proteins. Our finding of
decreased BA.1 ectodomain-, NTD-, and RBD-directed anti-
bodies to the BA.2 S protein ectodomain provides a domain-spe-
cific assessment of this antigenic drift. While the rearrangement of
the BA.2 NTD represents the largest structural distinction between
the BA.1 and BA.2 S proteins, it is likely that the differential muta-
tions withinthe BA.1 and BA.2 RBDs have the greatestinfluence on
this Omicron sub-lineage antigenic drift, given the immunodomi-
nance of the RBD in the humoral immune response.®

Limitations of the study

Our analyses make use of timeric HexaPro-stabilized S protein
ectodomains, which differ from native S proteins by six stabiliz-
ing proline mutations in the S2 domain and the transmembrane
domain replaced with a trimerization motif.*® We have focused
the present study on characterizing the BA.1 and BA.2 S glyco-
proteins; however, there exist distinguishing mutations outside
of the S protein open reading frame that may influence different
aspects of viral fitness (replication kinetics and tropism, for
example). Future studies will provide further insight into these as-
pects of viral fitness to garner a better understanding of the evo-
lution and global prevalence of SARS-CoV-2.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

VH-FC ab8 (Lietal)™ N/A

Fab S309 (Pinto et al.)*° N/A

Fab S2M11 (Tortorici et al.)"® N/A

Fab 4-8 (Liu et al.)*' N/A

Fab 4A8 (Chi et al.)*® N/A

Fab DH1052 (Li et al.y*® N/A

Goat anti-human IgG
Mouse anti-his tag antibody

Jackson ImmunoReserach
abcam

Cat. # 109-035-088; RRID: AB_2337584
Cat# ab18184; RRID: AB_444306

Chemicals, peptides, and recombinant proteins

Ace2 (18-615)
BA.1 RBD

New England Biolabs
Sino Biological

Cat. # 73775S
Cat# 40592-V08H121

Critical commercial assays

Pierce 1-Step Ultra Substrate Solution ThermoFisher Cat. # 34028

Deposited data

S(BA.2) This paper Global refinement: EMDB 27523, PDB: 8DM1
Focus refinement: EMDB 27524, PDB: 8DM2

S(BA.2)+hACE2 This paper Global refinement: EMDB 27527, PDB: 8DM5
Focus refinement: EMDB 27528, PDB: 8DM6

S(BA.2)+mACE2 This paper Global refinement: EMDB 27529, PDB: 8DM7
Focus refinement: EMDB 27530, PDB: 8DM8

S(BA.1)+mACE2 This paper Global refinement: EMDB 27531, PDB: 8DM9
Focus refinement: EMDB 27532, PDB: 8DMA

S(BA.2)+4A8 This paper Global refinement: EMDB 27525, PDB: 8DM3
Focus refinement: EMDB 27526, PDB: 8DM4

Experimental models: Cell lines

Expi293F ThermoFisher Cat# A14527

Recombinant DNA

pcDNABS.1 HexaPro BA.1 Mannar et al.’ N/A

pcDNAS.1 BA.1 NTD This paper N/A

pcDNAB.1 HexaPro BA.2 This paper N/A

pcDNAS.1 BA.2 NTD This paper N/A

pcDNAS.1 BA.2 RBD This paper N/A

pcDNABS.1 hACE2 (1-615) Mannar et al.’ N/A

pcDNA3.1 mACE2 (1-615) This paper N/A

pCSCG hACE2-FC Yang et al.*® Addgene: 164222

pcDNA3.1 Fab S309 Light Chain Mannar et al.* N/A

pcDNA3.1 Fab S309 Heavy Chain Mannar et al.*° N/A

pcDNA3.1 Fab S2M11 Light Chain Mannar et al.*° N/A

pcDNA3.1 Fab S2M11 Heavy Chain Mannar et al.*° N/A

pcDNA3.1 Fab 4-8 Light Chain Saville et al.*° N/A

pcDNA3.1 Fab 4-8 Heavy Chain Saville et al.*° N/A

pcDNA3.1 Fab 4A8 Light Chain Saville et al.*° N/A

pcDNA3.1 Fab 4A8 Heavy Chain Saville et al.* N/A

pcDNA3.1 Fab DH1052 Light Chain This paper N/A

10 Cell Reports 42, 111964, January 31, 2023

(Continued on next page)



Cell Reports

¢? CellPress

OPEN ACCESS

Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
pcDNABS.1 Fab DH1052 Heavy Chain This paper N/A

Software and algorithms

GraphPad Prism

EPU automated acquisition

UCSF Chimera
UCSF ChimeraX
RELION 3.1

cryoSPARC live (v3.0.1)

GraphPad 7.0

ThermoFisher Scientific

Pettersen et al.*’
Goddard et al.*?
Scheres*®

Punjani et al.**

https://www.graphpad.com/
scientific-software/prism/

https://www.thermofisher.com/
us/en/home/electron-microscopy/
products/software-em-3d-vis/
epu-software.html

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

https://github.com/3dem/relion/
releases/tag/3.1.0

https://cryosparc.com/live

COoOoT Emsley et al.*® https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

Phenix Liebschner et al.*® https://phenix-online.org/

MolProbity Williams et al.*” http://molprobity.biochem.duke.edu/

PyMOL v.2.2 Schrodinger, LLC https://pymol.org/2/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sriram
Subramaniam (sriram.subramaniam@ubc.ca).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
® Cryo-EM reconstructions and atomic models generated during this study are available at the PDB and EMBD databases
(https://www.rcsb.org; http://emsearch.rutgers.edu), with PDB and EMBD identifiers listed in the key resources table and
Table S1.
® 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
Expi293F cells (ThermoFisher, Cat# A14527) were grown in suspension culture using Expi293 Expression Medium (ThermoFisher,
Cat# A1435102) at 37°C, 8% CO2 with agitation at 130 rpm.

METHOD DETAILS

Ethics statement

Patient derived sera samples were collected according to the CARE COVID Study (http://www.bccdc.ca/health-professionals/
clinical-resources/covid-19-care/covid-19-serology-care-covid-study) with ethics approval from the UBC Clinical Research Ethics
Board.

Expression and purification of Omicron recombinant spike protein constructs

The production of the SARS-CoV-2 wild-type (D614G) and BA.1 HexaPro S proteins and human ACE2 (residues 1-615) were
described previously.” %% The BA.1 RBD was obtained from Sino Biological (Cat# 40592-V08H121).
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The BA.2 Omicron HexaPro S protein gene was synthesized and inserted into pcDNA3.1 (GeneArt Gene Synthesis, Thermo Fisher
Scientific). The mouse ACE2 gene was ordered from Addgene (Plasmid #158087) and amino acid residues 1-615 were amplified and
inserted into pcDNAS3.1 with a C-terminal HRV 3C site, 8x histidine tag and twin strep tag.

Expi293F cells were transiently transfected at a density of 3 x 10° cells/mL using linear polyethylenimine (Polysciences Cat#
23966-1). The media was supplemented 24 hours after transfection with 2.2 mM valproic acid, and expression was carried out for
3 days at 37°C, 8% CO2. The supernatant was harvested by centrifugation and filtered through a 0.22-um filter prior to loading
onto a 5 mL HisTrap excel column (Cytiva). The column was washed for 20 CVs with wash buffer (20 mM Tris pH 8.0, 500 mM
NaCl), 5 CVs of wash buffer supplemented with 20 mM imidazole, and the protein eluted with elution buffer (20 mM Tris pH 8.0,
500 mM NaCl, 500 mM imidazole). Elution fractions containing the protein were pooled and concentrated (Amicon Ultra 100 kDa
cut off, Millipore Sigma) for gel filtration. Gel filtration was conducted using a Superose 6 10/300 GL column (Cytiva) pre-equilibrated
with GF buffer (20 mM Tris pH 8.0, 150 mM NaCl). Peak fractions corresponding to soluble protein were pooled and concentrated
(BA.2 spike protein: Amicon Ultra 100 kDa cut off, Millipore Sigma; mouse ACE2 protein: Amicon Ultra 30 kDa cut off, Millipore
Sigma). Protein samples were flash-frozen in liquid nitrogen and stored at —80°C.

Surface plasmon resonance (SPR)

A Biacore T200 instrument was used for all SPR experiments. All experiments were performed at 25°C, using 10 mM HEPES, 150 mM
NaCl, 3mM EDTA and 0.05% v/v Surfactant P20 as the SPR running buffer. The surface was regenerated using 10 mM glycine pH 1
for all experiments which strips all proteins from the SPR chip surface. Fresh protein was immobilized onto the SPR chip at the begin-
ning of each experimental run. Reference-subtracted curves were fitted to a 1:1 binding model using Biacore evaluation software.
Specific details pertaining to each experimental setup are described below.

ACE2-FC as ligand, RBD as analyte

Human ACE2 attached to a human FC tag (ACE2-FC) was immobilized using the series S protein A chip in SPR running buffer.
Increasing concentrations of RBD protein constructs (6.25 nM, 31.25 nM, 62.5 nM, 125 nM, 250 nM) were flowed over the surface
for single cycle kinetic experiments.

RBD as ligand, ACE2-FC as analyte

CMS5 chips were functionalized with anti-his tag antibody (abcam Cat# ab18184) using an amine coupling kit (Cytiva) and used to
capture his tagged RBD constructs. Increasing concentrations of ACE2-FC (2.5 nM, 25 nM, 50 nM, 100 nM, 200 nM) were flowed
over the surface for single cycle kinetic experiments.

ACE2-FC as ligand, spike protein ectodomain as analyte

Human ACE2 attached to a human FC tag (ACE2-FC) was immobilized using the series S protein A chip in running buffer. Increasing
concentrations (6.25nM, 31.25 nM, 62.5 nM, 125 nM, 250 nM) of BA.2 spike protein trimers were flowed over the surface for single cycle
kinetic experiments and compared to previously published data® for WT and BA.1 spike ectodomains obtained in an identical assay.

Antibody production

VH-FC ab8, Fab S309, Fab S2M11, Fab 4-8, Fab 4A8, and Fab DH1052 were produced as previously described.***° Briefly, plas-
mids encoding the light and heavy chains for each Fab were used to co-transfect Expi293 cells at a density of 3 x 10° cells/mL using
linear polyethylenimine (Polysciences Cat# 23966-1). The heavy chains were designed to incorporate a C-terminal 6x histidine tag.
24 hours following transfection, the media was supplemented with 2.2 mM valproic acid, and expression was continued for 3-5 days
at 37°C, 8% CO.. The supernatant was harvested by centrifugation and filtered through a 0.22-um filter prior to loading onto a 5 mL
HisTrap excel column (Cytiva). The column was washed for 20 CVs with wash buffer (20 mM Tris pH 8.0, 500 mM NaCl) and 5 CVs of
wash buffer supplemented with 20 mM imidazole. The protein was eluted with elution buffer (20 mM Tris pH 8.0, 500 mM NaCl,
500 mM imidazole). Elution fractions containing the protein were pooled and concentrated (Amicon Ultra 10 kDa cut off, Millipore
Sigma) prior to gel filtration. Gel filtration was conducted using a Superose 6 10/300 GL column (Cytiva) pre-equilibrated with GF
buffer 20 mM Tris pH 8.0, 150 mM NaCl). Peak fractions corresponding to soluble protein were pooled and concentrated to 8-
20 mg/mL (Amicon Ultra 10 kDa cut off, Millipore Sigma). Fabs were stored at 4°C until use.

Monoclonal antibody enzyme linked immunosorbent assay

For ELISA, 50 pL of wild-type (D614G), BA.1, or BA.2 SARS-CoV-2 S proteins were coated onto 96-well MaxiSorp plates at 2 pg/mL in
TBS overnight at 4°C. All washing steps were performed three times with TBS +0.05% Tween 20 (TBS-T). After washing, wells were
incubated with blocking buffer (TBS-T + 2% casein) for 1 hour at room temperature. After washing, wells were incubated with dilu-
tions of primary antibodies in TBS-T + 0.5% casein buffer for 1 hour at room temperature. After washing, wells were incubated with
goat anti-human IgG (Jackson ImmunoResearch) at a 1:8,000 dilution in TBS-T + 2% casein buffer for 1 hour at room temperature.
After washing, the substrate solution (Pierce 1-Step) was used for color development according to the manufacturer’s specifications.
Optical density at 450 nm was read on a Varioskan Lux plate reader (Thermo Fisher Scientific).

Polyclonal antibody purification and ELISA

BA.1 spike ectodomain, RBD, NTD, and irrelevant antibody functionalized resin were prepared using Pierce NHS-Activated Agarose
Slurry according to manufacturer’s instructions. Pooled sera from BA.1 convalescent patients was diluted by a factor of two in PBS,
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split into four batches, and incubated with each resin at 4°C overnight. After washing three times with PBS, antigen specific poly-
clonal antibody preparations were eluted from resin using 100 mM Glycine pH 2.5 and immediately neutralized using 1 M Tris pH
8 buffer. Polyclonal preparations were concentrated using 10 kDa cut off spin columns (Amicon).

For ELISA, 100 pL of either BA.1 or BA.2 spike protein ectodomain in PBS were coated on 96-well MaxiSorp plates at 2 pg/mL in
PBS overnight. All washing steps were performed three times with PBS +0.05% Tween 20 (PBS-T). After washing, wells were incu-
bated with blocking buffer (PBS-T + 1% casein) for 1 h at room temperature. Then polyclonal antibody preparations were serially
diluted in PBS-T + 0.5% casein and incubated in wells for 1 h at room temperature. After washing, wells were incubated with
goat anti-human IgG (Jackson ImmunoResearch) at a 1:5,000 dilution in PBS-T + 1% casein buffer for 1 h at room temperature. After
washing, the substrate solution (Pierce 1-Step) was used for color development according to the manufacturer’s specifications. Op-
tical density at 450 nm was read on a Varioskan Lux plate reader (Thermo Fisher Scientific). An identical ELISA was performed using
anti-his tag antibody (abcam Cat# ab18184) as a spike protein loading control. Area under the curve (AUC) was calculated for each
experiment and normalized to the anti-his tag ELISA control for data analysis.

Electron microscopy sample preparation and data collection

For cryo-EM, 2.25 mg/mL S protein, S protein-ACE2 complex (1:2.3 S protein trimer: ACE2 molar ratio), and S protein-4A8 complex
(1:6.4 S protein trimer: 4A8 Fab) samples were vitrified on Quantifoil R1.2/1.3 Cu mesh 200 holey carbon grids using a Vitrobot Mark IV
(ThermoFisher Scientific) plunge freezing device. Grids were first glow discharged for 15 seconds using a Pelco easiGlow glow
discharge unit (Ted Pella) and then 1.8 pL of protein suspension was applied to the surface of the grid at a temperature of 10°C
and a humidity level of >98%. Grids were then blotted (12 seconds, blot force —10) and plunge frozen into liquid ethane. S pro-
tein-ACE2 complex grids were imaged using a 300 kV Titan Krios G4 transmission electron microscope (Thermo Fisher Scientific)
equipped with a Falcon4 direct electron detector in electron event registration (EER) mode. Movies were collected at 155,000x
magnification (calibrated pixel size of 0.5 A per physical pixel) over a defocus range of —0.5 um to —2 pum with a total dose of 40
e—/A2 using EPU automated acquisition software (ThermoFisher Scientific). Grids containing the BA.2 Omicron S protein alone
were imaged using a 200 kV Glacios transmission electron microscope (ThermoFisher Scientific) equipped with a Falcon4 camera
operated in EER mode. Movies were collected using EPU at 190,000x magnification (physical pixel size 0.7 A) over a defocus range of
—0.5 um to —2 um and a total accumulated dose of 40 e—/A2.

Image processing

The detailed data processing workflow is illustrated in Figure S1. All data processing was carried out in cryoSPARC. Motion correc-
tion in patch mode (EER upsampling factor 1, EER number of fractions 40), CTF estimation in patch mode, blob particle picking, and
particle extraction (box size 400 A) were performed in real time in cryoSPARC live. Multiple rounds of 3D and/or 2D classification were
used to clean the particle stack. The final homogeneous refinement was performed with per particle CTF estimation and aberration
correction. For the complexes of spike protein ectodomain and human/mouse ACE2, local refinement was performed with a soft
mask covering a single RBD and its bound ACE2. For apo spike protein and complexes of spike protein with 4A8, to better resolve
the N-terminal domain or the interface between the N-terminal domain and 4A8, particles were symmetry expanded after another
round of global refinement with C3 symmetry, and then refined with a soft mask covering a single N-terminal domain or a single N-ter-
minal domain and its bound 4A8.

Model building and refinement

For models of spike protein ectodomain alone, the SARS-CoV-2 HexaPro S trimer (PDB ID 7MJG) was used as an initial model and
docked into the map. Then, mutation and manual adjustment were performed in COOT, followed by iterative rounds of real-space
refinement in COOT and Phenix. For models of spike-ACE2/4A8 complex, the subcomplexes RBD-ACE2 or NTD-4A8 were built
and refined against local refinement maps. The resulting models were then docked into global refinement maps together with the
other individual domains of the spike protein. Models were validated using MolProbity. Figures were prepared using UCSF Chimera,
UCSF ChimeraX, and PyMOL (Schrodinger, LLC).

QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification and statistical analysis information can be found in the figure legends associated with the data. GraphPad Prism 7.0

was used to perform the one-way ANOVA tests presented in Figures 2A-2C. Normal population distribution, similar variance, and
sample independence were assumptions made during this ANOVA analysis.
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Figure S1. Cryo-EM data processing and validation.
Related to Figures 1-4. (A) Representative micrograph.
(B) Workflow of image processing. (C) Representative
2D classes. (D) Fourier Shell Correlation (FSC) curves for
global refinement. (E) Local resolution map for global
refinement. (F) Viewing direction distribution plot for
global refinement. (G) Fourier Shell Correlation (FSC)
curves for local refinement. (H) Local resolution map
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with the BA.2 S protein — mACE2 complex. (B) As in (A) but for the focused refined structures of the
BA.2 S protein - hACE2 and BA.2 S protein - mACE2 complexes. (C-D) Focused view of amino acid
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Figure S4. ELISA analysis of BA.1 and BA.2 spike protein ectodomain binding by antigen specific
polyclonal antibodies (pAbs). Related to Figure 4.Affinity columns were prepared using either BA.1
spike protein NTD, RBD, Ectodomain, or an irrelevant monoclonal antibody. Antigen specific pAbs were
isolated as described in the materials and methods section and assayed for binding to BA.1 and BA.2
spike protein ectodomains via ELISA. An anti-HIS monoclonal antibody was also used in this assay to
account for differential spike protein ectodomain adsorption onto ELISA wells. ELISA assays were
performed in technical duplicate and non-linear regression analysis performed to fit curves to the data.
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Figure S5. Amino acid sequence alignment for the ACE2 protein from various organisms. Related to Figure 3. Latin names for the aligned ACE2
sequences are as follows - Mouse: Mus musculus, Human: Homosapien, Cat: Feline catus, Ferret: Mustela putorius furo, Deer: Odocoileus
virginianus, Bat: Rhinolophus pearsonii.



Supplementary Table 1. Related to Figure 1-4. Cryo-EM data collection, processing, refinement, and validation parameters for the structures
reported in this publication.

5{0Omicron BA.2)

S{0micron BA.2)+4A8

5{0Omicron BA.2) + hACEZ

5{0Omicron BA.2) + mACE2

5{0Omicron BA. 1)+ mACE2

Structure: global r focus refinement global refinement focus refinement global r focus refinement global refinement focus refi global refinement focus refi
EMDB EMD-27523 EMDB EMD-27524 EMDB EMD-27525 EMDB EMD-27526 EMDB EMD-27527 EMDB EMD-27528 EMDB EMD-27529 EMDB EMD-27530 EMDB EMD-27531 EMDB EMD-27532
PDE [D2DM1 FDE 1D 2DM2 FDB D 2DM2 FDB D 2DM4 PDE D 2DMS FDE D BDME FDB D 2DM7 FDB D BDME FDB D 2DMS FDB D BDMA

Data collection

Microscope Glacios Titan Krioz G4 Titan Krios G4 Titan Krioz G4 Titan Krios G4
Detector Falcond Falcond Falcona Falcond Falcond

Woltage [kV) 200 300 300 300 300

Nominal magnification 190,000 155,000 155,000 155,000 155,000

Drefocus range (pm) -2.0t0 0.5 -2.0t0-0.5 -2.0to 0.5 -2.0to-0.5 -2.0to-0.5

Physical pixel (A) 0.723 0.5 0.5 0.5 0.5

Electron dose (e / 40 40 40

Exposure rate [e ] 10 24 24

Format of movies EER EER EER EER EER

Number of raw frames 964 359 359 399 399

Number of movies 4,257 11,700 10,710 11,763 10,170

Data processing

Mumber of fractions 40 40 40
Number of extracted particles 299,556 970,190 957,107 997,269 209,972

Number of particles forfinal map 412,862 1,238,586 245,574 737,922 250,252 268,464 142,693
Symmetry imposed c1 c1* c1 c1* c1 c1 c1 cl 1 cl
Resolution (A) 3.04 291 2.37 2.45 2.51 277 2.49 2.68 2.56 2.79
FSC threshold 0.143 0.143 0.143 10.143 0.143 0.143 0.143 0.143 0.143 0.143
Refinement

Initial model used TMIG TMIG JC2L JC2L FMIM,TMIN 7MIN MM, TMIN FMIN MM, TMIN FMIN
Map sharpening B-factor (&) 91.0 100.9 38.4 44.3 39.0 79.6 41.2 74.0 37.5 716&
Compaosition [#)

Atoms: 22,276 2,104 31,185 4,018 35,279 6,559 35,165 6,479 30,004 6,487
Residues 2,751 245 3,888 457 4,328 796 4,330 734 3,685 734
Ligands NAG:55 NAG:6 NAG:57 NAG:6 NAG:69 NAG:7 NAG:61 NAG:3 NAG:62 NAG:3
B-factor (&%)

Protein [min/max/mean) 74.25/289.63/140.44 | 91.99/179.13/133.36 | 33.12/348.00/141.05 | 34.41/113.77/76.23 | 28.39/311.50/158.41 | 57.07/203.05/101.59 | 38.07/332.96/158.91 | 50.59/157.60/83.75 | 35.84/302.94/145.88 | £4.44/164.68/92.54

Ligand [min/max/mean)

101.87/255.03/154.11

120.24/170.93/145.85

52.35/278.42/97.84

54 45/73 64/64.65

52.32/301.11/141.89

103.04/125.79/112.85

57.28/300.77/109.54

52.595/95.33/94.47

59.19/276.65/130.99

107.11/111.87/109 56|

Bonds [RMSD)

Length [A) [#> 4a) 0.005 (1) 0.007 [0) 0.004 [0) 0.006 [0) 0.004 [0} 0.006 [0) 0.004 [0) 0.006 [0) 0.005 [0) 0.005 [0)
Angles 7] [#> 4a) 0.805 5] 0.989 (1) 0.817 (8) 0.836 (1) 0.825 (8} 0.924(3) 0.816 [8) 0.888 [4) 0.852 [12) 0.827 [0)
CC_mazk 0.82 0.73 0.81 0.81 0.77 0.83 0.78 0.85 0.80 .84
Validation

Ramachandran plot

Residues favored [3) 32.33 97.49 97.57 95.22 93.29 892.36 52.41 98.23 97.91 96.96
Residues disallowed [3) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00
Rotamer outliers [3) 0.54 0.44 0.24 0.23 0.50 0.57 0.58 0.72 0.15 0.14
Clash score 3.36 412 4.10 4.06 3.41 3.20 3.26 3.38 3.58 3.78
MolProbity score 1.13 1.30 1.28 1.48 1.13 1.11 1.12 1.13 1.17 1.34

* Particles are derived from symmetry expansion after global refinement with C3 symmetry.




Supplementary Table 2. Related to Figure 4. Protein data bank identifiers (PDB IDs) for the various
antibodies aligned in Figure 4F.

Antibody Name PDBID
2-51 7L2C
1-87 7L2D
4-18 7L2E
5-24 7L2F
2-17 7LQW
S$2X333 7LXW
S2M28 7LY0
S2128 7LXX
S2M28 7LY3
S2120 7SOA
$2X303 7SOF
C1520 7UAP
4-8 7LQv
4A8 7C2L
N11 7E7X
N9 7E8F
DH1052 7LAB
DH1050.1 7LCN
C1717 7UAR
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