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Abstract

Continued evolution of SARS-CoV-2 generates variants to challenge antibody
immunity established by infection and vaccination. A connection between
population immunity and genesis of virus variants has long been suggested but
its molecular basis remains poorly understood. Here, we identify a class of
SARS-CoV-2 neutralising public antibodies defined by their shared usage of
VL6-57 light chains. Although heavy chains of diverse genotypes are utilized,
convergent HCDR3 rearrangements have been observed among these public
antibodies to cooperate with germline VL6-57 LCDRs to target a convergent
epitope defined by RBD residues S371-S373-S375. Antibody repertoire
analysis identifies that this class of VL6-57 antibodies is present in SARS-CoV-
2-naive individuals and is clonally expanded in most COVID-19 patients. We
confirm that Omicron specific substitutions at S371, S373 and S375 mediate
escape of antibodies of the VL6-57 class. These findings support that this class
of public antibodies constitutes immune pressure promoting the introduction of
S371L/F-S373P-S375F in Omicron variants. The results provide further
molecular evidences to support that antigenic evolution of SARS-CoV-2 is
driven by antibody mediated population immunity.
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Introduction

The SARS-CoV-2 pandemic offered an opportunity to interrogate immune
response towards an emergent virus infecting an immunologically naive
population. During the first 3 years of the pandemic, the spike (S) protein on the
virus surface has been actively undergoing antigenic drift generating a large
number of variants (Carabelli et al., 2023; Harvey et al., 2021; Markov et al.,
2023; Volz, 2023). In late 2021, the Omicron BA.1 variant emerged, its highly

mutated S protein renders most antibodies isolated earlier in the pandemic

ineffective, conferring the Omicron BA.1 variant with an extraordinary immune
evasion capability (Dejnirattisai et al., 2022; Liu et al., 2022). Further antigenic

drift of S-protein had been observed and numerous Omicron subvariants
emerged, including BA.2-BA.5 (Cao et al., 2022; Tuekprakhon et al., 2022;
Wang et al., 2022a). Since late 2022, XBB and BQ.1 subvariant series have
emerged based on BA.2 and BA.5 respectively with further antigenic changes
on the S-protein (Qu et al., 2023; Wang et al., 2023). As the pandemic
progresses, S-protein is drifting antigenically further generating new variants.

The emergence of Omicron variants marked great shifts in S protein
antigenicity and virological behaviours, sparking several theories on origins of

Omicron variants (Mallapaty, 2022). Several recurrent mutations observed in

earlier variants became fixed in the Omicron S-protein, most of these recurrent
mutations are located within the receptor binding domain (RBD) of the S-
protein, including K417N, L452R, T478K, E484A and N501Y. Earlier studies
have identified that some of these mutations are located in the epitopes of
several classes of germline antibodies that are widely induced within the
population. K417N is located in the epitope of VH3-53/3-66 encoded class 1
antibodies inhibiting ACE2 binding (Yan et al., 2021; Yuan et al., 2020a; Zhang
et al., 2021b); L452R is located in the epitope of VH1-69 encoded population
antibodies (He et al., 2022; Huo et al., 2022; Yan et al., 2022); E484A is located
in the epitope of VH1-2 encoded class 2 population antibodies (Rapp et al.,

2021; Yuan et al., 2021). These mutations often confer viruses with
considerable antibody evading ability. While L452R and N501Y have also been
proposed to enhance or compensate fusogenic or receptor binding activity of S-
protein (Deng et al., 2021; Harvey et al., 2021; Starr et al., 2022; Tchesnokova
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84 etal., 2021), association of recurrent mutations to population antibody

85  responses strongly implies that antigenic drift of SARS-CoV-2 S-protein may
86  be driven by immune pressure at population level. Population immunity (or

87  herd immunity) has long been proposed to drive antigenic drift of influenza

88  virus haemagglutinin (Boni, 2008), despite molecular basis behind such driving

89  force remains poorly characterized. Apart from the above identified recurrent
90 mutations, several RBD mutations were first emerged with the highly mutated
91  Omicron BA.1 S protein, including S371L, S373P, S375F, N440K, G446S,
92  S477N, Q493R, G496S and Q498R, most of them have been fixed in the S-
93 protein of current circulating viruses. Among these, S371L (S371F in BA.2 -
94  BA.5), S373P and S375F are particularly interesting that they are close together
95 in sequence while located relatively far away from the receptor binding site.
96 The S371L/F-S373P-S375F mutations are considered as an important feature of
97  Omicron variants and they have been shown to alter S-protein functions likely
98 changing virus tissue tropism and disease severity (Kimura et al., 2022a;
99 Pastorio et al., 2022; Willett et al., 2022). However, the driving force behind the
100  genesis of the S371L/F-S373P-S375F mutations remains enigmatic. In this
101  study, we report that diverse antibodies utilizing IGLV6-57 (VL6-57) light
102  chains are widely induced within the population and they target a common
103 epitope defined by S371, S373 and S375 in the ancestral SARS-CoV-2 S-
104  protein. We provide evidences to suggest that the identified class of antibodies

105  is associated with immune pressure driving the genesis of S371L/F-S373P-
106  S375F mutations in Omicron variants.
107

108 Identification of SARS-CoV-2 S-specific antibodies with VL6-57 encoded
109 light chains

110 In an exercise to isolate SARS-CoV-2 S-specific antibodies from convalescent
111  patients infected at the beginning of the pandemic (early 2020), we identified 5
112 mAbs, namely R1-26, R1-30, R2-3, R2-6, and R2-7 by phage display using

113 SARS-CoV-2 RBD as the bait (He et al., 2022). The identified antibodies either
114  have zero or very low somatic hypermutation rates (Fig. 1a), suggesting that

115 they are germline antibodies. Interestingly, all these 5 antibodies utilize light
116  chains encoded by IGLV6-57, while their heavy chain genes are of different
117  genetic origins (Fig. 1a). 4 mAbs, namely R1-30, R2-3, R2-6, and R2-7 have a
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118  shared “WLRG” motif in the middle of their HCDR3 (Fig. 1a). Different from
119  the other 4 isolated mAbs, R1-26 has a hydrophobic “LGPWV” motif in the
120 middle of HCDR3 (Fig. 1a). The five isolated antibodies with IGLV6-57 light
121  chains have affinities in the range of 3.8 - 62.2 nM towards the wildtype SARS-
122 CoV-2 RBD (Fig. 1a), with R1-26 being the strongest (Kp = 3.8 nM). In

123 binding competition assays, we found that all the 5 mAbs compete with ACE2
124  and with each other to bind RBD (Fig. 1b). These results suggest that all the 5
125 mAbs target overlapping epitopes. In pseudovirus neutralization assays, their
126  neutralization activities largely correlate with their affinities, the strongest

127  binder R1-26 has an ICs as low as 2.7 nM (Fig. 1a). We studied the most

128  potent mAb - R1-26 in detail and we found that R1-26 is able to bind RBD of
129  SARS-CoV-2 variants emerged before the Omicron BA.1 variant (Fig. 1c,

130  Table S1). Consistently, R1-26 is able to bind the corresponding S-trimers

131  tightly without dissociating, likely through avidity (Fig. 1d, Table S1). We
132 further confirmed that R1-26 has neutralization activity towards wildtype,

133 Alpha, Beta and Delta SARS-CoV-2 authentic viruses in cell culture (Fig. 1e).
134

135 Binding of R1-26 antibody to SARS-CoV-2 S-trimer

136  To further understand neutralization activity of R1-26, we determined cryo-

137  electron microscopy (cryo-EM) structures of S-trimer:R1-26 Fab complexes in
138  two different stoichiometries (3:2, 3:3 S-protomer:R1-26 Fab) (Figs. 2a, S1a)
139  with upper resolutions in the range of 3.19 - 3.44 A (Fig. S2a-c¢). An unusual
140  structure showing a head-to-head aggregate of two S-trimers each bound by 3
141  R1-26 Fabs was also determined at a lower resolution of 5.3 A (Figs. 2a, Sla
142 and S2a-c), the aggregation is mediated by interactions between Fabs bound to
143  different S-trimers and a similar aggregate was observed for the S-trimer:Fab
144 complex of 6M6 (using IGHV3-91, IGLV3-21 genes) (Wang et al., 2022b). It is

145 not known whether the observed interactions could lead to aggregation of S-

146  trimers on virus surface.

147

148  Based on a locally refined RBD:Fab structure at ~ 3.5 A resolution derived from
149  the 3:3 S-protomer:R1-26 Fab complex dataset (Figs. S1a and S2a), the

150 detailed R1-26 epitope is resolved (Fig. 2b). Buried surface area (BSA) analysis
151 reveals that HCDRs and LCDRs of R1-26 bury comparable RBD surface areas -
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152 459.0 A? and 385.7 A? respectively. Among CDR loops, HCDR3 dominates the
153  contact with RBD, the hydrophobic HCDR3 loop, containing residues L101,
154 G102, P103 and W104, probes into a hydrophobic cavity formed by RBD

155  residues Y369, A372, F374, F377 and P384 (Figs. 2b left panel, S2d). This
156 hydrophobic contact is further stabilized by surrounding electrostatic and polar
157 interactions, distributed in two different patches: the larger interaction patch is
158 mediated by hydrogen bonds between backbone of RBD residues S375, F377
159 and LCDRI1 residue N32 sidechain; a cation-m interaction between RBD residue
160 K378 and LCDRI1 residue Y33; a charged hydrogen bond between RBD residue
161  T385 and LCDR2 residue E51; and finally a salt bridge between RBD residue
162 K378 and LCDR2 residue D52 (Fig. 2b, right panel). The second interaction
163  patch is mediated by a hydrogen bond between the glycan attached to RBD

164  residue N343 and HCDR?2 residue K52; and a hydrogen bond between RBD
165 residue N370 and HCDR?2 residue Q53 (Fig. 2b, right panel). Finally, RBD
166  residue A372 is contacted by LCDR3 residue Y94 (Fig. 2b, right panel).

167

168  The detailed R1-26 epitope structure confirms that the epitope is fully buried in
169  the previously determined RBD “down” closed and locked S-trimer structures
170  (Quetal., 2022; Xiong et al., 2020; Zhang et al., 2023), therefore, the epitope is
171  fully cryptic in a S-trimer adopting 3-RBD “down” closed or locked

172 conformations (Fig. S3a-h). In the 1-RBD “up” S-trimer, this epitope on the
173  “up” RBD is also largely obstructed (Fig. S3a). Likely due to incompatibility
174 with 3-RBD “down” and 1-RBD “up” S-trimer conformations, at least 2 RBDs
175 are observed to adopt “up” position when R1-26 is bound to a S-trimer and only

176  3:2, 3:3 S-protomer:Fab structures are observed when R1-26 Fab was added in
177  excess (Fig. 2a). The detailed epitope structure also confirmed that the R1-26
178  epitope does not overlap with the ACE2 binding interface (Fig. S3f and h)

179 indicating that R1-26 Fab is a class 4 antibody (Fig. S3f-h). CR3022 is a well-
180 studied class 4 mAb which cross-reacts to RBDs of SARS-CoV-1 and SARS-
181 CoV-2 (Yuan et al., 2020b), we found that although the epitope of R1-26

182  appears to largely overlap with that of CR3022, R1-26 features a different

183  approach angle towards the RBD compared with CR3022 (Fig. S3a, g and h).
184  Notably, the canonical class 4 antibody CR3022 does not inhibit ACE2 binding
185 and is only weakly neutralizing, while strong ACE2 binding inhibition is
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186  observed for R1-26 (Fig. 1b). By modelling, we found that the approach angle
187  of R1-26 1s more tilted towards the modelled ACE2 bound to RBD (Compare
188  Fig. 2¢ and Fig. S4), while the approach angle of CR3022 is more tilted away
189  from it (Fig. S4). In addition, R1-26 and CR3022 adopt different orientations
190  when bound to RBD (compare Fig. 2¢ and Fig. S4). Due to the differences in
191 RBD binding, simultaneous binding of R1-26 and ACE2 to RBD would result
192  in steric clashes between R1-26 and the glycan chain attached to ACE2 residue
193  N322 (Fig. 2¢). By contrast, simultaneous binding of CR3022 and ACE2 is
194  possible likely due to much weaker clash (Fig. S4), consistent with previous
195  results of competition assays (Tian et al., 2020). Differences in RBD binding by
196 R1-26 and CR3022 likely confer superior ACE2 blocking activity to R1-26.
197

198  We further found that fusogenic competent native S-R trimer (without proline

199 stabilization) incubated with R1-26 undergoes structural transition into a post-
200  fusion conformation (Fig. 2d). This analysis shows that R1-26 possesses an
201  activity to trigger fusogenic conformational change similar to class 1 mAbs
202  including B38 (He et al., 2022) and S230 (Walls et al., 2019) (Fig. 2d), it is
203  interesting that class 4 antibody CR3022 does not have this triggering activity
204  (Fig. 2d). Both ACE2 binding inhibition and premature triggering of spike
205 fusogenic change by R1-26 could lead to the inhibition effect observed in a S-

206  protein-ACE2 interaction mediated cell-cell membrane fusion assay by which
207  cell entry inhibition activity of antibody can be assessed (Ma et al., 2023) (Fig.

208  2e). Both activities likely contribute to the neutralization activity of R1-26.
209

210  VL6-57 light chain can pair with diverse heavy chains to bind a convergent
211 epitope

212 To further understand antigen binding by VL6-57 light chain utilizing mAbs,
213 we surveyed the Protein Data Bank (PDB) for structurally characterized VL6-57
214 light chain utilizing mAbs bound to SARS-CoV-2 S-protein or RBD. Among
215 376 structurally characterized SARS-CoV-2 S-specific mAbs, 12 mAbs utilize
216  VL6-57 encoded light chains, of note, among them, 10 belong to class 4

217 antibodies (see Fig. SS for a structure gallery of class 4 antibodies), these

218 account for more than a fourth of class 4 antibodies (n=35) found amongst the
219 376 structurally characterized SARS-CoV-2 S-specific mAbs (Fig. S5). Further,
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220  germline usage analysis shows that VL6-57 is the most frequently used light-
221 chain germline gene among the class 4 antibodies (Fig. Sé6a, left panel). A
222 similar germline gene usage profile is observed for the F2 group antibodies
223 (equivalent to class 4 antibodies, as defined by deep mutational scanning) (Cao
224 etal., 2022) (Fig. S6a, right panel). We did not find evidence of preferential
225 VL6-57 gene usage in the global B cell repertoire data of SARS-CoV-2-naive
226  individuals (Robbiani et al., 2020). The above analyses strongly suggest that

227  VL6-57 gene preferentially generates S-specific class 4 mAbs, leading to the
228  hypothesis that VL6-57 light chains may play an important role in antigen

229  binding.

230

231  We analyzed buried surface area (BSA) to further understand contribution of
232 VL6-57 light chains in epitope binding. Among the 376 structurally

233 characterized SARS-CoV-2 S-specific mAbs, heavy chains dominate epitope
234  interaction, burying significantly more surface areas than light chains (Fig.

235 S7a). Different from typical SARS-CoV-2 S-specific mAbs, the average BSA
236  of VL6-57 class 4 mAbs is comparable between heavy and light chains (Fig.
237  S7b). This analysis suggests that among VL6-57 class 4 mAbs, light chains are
238  atleast equally important as heavy chains in epitope recognition. Further

239  analysis reveals that LCDR1 and HCDR3 contribute more than 60% of BSA
240  (Fig. S7¢).

241

242 Superposition of the 10 VL6-57 class 4 Fab:RBD complex structures reveals
243  that apart from mAbs - 10-40 and 002-13 (Fig. S5), all the other 8 mAbs bind to
244  epitopes that are almost identical to the epitope of R1-26 (Figs. 3a-k, S5),

245  demonstrating clear epitope convergence among VL6-57 mAbs. Comparison of
246  light and heavy chain CDR sequences reveals that all these structurally

247  characterized mAbs share similar LCDR1-3 sequences (Fig. S6c¢). Interestingly,
248  structurally characterized S2A4, P5S-3B11, GH12 and 3D11 not only exhibit
249  high similarity in LCDR sequences (Fig. S6c) to the isolated R1-30, R2-3, R2-
250 6, and R2-7 mAbs, they also feature 12-residue long HCDR3s with either

251  “WLRG” or “WVRG” motif in the middle (Fig. S6b). Therefore, R1-30, R2-3,
252  R2-6, and R2-7 are likely to bind the same epitope as S2A4, P5S-3B11, GH12,
253 and 3D11, which 1s almost 1dentical to that of R1-26, consistent with the result
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254  that R1-26 competes with R1-30, R2-3, R2-6 and R2-7 in binding to spike RBD
255 (Fig. 1b). The sequence analysis also identifies that VL6-57 light chains can
256  also pair with heavy chains with HCDR3 loops rich in hydrophobic, particularly
257 aromatic amino acids. mAbs 553-15, 2-7, FP-12A and IY-2A feature “WYYY”,
258  “GYFY”, “YYYY”, and “LGIFG” motifs in the middle of HCDR3 respectively,
259 notably, the “LGIFG” in IY-2A is reminiscent of the “LGPWV” motif found in
260 R1-26 HCDR3. Analysis of their structures shows that these mAbs bind to the
261 same epitope as for S2A4, P5S-3B11, GH12 and 3D11 with “WLRG” or

262 “WVRG” HCDR3 motifs (Figs. 3, S5, S6b).

263

264 Detailed structural comparison of the identified VL6-57 mAb:RBD complexes
265 reveals that HCDR3s in R1-26, S2A4, 3D11, GH12, P5S-3B11, 553-15, 2-7,
266 FP-12A and IY-2A interact with almost identical RBD residues within the

267 convergent epitope with several modes of interactions (Fig. 3a-j). R1-26, FP-
268 12A and IY-2A (Fig. 3a-c) appear to bind the epitope using hydrophobic

269  contacts primarily from aromatic residues. 553-15 and 2-7 (Fig. 3d,e) bind the
270  epitope by n-n interactions (from the HCDR3 tyrosine) combined with

271  hydrophobic contacts. Finally, S2A4, P5S-3B11, GH12 and 3D11 (Fig. 3f-i)
272  binds the epitope with a combination of cation-r interactions (by the arginine in
273  HCDR3) and hydrophobic contacts (by the tryptophan in HCDR3). Different
274  binding modes give rise to variability among HCDR3 structures (Fig. 3k),

275 however, hydrophobic interactions are shared among these different interaction
276 modes reflecting the convergent epitope being hydrophobic, containing multiple
277  aromatic residues including Y369, F374 and F377 (Fig. 3a-i).

278

279  The comparison also identifies that the germline-encoded N32 and Y33 from
280 LCDRI engage in conserved interaction to spike RBD among the 8 VL6-57

281  light chain utilizing R1-26-like mAbs (Figs. 3a-i, S6¢) and LCDR1s show little
282  variability when binding to RBD (Fig. 3k). BSA analysis also confirms that
283  LCDRIs bury the largest surface areas among LCDRs (Fig. S7¢), suggesting
284  that this germline encoded “NY” motif facilitates efficient RBD binding.

285  Collectively, our results demonstrate that the VL6-57 light chain likely serves
286  as an efficient framework for generation of class 4 SARS-CoV-2 S-specific

287 mAbs.
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288 VL6-57 antibodies paired with HCDR3 “WLRG” motif are widely induced
289 in the population and clonally expanded upon SARS-CoV-2 infection

290 The presence of considerable amount of VL6-57 antibodies among the

291  structurally characterized class 4 mAbs prompted us to further search CoV-

292  AbDab (the Coronavirus Antibody Database) (Raybould et al., 2021) for

293  additional VL6-57 mAbs to investigate their features (Fig 4a, see method). The
294  search obtained 290 mAbs utilizing VL6-57 light chains from 49 independent
295  studies. A total of 36 different heavy-chain germline genes are observed to pair
296  with VL6-57 to generate S-specific mAbs (Fig. S8a). Notably, we found that
297 there is an enrichment of mAbs with 12-AA long HCDR3s and 9~10-AA long
298  LCDR3s, accounting for 34% (99/290) of the curated VL6-57 mAbs (Fig. S8b-
299 d). Moreover, those VL6-57 mAbs with 12-AA long HCDR3s appear to be

300 preferentially derived from heavy chain genes IGHV3-7, IGHV4-39, and

301 IGHV4-59 (Fig. 4b). HCDR3 sequence analysis shows that there is a strong
302 preference for a 12-AA long HCDR3 containing the “WLRG” motif (68/99

303 mAbs) as observed in S2A4, P5S-3B11, 3D11, R1-30, R2-3, R2-6 and R2-7
304 (Figs. 4b, S6b). We also found a small percentage of mAbs (7/99) containing a
305 12-AA long HCDR3 with the “YYY” motif observed in 553-15 (Figs. 4b logo
306 plot, S6b). However, we failed to identify consensus HCDR3 sequences among
307 VL6-57 mAbs with 11-, 13-, 14-, or 15-AA long HCDR3s (Fig. S8e). V(D)J
308 rearrangement analysis suggests that the W, L, and R residues within the

309 HCDR3 “WLRG” motif are most likely encoded by IGHDS5-12 gene when its
310 2"reading frame is used (Fig. S8f), the last AA residue G within the motif is
311 located at the DJ junction and is most likely a result of an insertion at the C-

312 terminal side of the D segment (Fig. S8f), these findings explain the genetic
313  origin of the HCDR3 “WLRG” motif. LCDR3 sequence analysis shows that a
314  “QSYDSS” motif is enriched (Fig. S8d), although BSA analysis shows that
315 LCDR3s in VL6-57 mAbs play an auxiliary role in antigen binding burying

316  smaller areas compared with LCDR1s (Fig. S7¢), we found that the tyrosine
317 (Y94 in R1-26, Fig. 2b) residue within the “QSYDSS” motif is engaging in

318 specific interactions with critical antigen binding residues in HCDR3. In R1-26,
319  FP-12A,1Y-2A, 553-15 and 2-7 the LCDR3 tyrosine is interacting with antigen
320 contacting HCDR3 residue W104, Y106, V104, Y103 or Y105, respectively, by
321  hydrophobic contacts (Fig. 3a-e, LCDR interaction panels). In S2A4, P5S-
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322  3BI11,GHI2 and 3D11, the LCDR3 tyrosine is interacting with the R in the

323  HCDR3 “WLRG” motif by cation-nt interactions (Fig. 3f-i, LCDR interaction
324  panels). These specific interactions suggest LCDR3 supports HCDR3 in

325 antigen binding.

326

327 The above analysis suggests that the “WLRG” motif within the 12-AA long
328 HCDR3 and the “QSYDSS” motif within the LCDR3 are the convergent

329  signatures of the SARS-CoV-2 RBD-specific VL6-57 mAbs, which may be
330 widely induced in the COVID-19 population. To verify this, we next searched
331  our previously published bulk antibody repertoires from 24 healthy donors and
332 33 COVID-19 convalescents (Niu et al., 2020; Yan et al., 2021; Zhang et al.,
333  2022) (Fig. 4a, see method). The COVID-19 donors PtZ and PtK, from whom
334 R1-26, R1-30, R2-3, R2-6 and R2-7 have been isolated, are also included in this
335 analysis. In addition to IgH and IgL sequences identical to the 5 isolated mAbs,
336 similar “WLRG” motif containing IgH sequences and “QSYDSS” motif

337 containing VL6-57 IgL. sequences can be readily detected in the repertoires of
338 PtZ and PtK (Fig. S9). The search shows that “WLRG” motif containing IgH
339  sequences can be detected in 29/33 COVID-19 convalescents and 10/24 healthy
340 donors (Fig. 4¢). Following SARS-CoV-2 exposure, there was a remarkable

341 enrichment of “WLRG” motif containing IgH sequences (Fig. 4d). We

342  observed clonal expansion of the “WLRG” motif containing IgH sequences in
343  COVID-19 patients by tracking the longitudinal samples collected from 4-28
344  days post symptom onset (Fig. 4e and f). It is worth mentioning that the

345 “WLRG” motif containing IgH sequences present in the SARS-CoV-2-exposed
346 antibody repertoires are mainly IgG isotype (encoded by IGHG, 79.3%).

347 However, 65.2% of the “WLRG” motif containing IgH sequences detected in
348 the SARS-CoV-2-naive antibody repertoires are IgM isotype (encoded by

349 IGHM) that is usually expressed by naive B cells (Fig. 4g and h). Unlike heavy
350 chains, the “QSYDSS” motif containing VL6-57 light chains can be readily
351 detected in both the healthy and SARS-CoV-2-exposed IgL repertoires,

352  highlighting abundance of VL6-57 transcripts in human B cell repertoires even
353  under resting state (Fig. 4i).

354
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355 To further determine the abundance of B cells expressing mAbs of VL6-57 light
356  chains paired with the HCDR3 “WLRG” motif, we analyzed published single-B
357 V(D)J sequences from SARS-CoV-2-exposed and -naive individuals (Barmada
358 etal., 2023; Dugan et al., 2021; Ferreira-Gomes et al., 2021; Ren et al., 2021;
359 Zhang et al., 2020) and our previously reported FACS-sorted RBD-reactive

360 single-B memory cell sequences from COVID-19 convalescents (Yu et al.

361 2023) (Fig. 4a, see method). Interestingly, only two VL6-57 B cells with paired
362  “WLRG” motif (2 IGHM) were detected among 87808 B cells (0.02%o) from
363 SARS-CoV-2-naive donors (Fig. 4j). Following SARS-CoV-2 vaccination or
364 infection, there is a remarkable expansion of B cells expressing VL6-57

365 antibodies with paired “WLRG” motif. We identified 20 VL6-57 B cells with
366 paired “WLRG” motif (15 IGHG, 4 IGHM, and 1 IGHA) among 396211 B

367 cells (0.05%o0) from COVID-19 patients, while 14 (12 IGHG, 1 IGHM, and 1
368 IGHA) were identified among 29838 B cells (0.47%o) from COVID-19

369 vaccinees. Furthermore, 14 (13 IGHG and 1 IGHM) were found among the

370 4642 FACS-sorted RBD-reactive B cells (3.0%0) from COVID-19

371 convalescents (Fig. 4j). After FACS sorting, there is an approximately 60-fold
372 (3%0/0.05%0) enrichment of VL6-57 B cells with paired “WLRG” motif among
373 the RBD-reactive B cells compared with the unsorted single B cell sequencing
374 data (Fig. 4j). Consistently, the VL6-57 B cells with paired “WLRG” motif
375 identified from SARS-CoV-2-naive individuals are mostly expressing IgM,

376  while those from COVID-19 patients and vaccinees are predominantly

377 expressing IgG (Fig. 4j). In summary, the above observations indicate that
378 naive B-cells expressing VL6-57 antibodies with paired “WLRG” motif were
379 activated after SARS-CoV-2 exposure and underwent class switching and
380 clonal expansion.

381

382 Antibodies utilizing VL6-57 light chains identified from SARS-CoV-2

383 unexposed individuals bind to SARS-CoV-2 RBD

384  To confirm whether the VL6-57 light chain (IgL) sequences identified from
385 bulk antibody repertoires of SARS-CoV-2-naive individuals (Fig. 4¢) are able
386  to react with SARS-CoV-2 RBD, five different “WLRG” motif-containing

387 heavy chains encoded by IGHV3-7, IGHV3-11, IGHV4-31, IGHV4-39 and
388 IGHV4-61 respectively from 5 different healthy donors are selected to pair with
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389 acommon VL6-57 light chain shared by the 5 healthy donors to generate 5

390 recombinational mAbs (namely H4, HS5, H14, H16 and H18) (Fig. S10a-c). The
391 selected heavy chains are predicted to bind SARS-CoV-2 RBD based on their
392 HCDR3 sequences. All these heavy chains have none or only a few somatic
393  mutations (Fig. S10). BLI assays confirmed that all of the 5 recombinational
394  mAbs are able to bind to wildtype SARS-CoV-2 RBD with affinities (Kp) in the
395 range of 30-1504 nM (Fig. 5a, Table S3). Among of them, H18 exhibits

396 detectable cross reactivities with RBDs of SARS-CoV-1, Bat CoV RaTG13,
397 and Pangolin CoV GD1, with affinities ranging between 134-332 nM (Figs. Sb,
398 S11, Table S3). H18 has mild neutralization activity towards wildtype, Alpha,
399 Beta and Delta SARS-CoV-2 authentic viruses (Fig. 5¢), it also possesses

400 activity to trigger conformational change of SARS-CoV-2 S and exhibits

401 1inhibition activity in the S-protein-ACE2 interaction mediated cell-cell

402  membrane fusion assay (Fig. 2d-e).

403

404  To confirm whether H18 recognizes the same epitope with other VL6-57 mAbs,
405 we obtained cryo-EM structures of wildtype SARS-CoV-2 S-trimer bound to
406 H18 Fab (Figs. 5d, S1b, S2a-c). Similar to cryo-EM structures of SARS-CoV-2
407  S-trimer:R1-26 complexes (Fig. 2a), we observed 3:2, 3:3 (S-protomer:Fab)
408 SARS-CoV-2 S-trimer:H18 complexes and head-to-head aggregate of two S-
409 trimers each bound by 3 H18 Fabs. Unfortunately, we were not able to uncover
410  high resolution information of the H18 epitope from these structures. To

411  characterize fine characteristics of the H18 epitope, we generated a ternary

412  complex sample consisting of wildtype SARS-CoV-2 S-trimer, H18 Fab and
413 R1-32 Fab (He et al., 2022) (Figs. Se, Slc¢, S2a-c). In the ternary complex

414  sample, most S-trimer particles are bound by three H18 Fabs and three R1-32
415 Fabs in a 3-RBD “up” conformation (Figs. Se and S1c¢). Although the cryo-EM
416 sample was generated using a HI8 concentration the same as that of R1-26 in
417  the S-GSAS/6P:R1-26 sample, we observed a greater degree of S-trimer

418  disintegration likely due to ternary complex formation by the addition of extra
419 R1-32 Fab, structures of S1 bound to both H18 and R1-32 Fabs and dimers of
420  S1 bound to both HI18 and R1-32 Fabs were observed (Fig. 5e). Similar S-

421 trimer disintegration has been observed previously in the presence of mAb R1-
422 32 (Heetal.,2022; Yuetal., 2023).
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423

424 A 3.5 A resolution structure of the H18 binding interface is derived from a

425  focused refinement of the S1:H18:R1-32 Fab complex (Figs. 5f, S2d). Although
426  the heavy chain genes are different between H18 (VH4-61) and R1-26 (VH3-7),
427 HI18 binds the identified convergent epitope with HCDR3 residues W102 and
428 R104 via hydrophobic contact and cation-m interaction respectively. Consistent
429  with our expectation, the R104 residue within the “WLRG” motif is interacting
430 with Y94 within the LCDR3 “QSYDSS” motif via a cation-r interaction.

431  Antigen binding by H18 HCDR3 is further stabilized by hydrogen bonds from
432 LCDRI similar to R1-26 (Figs. 5f, S2d). These observations confirm that VL6-
433 57 light chain can pair with multiple heavy chains to target the identified

434  convergent epitope on SARS-CoV-2 spike RBD.

435

436 Molecular basis of evasion from the shared VL6-57 antibody response by
437 SARS-CoV-2 Omicron variants

438  During the structural analysis of VL6-57 antibodies we noticed that residues
439  S371, S373 and S375 are within the convergent epitope in the ancestral SARS-
440 CoV-2 spike RBD (Figs. 3, S5), these residues have been considered as a

441  feature of Omicron variants and shown to alter virological behaviour of the

442  virus (Kimura et al., 2022a; Pastorio et al., 2022). We also noted that among the
443 26 RBD substitutions observed in SARS-CoV-2 so far (Fig. 6a), 18 substitution
444  positions are shared among SARS-related-CoVs (Fig. 6b) and among the other
445 8 substituted positions, S371, S375, T376, and R408 fall within the epitope of
446  the VL6-57 class 4 public antibodies (Fig. 6a-b). Mapping of substituted RBD
447  positions and VL6-57 antibody epitope areas indicates that the epitope is

448  relatively conserved among SARS-related-CoVs. Although R1-26 and H18

449  could bind and neutralize SARS-CoV-2 WT and early VOCs, both of them fully
450 lose binding and neutralization abilities towards Omicron BA.1 (Figs. 1d and e,

451  5c). BLI assays show that simultaneous rescue mutations at 371, 373 and 375
452  on Omicron BA.1 RBD (Omicron-(L371S+P373S+F375S)) are able to

453  completely recover binding by VL6-57 mAbs R1-26 and H18 (Fig. 6¢, Table
454  S4). This result indicates that the evasion of VL6-57 mAb neutralization is
455  specifically mediated by substitutions at S371, S373, and S375. BLI assays
456 using a series of RBD mutants revealed that single S371L, S373P or S375F
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457  mutation greatly reduces binding by R1-26 and H18. Combinations of any two
458 simultaneous mutations (S373P/S375F, S371L/S375F, S371L/S373P) are able
459  to almost completely abolish R1-26 and H18 binding (Fig. 6¢, Table S4).

460  Structural comparison of WT, Omicron BA.1 and BA.2 RBDs reveals that
461 backbone conformations at residues 373 to 375 are affected by the S373P

462 introduced proline and the phenylalanine sidechain introduced by S375F (Fig.
463  6d), these epitope structural changes likely abolish binding by the VL6-57
464 mAbs.

465

466 Discussion

467  We identify a class of VL6-57 light chain utilizing antibodies with the ability to
468  pair with diverse heavy chains to target a convergent epitope defined by

469 featured Omicron mutations - S371L/F, S373P, S375F. The identified epitope is
470  cryptic in “down” RBD and strongly hydrophobic, consistent with that HCDR3s
471  of VL6-57 mAbs share hydrophobic residues to interact with the epitope.

472  Notably, within the epitope, residues S371-S373-S375 are located at the

473  entrance to the identified fatty acid binding pocket of sarbecovirus spike RBD.
474  Binding of linoleic acid within the pocket has been associated with “locked”
475  spike conformation with potential functions in virus assembly (Qu et al., 2022;
476 Toelzer et al., 2020; Toelzer et al., 2022; Xiong et al., 2020; Zhang et al., 2023).
477  Being a highly dynamic protein, SARS-CoV-2 S-protein has been observed to
478 adopt RBD “up” and “down” conformations. D614G substitution became fixed
479  in the spike protein shortly after the SARS-CoV-2 pandemic (Grubaugh et al.,
480 2020; Qu et al., 2022; Yurkovetskiy et al., 2020; Zhang et al., 2021a), it has

481 been shown that this substitution increased spike stability and a shift towards
482 more RBD “up” open S-trimer has been observed by multiple studies (Qu et al.,
483 2022; Yang et al., 2021; Zhang et al., 2021a). We speculate that the change in

484  spike dynamics may have increased immune pressure posed by mAbs targeting

485  cryptic epitopes. Indeed, we find that binding of R1-26, H18 and possibly other
486  VL6-57 mAbs to the convergent cryptic epitope not only blocks ACE2 binding
487  (Piccoli et al., 2020), but also prematurely triggers spike conformational change

488  resulting in spike destruction. When paired with other RBD-specific antibodies,
489 binding of antibodies to cryptic epitopes may also promote spike disintegration
490 (Heetal.,2022; Yu et al., 2023). The increased immune pressure may promote
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491  the introduction of S371L/F-S373P-S375F in Omicron variants. The identified
492  cryptic epitope of VL6-57 mAbs is relatively conserved among S-proteins of
493  sarbecoviruses. Before the emergence of Omicron variants, the VL6-57

494  antibody epitope remains unchanged in early SARS-CoV-2 VOCs or VOIs. We
495  and others also found that some of the VL6-57 mAbs including H18 and many
496 others (Cao et al., 2023) are able to cross-react with SARS-CoV-1 RBD,

497  suggesting that the VL6-57 epitope is relatively conserved among

498  sarbecoviruses, therefore, the introduction of S371L/F-S373P-S375F

499  demonstrates an extraordinary adaptability of SARS-CoV-2, providing a piece

500 of evidence to suggest that unusual changes of a pandemic virus can occur in
501 response to strong population immune pressures including those posed by

502  population antibodies. Studies have shown that single mutation of S371F/L,
503  S373P or S375F strongly impairs spike processing and spike mediated virus
504  entry (Pastorio et al., 2022; Saito et al., 2022). Among them, S375F has the

505 most detrimental effect (Kimura et al., 2022b), and notably, mutation at this
506 position has not been observed among animal sarbecovirus S-proteins (Fig. 6b).

507  When the 3 serine substitutions are combined the ability of the S-protein to

508 mediate virus-cell entry is altered and it has been proposed that such change is
509 associated with change of tissue tropism by Omicron variants and their

510 attenuation (Pastorio et al., 2022; Willett et al., 2022). The above observations
511  highlight the likely necessity of the S371-S373-S375 mutations for SARS-CoV-

512 2 immune evasion even at the expense of drastic S-protein function change with

513 associated impact on virus behaviour. It has been shown that antigenic changes
514  can alter SARS-CoV-2 receptor binding (Niu et al., 2021), for other viruses,
515 antigenic evolution of the pandemic H3N2 virus was found to significantly

516  weaken hemagglutinin (HA) sialic acid binding affecting virological phenotypes
517 (Lin et al., 2012). Therefore, antigenic change of viral surface protein can have

518 complex consequences and a delicate balance between antibody evasion and
519 transmissibility is pursued by circulating viruses (Carabelli et al., 2023).

520

521 It has been reported that SARS-CoV-2 infections induce several classes of
522 germline antibodies of specific VH genes. Due to similarity of equivalent

523  germline antibody genes among humans, induced classes of germline antibodies
524  are widely present in the population. Certain germline antibodies of the same
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525 VH gene can bind a convergent spike epitope with similar molecular

526 interactions mediated by antibody residues encoded by germline sequences
527 (Chen et al., 2021; Nielsen et al., 2020; Robbiani et al., 2020; Zhang et al.,
528  2022). Similar phenomena have also been observed for mAbs induced by
529 infections of other viruses (Ehrhardt et al., 2019; Jackson et al., 2014;

530 Parameswaran et al., 2013). A common feature of these germline antibodies is

531 that essential paratope interactions are primarily mediated by antibody heavy
532 chains, such feature has been observed for VH3-53 (Yuan et al., 2020), VHI1-58
533 (Dong et al., 2021), VH1-2 (Rapp et al., 2021; Yuan et al., 2021), VH1-69 (He
534 etal., 2022), and VH1-24 (Cerutti et al., 2021) SARS-CoV-2 S-specific

535 antibodies. These heavy chain mediated shared antibody responses have been
536 thought to be a key driving force of SARS-CoV-2 antigenic drift (Clark et al.
537 2021; Patel et al., 2023; Yan et al., 2022). In this study, by contrast, the

538 identified population antibody response is mediated by antibodies with shared

539  usage of VL6-57 light chain gene. Generally, heavy chains dominate
540 interactions in antibody-antigen complexes, while light chains help modulating
541 heavy chain conformation (Xiao et al., 2019). It has been shown that antibodies

542  of VHI1-69 heavy chains can pair with irrelevant light chains to bind influenza
543  HAs (Pappas et al., 2014; Sui et al., 2009). Our structural study reveals that
544  interactions between the VL6-57-encoded mAbs and RBD are mainly mediated
545 by germline gene encoded residues in HCDR3 and LCDR1, while germline
546  gene encoded LCDR3 residues support HCDR3 in antigen binding. Although
547 VL6-57 is most frequently observed to pair with VH3-7, VH4-39, and VH4-59
548  we provide evidence that many other heavy chains can also pair with VL6-57 to
549  bind SARS-CoV-2 RBD. Therefore, VL6-57 germline sequence provides an
550 efficient framework to allow pairing with diverse heavy chains to generate

551 SARS-CoV-2 RBD-targeting antibodies, such unique property of VL6-57 gene
552 increases the probability of VL6-57 class of public antibodies being induced

553 across a broad population. This study provides a rare example that a light chain

554  paired with various heavy chains can largely dictate the binding mode of a class
555 of antiviral antibodies.

556

557  Given the epitope of the VL6-57 mAbs is largely conserved among animal

558 sarbecoviruses, we speculate that the versatility of VL6-57 in generating SARS-
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559 CoV-2 RBD antibodies may be unique within the human population. Wide

560 induction of this class of antibodies contribute to selection pressure on SARS-
561 CoV-2 within the human population, but similar response may be absent in

562  other species. Therefore, S371L/F-S373P-S375F represents a specific

563  constellation of immune escape mutations for SARS-CoV-2 adaptation and
564  transmission within the human population. However, it is worth noting that
565 there 1s still VL6-57 mADb that is resistant to Omicron variants (Huang et al.,
566  2023), implying adaptation of antibody immunity to viral mutations. Therefore,

567 exploring the co-evolution of virus and antibody immunity in future works
568 should be beneficial to understanding co-adaptability between virus and host
569 (Wuetal., 2015). Overall, this study provides a fresh example of light-chain
570 mediated populational antibody immune pressure against SARS-CoV-2 at

571  molecular level. Our findings further support the hypothesis that convergent
572 antibody responses within the population drive viral antigenic drift leading to
573  emergence of new SARS-CoV-2 variants.

574

575
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576 Methods

577  Cells and viruses

578  Expi293F cells (Thermo Fisher Scientific, A14527) were maintained in

579  Expi293F Expression medium (Thermo Fisher Scientific, A1435101) at 37 °C
580 by shaking at 120 rpm under a humidified atmosphere with 8% CO,. The

581 human embryonic kidney (HEK) 293T (ATCC, CRL-3216) and Vero E6

582 (ATCC, CRL-1586) were maintained in Dulbecco’s Modified Eagle’s Medium
583 (DMEM) supplemented with 10% FBS. The authentic SARS-CoV-2 viruses,
584 including WT (Wuhan-Hu-1), Alpha (B.1.1.7), Beta (B.1.351), Delta

585 (B.1.617.2), and Omicron (BA.1) were isolated from COVID-19 patients and
586  preserved in Guangzhou Customs District Technology Center BSL-3

587 Laboratory. The SARS-CoV-2 Delta strain was a gift from Guangdong

588  Provincial Center for Disease Control and Prevention, China. Experiments
589  related to authentic SARS-CoV-2 viruses were conducted in Guangzhou

590  Customs District Technology Center BSL-3 Laboratory.

591

592  Expression of monoclonal antibody

593  The antibody heavy- and light-V genes (VH/VL) were cloned into human IgG1
594  expression vectors using Clone Express II One Step Cloning Kit (Vazyme,

595  China). When density of HEK293F cells reached 1 x 10° cells/mL, equal

596 amounts of heavy- and light-chain plasmids were transfected into HEK293F
597 cells using EZ cell transfection reagent (Life-iLab Biotech, China). Following
598 transfection, HEK293F cells were cultured in CD 293 TGE medium (ACRO,
599  China) containing 10% CD Feed X supplement (ACRO, China) at 37 °C in a
600 humidified atmosphere with 5% CO, and shaking at 120 rpm. 6 days post

601 transfection, supernatants were harvested and clarified by centrifugation.

602  Supernatants were filtered through 0.22-um filters (Merck Millipore, Germany)
603  before incubation with Protein A Resin (Genscript, China) at room temperature
604  for 2 h for antibody affinity purification. After washing, antibodies were eluted
605 from the Protein A Resin using 0.1 M Na-Citrate (pH 3.25) and eluents were
606 neutralized immediately with 1 M Tris-HCI (pH 8.8). Antibodies were
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607 concentrated in PBS using Amicon Ultrafilter devices (Merck Millipore, USA)
608 and stored at —80 °C.
609

610 Inhibition of SARS-CoV-2 S-mediated cell-cell fusion
611  As previously described (Ma et al., 2023), we utilized a real-time, quantitative

612  live cell split-GFP fluorescence complementation phenotypic assay to analyze the
613  fusion inhibition activity of antibodies. Briefly, effector cells (HEK293T cells
614 expressing SARS-CoV-2 S and GFP1-10 proteins) were seeded into 96-well-
615 plate (5 x 10* cells per well in DMEM). Each well was cultured in the presence
616 or absence of a test mAb at the indicated concentrations for 2 h at 37 °C.
617  Subsequently, target cells (hACE2-293T cells expressing GFP11 protein, 5 x 10*
618 cells per well in DMEM) were added uniformly to each well and fluorescence
619 images were taken 2 h after the addition of target cells using a Nikon fluorescence
620 microscope or a Keyence BZ-X800 all-in-one fluorescence microscope. The GFP
621 area in each well was quantified on Image J, and percentage inhibition of cell-
622  cell fusion was calculated using the following formula: (1 — (E —N) /(P — N)) x
623  100%. “E” represents the GFP area in the experimental group. “P” represents the
624  GFP area in the positive control group, where no mAb was added. “N” is the GFP
625 areain the negative control group, where effector HEK293T cells only expressing
626 GFPI-10. Samples were tested in triplicate, and experiments were repeated at
627 least twice.

628

629 Protein expression and purification

630 The extracellular domain of SARS-CoV-2 spike (S) protein (residues 14-1211)
631 with an N-terminal mu-phosphatase signal peptide, a “R” substitution at the

632  multibasic furin cleavage site (R682-R685), and a C-terminal TEV protease

633 cleavage site followed by a T4 fibritin trimerization motif and a Hise tag was

634 cloned into the mammalian expression vector pPCDNA3.1(+), named “S-R”, as

635 previously described (Walls et al., 2019). To generate the stabilized S-protein
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636 for cryo-EM sample preparation, the sequence of S protein was modified with
637 six prolines at residues 817, 892, 899, 942, 986, and 987 and the furin cleavage
638  site was changed to “GSAS” (Hsieh et al., 2020), named “S-GSAS/6P”. To
639  express the SARS-CoV-2 RBD, residues 319-541 of S-protein were fused with

640 an N-terminal mu-phosphatase signal peptide and a C-terminal 6xHis tag before
641 the sequence was inserted into the pCDNA3.1(+) vector. S-protein or RBD

642  expression vector was transiently transfected into Expi293F using

643  polyethylenimine. Proteins were purified using IMAC (immobilized metal

644  affinity chromatography) following previously described protocols (He et al.
645 2022; Xiong et al., 2020; Yu et al., 2023). All proteins were aliquoted, flash-

646  frozen in liquid nitrogen and stored at -80 °C.

647

648 Biolayer interferometry

649 Binding assays were carried out on an Octet RED96 instrument (Sartorius)

650 using a previously established protocol (He et al., 2022). Briefly, each Protein A
651 biosensors (Sartorius) was pre-equilibrated in PBST buffer (PBS, pH 7.4,

652  0.02% Tween-20, 1 mg/ml BSA) for 10 min. Subsequently, IgG at 11 pg/ml

653  was loaded onto each biosensor to a response level between 1.6-1.8 nm. The
654 IgG immobilized biosensors were submerged into twofold serially diluted (200-
655 3.125 nM) RBD or S-protein solutions for 300 s to record association. The

656  biosensors were subsequently submerged into PBST buffer for 600 s to record
657  dissociation. For IgG binding to the generated RBD mutants, biosensors

658 immobilized with IgGs were monitored for association (300 s) in RBD solutions
659 at a fixed concentration of 200 nM before the sensors were submerged into

660 PBST to monitor dissociation (600 s). I[gG immobilized sensors were also

661 submerged into PBST buffer to record references. Data were reference-

662  subtracted and analyzed using Data Analysis HT v12.0.2.59 software (Sartorius)
663  with a 1:1 fitting model for binding to RBDs and 2:1 fitting model for binding
664  to S-trimers. Raw data and fits were plotted in GraphPad Prism v8.0.
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665 Competition assays were performed on a Gator label-free bioanalysis system
666 (GatorBio). 2 pg/ml of SARS-CoV-2 RBD (Sino Biological, Cat# 40592-

667 V08B) was immobilized onto the pre-equilibrated Anti-His biosensors

668 (GatorBio). Biosensors were statured with the first antibody for 300 s before
669 submerging into the second antibody or ACE2 solutions for 200 s. Data were
670 analyzed by the Gator data analysis software (GatorBio) and plotted in

671  GraphPad Prism v8.0.

672

673 Ligand-induced conformational change of spike protein

674  S-R diluted to 1 mg/ml (7.09 uM) was incubated with ACE2-Fc or antibodies in
675 IgG or Fab form at a 1:1.1 molar ratio at room temperature for 1 h. The samples
676  were subsequently treated with 50 pg/ml proteinase K at 4 °C for 30 min. Each
677 sample was boiled in 5 % non-reducing SDS loading buffer at 98 °C for 5 min to
678  stop the reaction. Samples were separated by SDS-PAGE on 4-12% gradient
679  gels, before protein bands were transferred onto a polyvinylidene difluoride

680 membrane using a semi-dry blotting system. The membrane was blocked with
681 5% milk in PBST before the membrane was incubated with a primary antibody
682  (rabbit anti-SARS-CoV-2 S2 polyclonal antibody, Sino Biological, Cat# 40590-
683  T62, 1:2500 dilution) in PBST. After extensive washing, the membrane was
684 incubated with the secondary antibody (horseradish peroxidase-conjugated goat
685 anti-rabbit IgG, Beyotime, Cat# A0208, 1:2500 dilution) in PBST. Finally,

686  protein blots were visualized by chemiluminescence using a Pierce ECL

687  Western Blotting Substrate (Thermo Fisher Scientific, Cat# 32106).

688

689 Cryo-EM sample preparation and data collection

690 To generate S-GSAS/6P:R1-26 Fab, S-GSAS/6P:H18 Fab complexes, S-

691  GSAS/6P at 4.43 mg/ml was incubated with R1-26 Fab or H18 Fab at a 1:1

692  molar ratio. To generate S-GSAS/6P:H18 Fab:R1-32 Fab complex, S-GSAS/6P
693  at 4.43 mg/ml was incubated with H18 and R1-32 Fabs at a 1:1:1 molar ratio.
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694  After 1 min incubation at room temperature, each 3 ul sample was

695 supplemented with 0.1% octyl-glucoside (Sigma-Aldrich, Cat# V900365)

696 before it was applied onto a 300-mesh holey carbon-coated copper grid

697  (Quantifoil, Cu R1.2/R1.3) pre-treated by glow-discharging at 15 mA for 30 s.
698  Each grid was blotted for 2.5 s with a blot force of 4 at 22 °C and 100%

699  humidity before plunge-freezing in liquid ethane using a Vitrobot Mark 1V

700  (Thermo Fisher Scientific). The S-GSAS/6P:R1-26 complex cryo-grid was

701  imaged in a Titan Krios electron microscope (Thermo Fisher Scientific)

702 operating at 300 kV and equipped with Gatan BioQuantum energy filter (slit
703 width 20 eV) and Post-GIF Gatan K3 Summit direct detection camera. Movie
704  stacks were automatically recorded using EPU at a nominal magnification of
705  x81,000 in super-resolution mode with a calibrated pixel size of 0.5475 A and
706  nominal defocus values ranged between -0.8 to -2.0 um. Each stack was

707  fractionated into 38 frames and exposed at a dose rate of 25 e /pixel/s for 2.4 s
708  resulting in a total dose of ~ 50 ¢ /A%. The S-GSAS/6P:H18 complex cryo-grid
709  was imaged in a Talos Arctica electron microscope (Thermo Fisher Scientific)
710  operating at 200 kV. Using the SerialEM v3.8.7 software, movie stacks were
711  recorded at a nominal magnification of x45,000 on a K3 direct detection camera
712 (Gatan) in super-resolution mode with a calibrated pixel size of 0.44 A with
713 nominal defocus values ranged between -0.8 to -2.5 um. Each stack was

714  fractionated into 27 frames and exposed at a dose rate of 24.4 ¢ /pixel/s for 1.89
715 s, resulting in a total dose of ~ 60 e /A2. The S-GSAS/6P:H18:R1-32 complex
716  cryo-grid was imaged in a 300 kV Titan Krios electron microscope (Thermo
717  Fisher Scientific) equipped with a SelectrisX energy filter (slit width 10 eV) and
718  aFalcon 4 direct electron detector. Movie stacks were automated collected

719  using EPU software with the electron event representation (EER) mode at a

720  nominal magnification of x130,000 with a pixel size of 0.93 A and nominal

721  defocus values ranged between -0.6 to -2.0 um. Each stack was recorded and

722 exposed at a dose rate of 7.51 e /pixel/s for 5.79 s resulting a total dose of ~ 50
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723 e /A% These settings yielded EER stacks consisting of 199 frames. All movie
724  stacks were imported into cryoSPARC live (v3.3.2) (Kucukelbir et al., 2014) for

725  pre-processing, which includes patched motion correction, contrast transfer

726  function (CTF) estimation and bad images rejection. Movie stacks of S-

727  GSAS/6P:R1-26 complex and S-GSAS/6P:H18 complex datasets were binned
728  2x resulting in pixel sizes of 1.095 A and 0.88 A, respectively.

729

730  Cryo-EM data processing

731  Data processing was carried out using cryoSPARC v3.3.2/v4.2.0. After bad

732 image removal, particles were picked by blob-picking on 4343 S-GSAS/6P:R1-
733 26,4822 S-GSAS/6P:H18 and 9861 S-GSAS/6P:H18:R1-32 images. After 2D
734  Classification, several good 2D classes were selected as the templates for

735 template-picking, resulting in initial datasets of 2,359,986 particles for S-

736  GSAS/6P:R1-26; 2,357,740 particles for S-GSAS/6P:H18; and 3,335,676

737  particles for S-GSAS/6P:H18:R1-32. Template-picked particles were extracted
738  for two or more rounds of 2D Classification to remove contaminants and low-
739  quality particles. For S-GSAS/6P:H18:R1-32, particles with intact S-trimers
740  were re-extracted with a larger box size before the last round of 2D

741  Classification. After several rounds of 2D Classification, well-aligned particles
742  with intact S-protein features were selected and subjected to Ab-initio

743  Reconstruction to generate 3D models. Particles of initial models with complete
744 S2 but incomplete S1 were further classified using Ab-initio Reconstruction
745  with class similarity value 0.3 for the S-GSAS/6P:R1-26 dataset, 0.7 for the S-
746  GSAS/6P:H18 and S-GSAS/6P:H18:R1-32 datasets to separate different

747  conformations.

748

749  3:2 and 3:3 S-protomer:Fab structures were observed in both S-GSAS/6P:R1-26
750 and S-GSAS/6P:H18 datasets. Head-to-head aggregates of 2 S-trimers bound by
751 3 Fabs, giving S-protomer:Fab stoichiometry of 6:6, were observed in 2D
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752  Classifications and Ab-Initio Reconstructions of both S-GSAS/6P:R1-26 and S-
753  GSAS/6P:H18 datasets. Particles of aggregate classes were selected and

754  combined before particles were re-extracted with a larger box size. A S-trimer
755  aggregate structure from the S-GSAS/6P:R1-26 dataset was obtained by a round
756  of 2D Classification followed by Ab-Initio Reconstruction. Similarly, 2 S-trimer
757  aggregate structures were obtained from the S-GSAS/6P:H18 dataset. To obtain
758  a higher resolution structure of the interface between RBD and R1-26 Fab,

759  particles of the 3:3 S-GSAS/6P:R1-26 structure were refined again with applied
760  C3 symmetry by Non-uniform Refinement. Refined particles were subjected to
761  Symmetry Expansion and Density Subtraction before a Local Refinement was
762  carried out focusing on a region containing RBD and Fab-V.

763

764  For the S-GSAS/6P:H18:R1-32 dataset, one 3:2:2 and two 3:3:3 structures were
765  observed. In the S-GSAS/6P:H18:R1-32 dataset, many well-defined 2D classes
766  showing incomplete S-protein features were selected for additional Ab-Initio
767  Reconstruction. One 1:1:1 S1:H18:R1-32 structure and one 2:2:2 S1:H18:R1-32
768  structure consisting of two head-to-head 1:1:1 S1:H18:R1-32 complexes were
769  observed. Particles of these two structures were re-extracted with a smaller box
770  size. Final maps of differently conformations were reconstructed using Non-
771  uniform Refinement. All maps with resolutions higher than 4 A were processed
772 by a second round of Non-uniform Refinement with defocus refinement and
773  global CTF refinement to improve map quality. All resolutions were estimated
774  at the 0.143 criterion of the phase-randomization-corrected Fourier shell

775  correlation (FSC) curve calculated between two independently refined half-

776  maps multiplied by a soft-edged solvent mask in RELION v4.0 (Kucukelbir et

777  al., 2014). Additional data processing details are summarized in Figs. S1 and
778 S2, and Table S2.

779

780  Model building and analysis
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781 A previously determined structure of SARS-CoV-2 S-trimer in complex with 3
782  R1-32 Fabs and 3 ACE2s (PDB: 7YEG) (He et al., 2022) or a structure of

783  SARS-CoV-2 S1 in complex with a YB9-258 Fab and an R1-32 Fab (PDB:
784  8HCS) (Yu et al., 2023) was used as starting model. An antibody light chain
785 (PDB: 7D6I) was used as the starting model for R1-26 and H18 Fab light

786  chains. Starting models for R1-26 and H18 Fab heavy chains were generated
787  from heavy chain structures in PDBs - 5X8M and 7VSU respectively. Starting
788  models were fitted into final refined maps in UCSF Chimera v1.14 (Pettersen et
789 al., 2004). Iterative model building and real space refinement were carried out

790  in Coot v0.9.6 (Emsley et al., 2010) and PHENIX v1.20.1-4487 (Afonine et al.,

791  2018). Model refinement statistics are summarized in Tables S2. Interface
792  analyses were performed in QtPISA v2.1.0 (Krissinel, 2015). Structure figures
793  were generated in UCSF Chimera v1.14.

794

795 SARS-CoV-2 authentic virus neutralization assay

796  Antibodies were serial diluted with DMEM and mixed with 200 focus forming
797  unit (FFU) Wuhan-Hu-1 (wildtype), Alpha, Beta, Delta, or Omicron BA.1

798 authentic SARS-CoV-2 viruses. After incubation at 37 °C for 1 h, antibody-
799  virus mixtures were added to a 96-well plate cultured with Vero E6 cells and
800 incubated at 37 °C in 5% CO; for 1 h. After removing the inoculum, each well
801  was overlaid with 100 pL 1.6% carboxymethylcellulose warmed to 37 °C. After
802  culturing for 24 h, overlays were removed and the cells were fixed with 4%

803 paraformaldehyde (Biosharp, China) and permeabilized with 0.2% Triton X-100
804 (Sigma, USA). Cells were incubated with a human anti-SARS-CoV-2

805 nucleocapsid protein monoclonal antibody (obtained by laboratory screening) at
806 37 °C for 1 h. After washing with 0.15% PBST three times, cells were

807 incubated with an HRP-labeled goat anti-human secondary antibody (Cat. No.:
808  609-035-213, Jackson ImmunoResearch Laboratories) at 37 °C for 1 h. Plates
809  were washed with 0.15% PBST three times before the foci were visualized by
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810 TrueBlue Peroxidase Substrate (KPL, Gaithersburg, MD), and counted with an
811  ELISPOT reader (Cellular Technology Ltd. Cleveland, OH). The foci reduction
812  neutralization test titre (FRNT50) was calculated by the Spearman-Karber

813  method.

814

815  Analysis of the structurally characterized SARS-CoV-2 S-specific mAbs
816 A total of 376 antibody:RBD/S-protein complex structures were curated from
817  the PDB (https://www.rcsb.org/) before May 18, 2023. Epitope residues,

818 paratope residues, and buried surface area (BSA) were determined or calculated
819  using the PDBe PISA server (https://www.ebi.ac.uk/msd-srv/prot_int/). BSA for
820  each epitope residue is assigned as a feature of a certain antibody and used to
821  construct a feature matrix Maxs for downstream analysis, where A is the

822  number of antibodies and B is the number of features (amino acid length of

823  spike: 1273). Therefore, a 376x1273 BSA matrix was obtained, which was

824  subsequently used as input for epitope classification with the R package UMAP
825  (v0.2.9.0). Uniform Manifold Approximation and Projection (UMAP) is an

826  algorithm for dimensional reduction. After the reduction analysis, clustering
827  was performed using the K-means algorithm. UMAP and K-means clusterings
828  were conducted independently. Antibodies clustered into the same cluster as the
829  well-documented mAb CR3022 are defined as class 4 antibodies. After this

830 workflow, 35 class 4 mAbs were identified among the 376 structurally

831 characterized S-specific mAbs (Fig. S5). In addition, we found that class 4

832  epitope is largely overlapping with the F2 epitope which was previously defined
833 by deep mutational scanning (Cao et al., 2022). Thus, a total of 69 F2 epitope

834 mAbs were also included for germline gene usage analysis. Germline gene

835 usages of these structurally characterized S-specific mAbs were inferred using
836 IMGT/V-QUEST (https://www.imgt.org/). Visualization of the germline heavy
837 and light gene usage and pairing among the 35 class 4 and the 69 F2 antibodies
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838  were performed in R platform v4.2 using the R package circlize v0.4.10 (Gu et
839 al.,2014).

840

841 Bioinformatic analysis

842  To investigate features of VL6-57 utilizing mAbs, a total of 290 VL6-57

843 utilizing mAbs were extracted from the CoV-AbDab database (Raybould et al.,

844  2021) for downstream analysis. Analysis of germline gene usage and CDR3
845 length were perform using the built-in function in R platform v4.2. CDR3
846 amino acid composition analysis was performed using the R package ggseqlogo

847 (Wagih, 2017). VL6-57 utilizing mAbs with 12-AA length HCDR3 were used

848  for lineage structure reconstruction. R package igraph was employed for

849  visualization of the lineage structure of VL6-57 utilizing mAbs with 12-AA
850 length HCDR3s. After the above workflow, the results showed that WLRG
851  motif within 12-AA long HCDR3 and QSYDSS motif within LCDR3 are the
852  convergent signatures of the VL6-57 mAbs. To determine the occurrence of
853  VL6-57 mAbs with paired HCDR3 “WLRG” motif, we analysed nearly 2

854  billion IgH and IgL sequences from 3 previously described datasets (Niu et al.
855 2020; Yan et al., 2021; Zhang et al., 2022). These datasets have been deposited
856 by us in the National Genomics Data Center (https://bigd.big.ac.cn/), China

857 National Center for Bioinformation (CNCB) under accession numbers

858 PRICA003775, PRICA007067, and PRICA017560. HCDR3 “WLRG” motif-
859 containing IgH sequences were defined as those sequences which have 12-AA
860 long HCDR3s with a “WLRG” motif. VL6-57 IgL sequences were defined as
861  those sequences that use the germline gene VL6-57 with 9 to10-AA long

862 LCDR3s, and encoding a “QSYDSS” motif within LCDR3 region. The

863 abundance of “WLRG” motif-containing IgH sequences or VL6-57 IgL

864 sequences were normalized by counts per million. The clonal expansion of B
865 cells expressing “WLRG” motif-containing IgH or VL6-57 IgL sequences in
866 COVID-19 patients after SARS-CoV-2 infection were tracked. The divergence
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867 from germline genes of all IgH or IgL sequences was equal to somatic

868 hypermutations, and sequence identity to queried sequence was calculated using
869 the R package Biostrings v2.60.2

870  (http://bioconductor.org/packages/release/bioc/html/Biostrings.html). All IgH or
871 IgL sequences were plotted as a function of sequence somatic hypermutations
872  (x axis) and sequence identity (y axis) to heavy or light chains of R1-26, R1-30,
873 R2-3, R2-6 or R2-7 with a colour gradient indicating sequence density. To

874  determine the frequency of B cells expressing VL6-57 mAbs with paired

875 HCDR3 “WLRG” motif, we analysis the single-B V(D)J sequences from

876 SARS-CoV-2-exposed and -unexposed individuals (Barmada et al., 2023;

877 Dugan et al., 2021; Ferreira-Gomes et al., 2021; Ren et al., 2021; Zhang et al.,
878  2020) and FACS-sorted RBD+ B cells from COVID-19 convalescents (Yu et

879  al., 2023). These datasets are available from the Gene Expression Omnibus

880 (GEO) database under accession numbers: GSE230227, GSE171703,

881 GSE158038, GSE158055; http://www.microbiome-bigdata.com/project/SARS-
882  CoV-2/; and National Genomics Data Center (https://bigd.big.ac.cn/) under the
883 accession number: PRJCA012020. B cells expressing VL6-57 mAbs with

884  paired HCDR3 “WLRG” motif were defined as those B cells expressing heavy
885 chains with a 12-AA long HCDR3 containing a “WLRG” motif and VL6-57
886  light chains with a “QSYDSS” motif in LCDR3.

887

888  Data availability

889  Cryo-EM density maps for the structures of R1-26 or H18 Fab in complex with
890  S-trimer or S1 fragment have been deposited in the Electron Microscopy Data
891 Bank (EMDB) with accession codes XXXX. Related atomic models have been
892  deposited in the Protein Data Bank (PDB) under accession codes XXXX,

893  respectively.
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a Features of isolated IGLV6-57 (VL6-57) light chain utilizing mAbs
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1168 Fig. 1 | Characteristics of the 5 VL6-57 light chain utilizing antibodies. a,
1169  The genetic and functional properties of the 5 isolated VL6-57 light chain

1170 utilizing antibodies (He et al., 2022). Neutralization titres (ICso) of antibodies
1171  were determined against a pseudovirus displaying WT SARS-CoV-2 S-protein.
1172  Binding affinities (Kp) of antibodies to SARS-CoV-2 WT RBD were

1173  determined by biolayer interferometry (BLI) assays. Germline usage and

1174  somatic hypermutation (SHM) analysis of antibodies were performed using
1175 IMGT/V-QUEST. b, Pairwise binding competition to SARS-CoV-2 RBD was
1176  assessed by BLI. A biosensor immobilized with WT SARS-CoV-2 RBD was
1177  first saturated with one of the VL6-57 utilizing mAbs until the dashed line

1178  before submerging into a solution of another mAb or ACE2 to assess

1179  competition. An ACE2 competing antibody B38 (purple) and two non-ACE2
1180 competing antibodies recognizing different RBD epitopes, CR3022 (black)
1181 (Yuan et al., 2020b) and R1-32 (green) (He et al., 2022) were used as controls.
1182  c¢-d, BLI binding curves of R1-26 to 2-fold serially diluted RBD (¢) or S-protein
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1183  (d) solutions of WT SARS-CoV-2 and VOCs. The black lines represent the
1184  experimentally recorded sensorgram traces, the colored lines represent

1185 corresponding fits. Detailed binding kinetics parameters are summarized in
1186 Supplementary Table 1. e, Neutralization activities of R1-26 towards SARS-
1187 CoV-2 WT and VOC authentic viruses in cell culture (data are presented as

1188 mean values = SD).
1189
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Fig. 2 | Structural analysis of R1-26 epitope binding and biochemical
activities of R1-26. a, Structures (low-pass filtered to 12 A) of S-GSAS/6P S-
trimers in complex with R1-26 Fabs in different stoichiometries. R1-26 Fab,
NTD and RBD are highlighted in magenta, blue and cyan, respectively; the rest
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1195  of the S-trimer is colored gray. b, Epitope of R1-26 on spike RBD. R1-26-H
1196 and R1-26-L chains are colored in magenta and purple. Detailed interactions
1197 between R1-26 and RBD are shown in the dashed boxes. CDR loops are

1198 indicated, selected interacting residues in antibody-RBD interface are shown.
1199  Thick and thin dashed lines indicate cation-t and hydrogen bond interactions;
1200  The solid line represents a salt bridge. ¢, A hypothetical model showing

1201  simultaneous RBD binding by R1-26 and ACE2 (also see Fig. S4 for

1202  comparison with simultaneous RBD binding by CR3022 and ACE2). The
1203  model is based on RBD complex structures of R1-26 and ACE2 (PDB: 7YDI).
1204  The glycan attached to ACE2 residue N322 is labelled and the green dashed
1205 arrow indicates a possible direction of glycan chain extension. d, Ligand-
1206 induced conformational change assays to probe the induction of post-fusion
1207  structures, presence of proteinase K resistance core is indicative of post-fusion
1208  structure (He et al., 2022; Matsuyama and Taguchi, 2009; Walls et al., 2019). e,

1209  R1-26 inhibits spike-ACE2 interaction mediated cell-cell membrane fusion.
1210
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1211
1212 Fig. 3 | Epitopes and binding modes of VL6-57 antibodies. a-i, Structures of
1213 R1-26 (a), FP-12A (b), IY-2A (¢), 553-15 (d), 2-7 (e), S2A4 (f), P5S-3B11 (g),
1214 GHI12 (h), and 3D11 (i) bound to their epitopes. Fab-VH, Fab-VL and RBD are
1215 colored in magenta, purple and cyan, respectively. Selected interactions

1216  engaged by HCDR3, LCDRI1 and LCDR3 are shown. All shown antibodies
1217  bind almost the same surface area on RBD, hydrophobic, particularly aromatic
1218  amino acid residues are found in all the HCDR3 loops of the shown VL6-57
1219 antibodies for epitope recognition. All LCDR1 loops have the same interactions
1220  with RBD. j, Comparison of RBD binding by the shown VL6-57 mAbs and
1221  ACE2. k, Superposition of HCDR3 and LCDRI1 loops of the shown VL6-57
1222  mAbs. Variability is observed for the HCDR3 loops while the LCDR1 loops

1223 show high similarity.
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Fig. 4 | Analysis of VL6-57 light chain sequences and associated heavy
chain sequences in antibody repertoires. a, A schematic diagram showing the
search workflow for VL6-57 light chain and the associated “WLRG” motif
containing heavy chain sequences from CoV-AbDab or published antibody
repertoire datasets. Created with BioRender.com. b, Heavy chain sequence
analysis of the 290 VL6-57 utilizing mAbs identified from the CoV-AbDab. A
histogram showing the HCDR3 length distribution among the 290 mAbs
(bottom). Sequence logo plot showing consensus HCDR3 amino acids of the
VL6-57 utilizing mAbs with 12-AA long HCDR3s (top left). A histogram
showing the heavy chain germline gene usage among the VL6-57 utilizing
mAbs with 12-AA long HCDR3s (top right). Lineage structure of the VL6-57
utilizing mAbs with 12-AA long HCDR3s based on similarity of HCDR3
sequences (boxed). When similarity of any two mAbs’ HCDR3s is > 80%, they
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1239  are linked by a line. mAbs containing the HCDR3 “WLRG” motif are colored
1240 red. ¢, Pie chart showing the occurrence of “WLRG” motif containing IgH

1241  sequences in a cohort of 33 COVID-19 convalescents and 24 healthy donors. d,
1242 Read-count comparison of “WLRG” motif containing IgH sequences in the IgH
1243 repertoires of COVID-19 convalescents and healthy donors. e, Read-count
1244  dynamics of “WLRG” motif containing IgH sequences in the IgH repertoires of
1245 COVID-19 convalescents, each line connects data of different timepoints from
1246  the same patient. f, Read-count comparison of “WLRG” motif containing IgH
1247  sequences in the IgH repertoires of COVID-19 convalescents and healthy

1248  donors across different timepoints. g, Pie chart showing the isotype distribution
1249  of “WLRG” motif containing IgH sequences in COVID-19 patients and healthy
1250  donors. h, Read-count comparison of “WLRG” motif containing IgH sequences
1251  between COVID-19 convalescents and healthy donors across different isotypes.
1252 i, Read-count comparison of “QSYDSS” containing VL6-57 light chain

1253  sequences in the IgL repertoires of COVID-19 convalescents and healthy

1254  donors. Antibody sequence analyses in panels c-i used published bulk

1255 sequencing datasets (Niu et al., 2020; Yan et al., 2021; Zhang et al., 2022). j,
1256  The occurrence of VL6-57 mAbs with paired heavy chains containing the

1257 HCDR3 “WLRG” motif in the single-B V(D)J repertoires of COVID-19

1258  patients, vaccinees and healthy donors (Barmada et al., 2023; Dugan et al.,
1259 2021; Ferreira-Gomes et al., 2021; Ren et al., 2021; Yu et al., 2023; Zhang et
1260 al., 2020). The two-sided chi-square test was performed in panels (¢) and (g).
1261  Student’s t test was performed in panels (d), (f), (h), and (i). (**** p <0.001,

1262 *** p<0.001, ** p <0.01, ns. p > 0.05).
1263
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1265 Fig. 5 | Characteristics of recombinational mAbs derived from healthy
1266  donors. a, WT SARS-CoV-2 RBD binding by five recombinational mAbs were
1267 assessed by BLI. Black and colored lines represent experimentally recorded
1268  sensorgram traces and corresponding fits. 2-fold serially diluted RBD solutions
1269 (200 nM to 3.125 nM) were used in the BLI assays. b, Binding of mAb H18 to
1270  SARS-CoV-1, Pangolin CoV GDI1 and Bat CoV RaTG13 RBDs were measured
1271 by BLI. Kinetic parameters for panels (a) and (b) are summarized in

1272  Supplementary Table 3. ¢, Neutralization activities (mean = SD) of mAb H18
1273  towards SARS-CoV-2 authentic viruses in cell culture. d, Structures of S-

1274  GSAS/6P S-trimers in complex with H18 Fabs in different stoichiometries and
1275 conformations. e, Structures of S-GSAS/6P S-trimers or S1s in complex with
1276 ~ H18 Fabs and R1-32 Fabs. Structures in d-e are low-pass filtered to 12 A to
1277  reveal flexible regions (also see Fig. S2). H18 Fab, NTD, and RBD are

1278  highlighted in magenta, blue, cyan, respectively; other structures are colored
1279  gray. f, Detailed H18 epitope structure. H18-H and H18-L chains are colored in
1280 magenta and purple; CDR loops are indicated, selected interacting residues
1281 between RBD and H18 are shown and indicated; thick and thin dashed lines

1282  indicate cation-m interactions and hydrogen bonds.
1283


https://doi.org/10.1101/2023.10.12.561995
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.12.561995; this version posted October 14, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

a Substitutions on SARS-CoV-2 RBDs

T478
F486 o _s477

¢ Binding of Omicron BA.1 RBDs with rescue mutations by VL6-57 mAbs

R1-26 H18 S2A4
0.8 0.8 0.8 — Wuhan-Hu-1
— srasossh — — — Omicron
E 0.6/ E o6 E 0.6 — OmicronL3718
; S —— ; ; — Omicron-P373S
§ 0.44 g 0.4 g 0.4+ Omicron-F3758
a [o% a — Omicron-(L371S+P373S)
3 027 8 02 3 027 — Omicron-(P3738+F375S)
4 4 4
0.0 0.0 0.0 Omicron-(L371S+F3758)
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800 Omicron-(L3715+P3735+F3755)
Time (s) Time (s) Time (s)
d Comparison of VL6-57 mAb epitope structures
WT vs Omicron BA.1 WT vs Omicron BA.2
Omicron BA.1 (7TWRS8) WT Omicron BA.2 (7XOC) WT
N \',?’/
- )
Q WL P3s4
N LET
T &
2\ .
NN\ / _Far7

/l
= §é375F
S373P F/3}4/>\ 7
1284

1285 Fig. 6 | SARS-CoV-2 Omicron variants evade VL6-57 antibodies by

1286  mutations at residues S371-S373-S375. a, Substituted residues among SARS-
1287  CoV-2 variants are highlighted in red on the surface of SARS-CoV-2 RBD.
1288  Among the 26 substitutions, 18 are shared among SARS-related-CoV's and are
1289 Ilabeled in red, the other 8 substitutions are labeled in orange. b, Substituted
1290  residues among RBDs of SARS-related-CoVs are highlighted in red. Among
1291 the 72 substitutions, 18 are shared with SARS-CoV-2 variants and are labeled in
1292  red. Epitope of R1-26 on RBD is encircled by cyan outlines in panels (a) and
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1293  (b). ¢, Binding of R1-26, H18 and S2A4 to a series of Omicron BA.1 RBD
1294  mutants carrying 1-3 rescue mutations at S371, S373, and S375. BLI binding
1295  kinetic parameters are summarized in Supplementary Table 4. d, Comparison
1296  of the VL6-57 mAb epitope structures on WT and Omicron BA.1 (left) or BA.2
1297  (right) RBDs. Superposition shows differences in amino-acid sidechain

1298 orientations and main chain backbone structures.
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1301  Fig. S1 | Cryo-EM data processing pipelines. a, Data processing pipeline for
1302 the S-GSAS/6P:R1-26 complex dataset, the mask for subtraction is colored in
1303  yellow. b, Data processing pipeline for the S-GSAS/6P:H18 complex dataset. c,
1304  Data processing pipeline for the S-GSAS/6P:H18:R1-32 complex dataset. Red
1305 boxes indicate selected classes.
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1308  Fig. S2 | Resolution assessment of cryo-EM structures. a, Local resolution
1309  assessment for the complex structures determined from S-GSAS/6P:R1-26, S-
1310 GSAS/6P:H18 and S-GSAS/6P:H18:R1-32 datasets. b, Global resolution

1311  assessment by Fourier shell correlation (FSC) at the 0.143 criterion. c,

1312 Correlations of model vs map by FSC at the 0.5 criterion. d, Representative
1313 cryo-EM densities around antibody-RBD binding interfaces. HCDR3 loops of

1314 R1-26 or H18 are colored magenta and RBD is colored cyan.
1315
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1317  Fig. S3 | Epitope of R1-26 in the context of different S-trimer
1318 conformations and compared to other buried surface areas (BSAs) on
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1319 RBD. RBD molecular surfaces are colored in gray, BSAs in different S-trimer
1320 conformations are highlighted in yellow, BSAs by ACE2 or antibodies are
1321  highlighted in cyan. a, In each of the shown 1 RBD “up” S-trimers (Wrobel et
1322 al., 2020), buried surface area on the “up” RBD buried by the adjacent “down”
1323  RBD is colored yellow (also shown in ¢). Binding of R1-26 (middle) or

1324 CR3022 (right) (Yuan et al., 2020a) is shown and compared with the buried
1325  surface area by the “down” RBD. b, In each of the shown 3 RBD “down”
1326  closed S-trimer structures (Xiong et al., 2020), buried RBD surface area (left,
1327  colored yellow, also shown in d) or epitope of R1-26 (middle, cyan, also shown
1328 in h) or CR3022 (right, cyan, also shown in g) is shown to illustrate R1-26 and
1329  CR3022 epitopes being cryptic. e, RBD buried surface area in the 3 RBD

1330  “down” locked S-trimer structure (Xiong et al., 2020). f-h, Binding surface of
1331 ACE2 (f) (Lan et al., 2020) and epitope of CR3022 (g) or R1-26 (h).
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Model of RBD bound by CR3022 and ACE2

80°

Fig. S4 | A hypothetical model showing simultaneous RBD binding by
CR3022 and ACE2. The model is based on RBD complex structures of
CR3022 (PDB: 6W41) and ACE2 (PDB: 7YDI). The glycan attached to ACE2
residue N322 is labelled and the green dashed arrow indicates a possible
direction of glycan chain extension. Also see Fig. 2¢ for comparison with
simultaneous RBD binding by R1-26 and ACE2.
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Fig. S5 | Structure gallery of class 4 antibodies in complex with RBD.

Antibody H chains and L chains are colored in magenta and purple. RBDs are

colored in cyan. Antibody heavy and light chain V genes encoding each

antibody are shown under each antibody name with corresponding PDB code in
backet. IGLV6-57 encoded antibody structures are highlighted by their light

chain V genes shown in blue. Structures are arranged by similarity of their

binding modes.
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Fig. S6 | Sequence analysis of class 4 mAbs and VL6-57 utilizing mAbs. a,
Germline heavy and light chain gene usage and pairing among the 35 class 4
(left) and the 69 class F2 (right) antibodies. In the chord diagrams, each of the
germline heavy and light chain pair is linked by an arc, the size of arc is
proportional to the number of antibodies identified with such heavy-light chain

pairing. b, Heavy chain sequence alignment of the 8 structurally characterized
VL6-57 utilizing mAbs with their germline gene sequences. Hydrophobic,
particularly aromatic amino acid residues within HCDR3 regions are

underlined. ¢,

Light chain sequence alignment of the 8 structurally characterized

VL6-57 utilizing mAbs with their germline gene sequences. The RBD-contact
motif “NY” encoded by VL6-57 light chain LCDR1 germline sequence is
shown in red letters.
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1365 Fig. S7 | Buried surface area (BSA) analysis of the structurally

1366  characterized spike-specific mAbs. a, Comparison of BSAs by heavy (HC)
1367 and light chains (LC) of the 376 structurally characterized spike-specific mAbs
1368 available in the PDB. b, Differences in BSAs by heavy (HC) and light chain
1369  (LC) are compared between VL6-57 (R1-26 is included in this analysis) and
1370  non-VL6-57 class 4 mAbs. ¢, Per-site BSA analysis on heavy chains (HC) and
1371  light chains (LC) of R1-26 and the other 8 VL6-57 mAbs. Student’s t test was
1372 performed in panels (a) and (b). (**** p <0.0001, *** p <0.001, ** p <0.01,

1373  ns. p>0.05).
1374
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Fig. S8 | Sequence analysis of VL6-57 utilizing mAbs from the CoV-AbDab.
a, A histogram showing the heavy chain germline gene usage of the 290 VL6-
57 utilizing mAbs curated from the CoV-AbDab. b, A histogram showing the
LCDR3 length distribution of the 290 VL6-57 utilizing mAbs. ¢, A heatmap
showing the HCDR3 and LCDR3 length pairing and distribution among the 290
VL6-57 utilizing mAbs. d, Sequence logo plots showing consensus amino acids
within 12-aa length HCDR3 loops and their paired 9-aa (left) or 10-aa (right)
length LCDR3 loops of VL6-57 mAbs. e, Sequence logo plots showing
consensus amino acids of HCDR3 loops of 11-, 13-, 14-, or 15-aa length among
the 290 VL6-57 utilizing mAbs. f, Three reading frames (RF1-3) of IGHDS
germline genes are shown. The “WLR” sequence is encoded by RF2 of IGHDS-
12 (top right).
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Fig. S9 | Identity-divergence plots showing the presence of R1-26, R1-30,
R2-3, R2-6, or R2-7-like IgH or IgL lineages in the repertoires of their
donors. All sequences in the repertoires are plotted as a function of sequence
divergence from their germline genes (x axis) and sequence identity to heavy
chain or light chain of R1-26, R1-30, R2-3, R2-6, or R2-7 (y axis). Color
gradient indicates sequence density. Red boxes indicate peaks containing IgH or
IgL sequences highly similar to those of R1-26, R1-30, R2-3, R2-6, or R2-7.
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Fig. S10 | Characteristics of the recombinational mAbs derived from
healthy donors. a, Summary of genetic features of the 5 recombinational mAbs
derived from healthy donors. Sequence analysis of the mAbs was performed
using IMGT/V-QUEST. b, Heavy chain sequence alignments of the 5
recombinational mAbs with their germline gene sequences. Amino acid residues
identical to their germline sequence are dotted. ¢, Sequence alignment of the
common light chain shared by the 5 recombinational mAbs with its germline

gene sequence.
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Fig. S11 | SARS-related-CoV RBD binding by the recombinational mAbs.
a-d, Binding of H4 (a), H5 (b), H14 (¢) and H16 (d) to SARS-CoV-1, Pangolin
CoV GDI, and Bat CoV RaTG13 RBDs were measured by BLI. 2-fold serially
diluted RBD solutions (200 nM to 3.125 nM) were used in the BLI assays.
Kinetic parameters are summarized in Supplementary Table 3.
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