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Cryo-EM reveals conformational variability in the
SARS-CoV-2 spike protein RBD induced by two
broadly neutralizing monoclonal antibodies+
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SARS-CoV-2 spike proteins play a critical role in infection by interacting with the ACE2 receptors. Their
receptor-binding domains and N-terminal domains exhibit remarkable flexibility and can adopt various
conformations that facilitate receptor engagement. Previous structural studies have reported the RBD of
the spike protein in "up”, "down”, and various intermediate states, as well as its different conformational
changes during ACE2 binding. This flexibility also influences its interactions with the neutralizing
antibodies, yet its role in the antibody complexes remains understudied. In this study, we used cryo-
electron microscopy to investigate the structural properties of two broadly neutralizing monoclonal
antibodies, THSC20.HVTR04 and THSC20.HVTR26. These antibodies were isolated from an unvaccinated
individual and demonstrated potent neutralization of multiple SARS-CoV-2 variants. Our analysis
revealed distinct binding characteristics and conformational changes in the spike RBD upon binding with
the monoclonal antibodies. The structural characterization of the spike protein-monoclonal antibody
complexes provided valuable insights into the structural variability of the spike protein and the possible
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has infected over 700 million people globally and caused
more than 7.7 million deaths (https://covid19.who.int/). The
trimeric spike (S) protein of SARS-CoV-2 is a homotrimeric
type I transmembrane fusion glycoprotein that facilitates the
initiation of the virus infection by binding to the human
angiotensin-converting enzyme 2 (ACE2) receptor found on the
epithelial cells." The S protein consists of two subunits: S1 and
S2. S1 contains the N-terminal domain (NTD) and the receptor
binding domain (RBD). The receptor binding domain (RBD) is
responsible for interacting with the host ACE2 receptor and
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mechanisms for antibody-mediated neutralization.

initiates the infection. Thus, the RBD is the principal target for
neutralizing antibodies to inhibit the interactions between RBD
and the ACE2 receptors, as well as the involvement of the S2
subunit in membrane fusion. The receptor-binding motif
(RBM) within the S1/RBD region is responsible for extensive
binding with the N-terminal alpha-helix of the ACE2 receptor.>*
The S1/RBD-ACE2 binding allows S2 to undergo conformational
changes that further promote the fusion of the viral and host
membranes. This enables the viral RNA to enter the host cell
and establish infection.* The RBD region of the S protein can
switch between closed and open forms based on its engagement
with the receptor, and both forms can co-exist at equilibrium.?
The receptor initially binds to the “one RBD-up” conformation,
which facilitates a sequential movement of the other RBDs to
the “up” conformation. Cryo-EM-based structural studies have
reported different conformational states of ACE2 bound to the
RBD.>*®

Additionally, so far, several neutralizing antibodies have
been reported to broadly target three specific sites in the S1
subunit: (a) the NTD region,”® (b) the ACE2 binding surface of
the RBD (blocking the S-ACE2 interaction)>® and (c) rarely the
N-linked glycans in RBD (without any influence on S-ACE2
interaction)." However, the last two processes have demon-
strated destabilization of RBD binding with the ACE2
receptor.””™* Due to the conserved nature of the S2 stem-helix
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region of the S protein, several broadly neutralizing antibodies
(bnAbs) have been isolated against this region to block the viral
fusion machinery. Along with bnAbs, several potent fusion
inhibitors against heptad repeat 1 (HR1) and heptad repeat 2
(HR2) have also been designed.***® While the binding of ACE2
to the RBD induces various conformational states, antibodies
bound to the RBD may also stabilize or induce several inter-
mediate states. However, most studies have not focused on the
conformational flexibility of the RBD during monoclonal anti-
body (mAb)-mediated neutralization despite its potential
importance in determining the neutralization efficacy.

Recently, we reported several SARS-CoV-2 RBD-reactive mAbs
isolated from an unvaccinated convalescent donor who was
infected with ancestral SARS-CoV-2 in early 2020."”'* Of these
antibodies, two (THSC20.HVTR04 & THSC20.HVTR26) demon-
strated potent neutralization capability towards several SARS-
CoV-2 variants of concern (VOCs), such as Alpha, Beta,
Gamma, and Delta, and variants of interest (VOIs), such as
Kappa and Delta Plus. However, only THSC20.HVTR26
neutralized Omicron B.1.1.529 (BA.1) variant.” Conversely, we
found that THSC20.HVTR04 could potently neutralize the
Omicron BA.2 and BA.4/BA.5 variants but not the BA.1 variant.'®
Previous studies have suggested that the antibody-bound
conformational states of the RBD region are crucial for
neutralization and inhibiting ACE2 receptor binding.'**"
However, antigen-antibody binding can induce allosteric
conformational changes in the antigen.”* Additionally, previous
studies have characterized the conformational changes of IgG
when bound to small antigens* and its conformational vari-
abilities both in the presence and absence of the interacting
partners.”® Therefore, understanding the conformational
selectivity associated with antigen-antibody complexes is
crucial. Only a few studies have described the structural char-
acteristics of antibody-mediated dynamics.>* Here, we have
characterized the high-resolution structure of the S-protein
bound to the two broadest mAbs at a resolution of 4.5 A using
cryo-EM. The structural analysis showed the conformational
flexibility of the two Fabs bound to the S protein, which adopts
several conformations. Furthermore, we demonstrate that mAb/
Fab can modulate the position of the RBD domain, resulting in
a more open conformation of the S protein RBD. More inter-
estingly, our study shows that the RBD-Fab complex may adopt
new conformations that have not been demonstrated previ-
ously, but the interaction of the epitope residues is conserved in
different conformations of RBD-Fab. These structural insights
will be beneficial to designing antibody-based drugs in the
future.

Results

Structural properties of S-protein-bound THSC20.HVTR04
(Fab4) and THSC20.HVTR04 (Fab26) complexes based on
cryo-EM analysis

Neutralization efficiency was exhibited by both mAbs, namely,
THSC20.HVTR04 and THSC20.HVTR26, indicating epitope
conservation in most of the variants tested'”*®. Next, we per-
formed single-particle cryo-electron micrography (cryo-EM) to
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decipher the neutralization mechanism of  both
THSC20.HVTR04 and THSC20.HVTR26 antibodies. For cryo-
EM-based structural analysis, the SARS-CoV-2 S protein was
incubated with the Fab fragments of both mAbs. Previous
studies have demonstrated that both purified Fabs (referred to
as Fab4 and Fab26 here on) could strongly bind to the RBD.*”*
However, we also carried out negative stain TEM analysis to first
predict the frequency of the Fab-bound forms of the S protein
complexes. For TEM analysis, the SARS-CoV-2 S protein was
incubated separately with the two Fabs (Fab4/THSC20.HVTR04
and Fab26/THSC20.HVTR26). Negative staining (NS) TEM
imaging and reference-free 2D classifications were performed to
investigate the sample quality and visualize the dynamic nature
of the S protein-antibody interactions. Our TEM studies showed
that most of the S proteins were highly homogeneous triangular
cone-shaped molecules with some extra densities associated
with the RBDs in the S1 region (Fig. S171), which were completely
absent in previously reported negative staining images of the
intact S protein at different pH conditions.” These extra densi-
ties clearly represent the binding of Fabs to the S protein in
different proportions. Additionally, no tendency of S protein
aggregation was observed in the presence of either Fab4 or F26
(Fig. S1A and Bf). The reference-free 2D class averages of the S
protein with Fabs indicated that the extra densities were related
to the RBDs. In 2D class averages, only one Fab, two Fab, and
three Fab densities were clearly visible in different class aver-
ages. Overall, the NS-TEM analysis indicated that the majority of
the S protein formed a stable complex with the Fab fragment
(Fig. S17). These results encouraged us to proceed with the
structural characterization of the S protein complexes with Fab4
and Fab26 using cryo-EM.

Thus, to achieve our targets, we examined the conforma-
tional changes of the S protein protomers by complexing both
the Fabs with the S trimer under physiological and cryogenic
conditions. The Fab fragments Fab4 and Fab26 were incubated
with the SARS-CoV-2 S protein ectodomain and imaged at
cryogenic temperature to analyze the structural properties. In
the cryo-EM analysis, we were able to see extra densities at the
RBDs in the S1 region of the S protein in reference-free 2D class
averages (Fig. S21). Most of the 2D class averages indicated that
the S protein either interacts with two Fabs or three Fabs to
form complexes, which was noticeable for both the Fabs
(Fig. S2A and Bf). Therefore, 3D classification and refinement
were performed to characterize the high-resolution 3D struc-
tures of S protein complexes with Fab4 and Fab26. For this,
a low-resolution (40 A) S protein trimer was used as the initial
model (EMD-31096). Interestingly, a Fab-like density appeared
near the RBD region after 3D classification (Fig. S3 and S4t) for
both Fabs, whereas the initial model demonstrated only the S
protein with no Fab density. The Fab densities were clearly
visible and firmly connected with RBDs, and this was supported
by the negative staining TEM results. As a result, the high-
resolution cryo-EM maps of both Fabs with S protein in the
“up” state were resolved, and the different projections are
shown in Fig. 1. Furthermore, we captured the structural vari-
abilities of RBDs bound to the Fab. Amongst them, the best
classes were targeted to obtain the high-resolution cryo-EM

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Cryo-EM maps of the spike (S) protein-Fab complex: (A) high-resolution EM map showing the two RBDs (in the up conformation) of the S
trimer bound to two independent Fab4 units. Top and side views of the complexes are shown. (B) High-resolution EM map of one-up RBD of the
S trimer bound to one Fab26; the top and side views of the complexes are shown. S protein protomers (Pro 1, 2, 3) are colored gold, magenta, and

cyan, respectively, while the Fab is colored orange-red.

maps of the Fab4 complexes. Finally, we obtained three
different conformations of the Fab4-S complexes with global
resolutions of 4.54 A, 5.15 A, and 4.90 A (Fig. 2A-F and S67),
respectively. The three different states of the Fab4-S trimer
complex were as follows: two Fabs bound to the S protein pro-
tomer (state I-initial stage) and three Fabs bound to the S
protein (state II - intermediate stage and state III - final stage)
(Fig. 2A-F). From this study, we identified the actual Fab4-RBD
binding propensity from these 3D classification studies, which
indicated that Fab4 adopts two-Fab and three-Fab binding
conformations (Fig. 2L). However, a lesser proportion of the
Fab4-S protein complex was observed to be in the three-Fab
binding states, in which three Fabs interacted with three
RBDs, and all three RBDs were in the up and partial open
conformation (Fig. 2A-F, S3, and S47). A major population was
observed to exist in the two-Fab state i.e., two Fab4 tightly
interacted with two RBDs in the up conformation, whereas the
remaining one RBD existed in the down and closed conforma-
tion (Fig. 2L). Similarly, conformational variabilities were
observed in Fab26 bound to the S protein (Fig. 2G-J); two Fab26
tightly interacted with two up-conformation RBDs - state I

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Fig. 2G and I) and another state II, in which each protomer
accommodated a partially opened RBD of the S trimer (Fig. 2H
and ]). The proportion of the two- and three-Fab binders was
equivalent in the case of the Fab26 complexes (Fig. 2K). These
results suggest that both antibodies interact strongly with the S
protein RBD. However, significant conformational heterogene-
ities exist in the RBDs and Fab structures. This observation
prompted us further to identify the conformational variabilities
of the S-trimer-Fab complexes.

Conformational dynamics of the SARS-CoV-2 S protein
complexed with Fab4

To analyze the conformational dynamics of the S protein-bound
Fab4 and Fab26 complexes, we initially analyzed the Fab4-S
trimer complex and captured three different conformations:
the first with two bound fab units and the second with three
bound Fabs, and the binding of three Fabs to the S protein
adopts two different conformations (Fig. 2A-F). As mentioned
earlier, we determined several cryo-EM maps of the S-trimer-Fab
complexes at different resolutions. However, we considered the

RSC Adv, 2025, 15, 14385-14399 | 14387
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Fig. 2 Outline of different conformational states captured from the Fab4- and Fab26-bound S trimer complexes: (A) cryo-EM map represents
state | where two Fab4 units are bound to two “up” RBD conformation protomers. The colors of the first, second, and third protomers are gold,
magenta, and cyan, respectively. Fab is colored orange-red. (B) Cryo-EM map of state II; two Fab4 units bound to “up” RBD and one Fab4 bound
to partially open RBD. (C) State lll represents an atomic model of three Fab4 units bound to the open form of the protomers. Shifting of all the
RBDs from one state to another upon binding to Fab4 is shown by arrows. (D—F) Atomic models of the different conformations of the captured
Fab4-S complexes (states |, Il and IlI, respectively). (G) Cryo-EM map of state | represents two Fab26 units bound to two “up” RBD conformation
protomers. The shift of one RBD while binding to Fab26 is shown by the arrow. (H) Cryo-EM map of state Il represents three Fab26 units bound to
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most high-resolution EM-map of the Fab4-S trimer complex to
analyze the Fab4-RBD interaction (Fig. 3A and B) at atomic
resolution. The available crystal structure (PDB ID: 7KMS) was
docked into the EM maps, which were further refined using
real-space refinement to calculate the atomic models of all the
conformational states and identify the detailed conformational
changes (Fig. 2D-F) in the Fab4-S trimer complexes. This atomic
model of S protein with two Fab4 complexes allowed us to
characterize the epitopes for each protomer from each state,
which are represented as a heatmap in Fig. 3C. A total of 16
amino acid residues interacting with Fab4 were identified. The
strong interacting residues were identified as N440, K444, V445,
G446, G447, P499, and T500 based on their involvement in each
protomer from different states (Fig. 3C), which agrees with our
previous observation.'” Fab4 belongs to the family of IGHV3-53
antibodies, and based on the interaction studies, we concluded
that Fab4 comes under the most immunodominant Classl
mAbs targeting RBD."™ The interfacial area of Fab4 in the
complex with S trimer was mapped at 729 A%, with 598 and 131
A? for the heavy and light chains, respectively. We observed that
11 residues participated in non-hydrogen binding with Fab4.
Amino acid residues E107 and N31 from the CDRH3 region of
the Fab4 heavy chain were involved in H-bonding with N440
and N437, respectively (Fig. S6Bt). In the hydrogen bonding
network, N440 established a stronger interaction with paratope
E107 than others with a distance of 2.69 A. Simultaneously,
paratope N31 formed a hydrogen bonding with epitope N437
with a distance of 3.20 A. Paratopes Y51, P57, V105, and P106
were found to be involved in hydrophobic contacts with the
epitope V445 (Fig. 3E). This hydrophobic pocket was created by
the combination of the light and heavy chains of Fab4. Para-
topes Y51 and P57 were found in the CDRL2 region, while the
V105 and P106 residues in the CDRH3 region constructed the
stable hydrophobic pocket for interaction with the epitope
(Fig. 3E). These structural observations demonstrate that two of
the CDRHs (CRDH1 and CDRH3) and one of the light chains
(CDRL2) of Fab4 play a major role in potentially neutralizing
SARS-CoV-2 by targeting the S protein (Fig. 3D). As mentioned
above, we observed three different conformations of the Fab4-S
trimer complex, ie., two Fabs bound to the S protein (state I-
initial stage) and three Fab units binding to the S protein (via
two states, namely, state II - intermediate stage and state III -
final stage) (Fig. 2A-F). To understand the changes in the
binding of Fabs to each protomer, the complexes were further
superimposed, and we observed a shift in the angle of RBD
binding to Fab4 by 16.4° from each other. In the subsequent
stage, when the third Fab binds to the free protomer 3 of the S
protein, conformational changes happen to accommodate the
Fab. Furthermore, the 3D structures suggested that in state II,
two RBD-Fabs were in the open-up conformation and very close
proximity, and one RBD-Fab was in the down and closed
conformation (Fig. 2B and E); however, in state III, two RBD-
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Fabs was in the open and up conformation, and one RBD-Fab
seemed to be in a partially open intermediate conformation
(Fig. 2C, F and 5H). This phenomenon is only possible if RBD
adopts different intermediate conformations, as previously
shown by Pramanik et al. in 2021.> Therefore, our study strongly
suggests that RBD adopts various flexible conformations and
may accommodate the neutralizing antibodies. The structural
similarity of the protomer 2 and 3 complexes was found to be
very high, which signifies that all protomer complexes were
comparably analogous. However, the interaction angles of
protomers 2 and 3 showed a considerable change of 6.9° and
9.8°, respectively, with respect to protomer 1 (Fig. 5F and G).
Interestingly, the common amino acid residues that form
epitopes in THSC20.HVTR04 (K444, P499, S443, T500, and
V445) were found in protomers 2 and 3, which did not lose any
interaction with protomer 1. Besides, epitopes G446 and Y449
were found not to participate in the protomer 3 complex
(Fig. S7At).> The protomer 3 complex adopted the same
conformation as protomer 1, which stabilized the conformation
of the S-trimer-Fab complex. Additionally, the interaction of
Fabs with protomers 1 and 2 was identical, and the RMSD score
of the individual protomers between the states was 0.321 A and
0.372 A, respectively. On account of the third Fab4 binding in
the intermediate stage, major structural changes happened in
the pre-existing protomer complexes (Fig. 5A and B). The
conformational change of protomers 1 and 2 between states I
and II were 0.951 A and 1.113 A, respectively, as calculated by
their RMSD scores. A minor angle shift of protomers 1 and 2 was
observed between states I and II. Besides, protomer 3 was
shifted to 25.6° to accommodate the third Fab in a stable
complex (Fig. 4A-C). From our structural studies, we predicted
that around 21 amino acid residues of S protein were involved
in the interaction with Fab4, and these interacting amino acid
residues were consistent throughout all the conformations of
the RBD of the S protein (Fig. 3C). However, we noticed that
a few amino acid residues (L441, N437, N448, N450, Q506, S443)
of the S protein epitopes were different for promoters 1 and 2 in
states I and II (ESI Fig. S7At). Generally, the interacting amino
acid residues of the epitope should be fixed for an antibody.
However, this inconsistency was observed due to the drastic
conformational changes in RBD-Fab4 complexes. We hypothe-
sized that some poorly interacting amino acid residues change
the interacting partner during conformation changes. However,
the common epitopes in the interaction network of the S
protein-Fab4 complex in the steady state were determined to be
G446, G447, K444, N440, P499, T500, and V445 (Fig. S11A%).

Conformational dynamics of SARS-CoV-2 S protein complexed
with Fab26

For the complex of Fab26-S trimer, we found two conforma-
tional states: state I, with an asymmetric S trimer and two ‘“up”
RBDs forming a complex, each with one Fab (Fig. 2G and I);

the partial open form of the protomers. To accommodate the binding of Fabs to the protomers, all RBDs undergo conformational changes upon
binding to Fab26 and adopt a partially open form, which is shown by the arrows. (I and J) Atomic models of the two different captured
conformations of the Fab26-S complexes (states | and Il respectively). (K and L) Bar graphs represent the number of particles present in the 2-Fab
and 3-Fab binding conformations of Fab4 and Fab26 in the S protein complexes, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structural basis for the accommodation of Fab4 and Fab26 in the SARS-CoV2 S protein: cryo-EM maps fitted to the atomic model,
generated for the highest-resolution EM maps obtained from the (A) S protein-Fab4 complex and (B) S protein-Fab26 complex. The colors of the
first, second, and third protomers are gold, magenta, and cyan, respectively, and Fab4 and 26 are colored orange-red. (C) Heat map represents
epitope residue selectivity and their instances in the different conformations captured. Accordingly, the frequency of epitope involvement in
antibody interaction is colored linearly in green, whereas zero involvement is shown in yellow. It demonstrates the potent epitope residues in all
the binding modes/conformational states. (D—G) Details of the RBD interactions with Fab4. (D and F) Interfacial area shows the CDR regions of
Fab4 and 26 with RBD, respectively. CDRH1, CDRH2, CDRH3, CDRL1, CDRL2, and CDRL3 are highlighted in light salmon, Indian red, maroon,
cornflower blue, medium blue, and dark blue respectively, and the RBD region is colored hot pink. (E) Important interacting residue V445 of the S
protein makes contact with a hydrophobic pocket of Fab4 comprising the residues P57, V105, and P106. (G) F486 is shielded in a hydrophobic
pocket of Fab26 comprising L34 and G112 residues.

state II consists of a symmetric trimer bound to three RBDs in  the atomic fitted model used for detailed structural analysis
the same “up” conformation, where each RBD participated in  (pro1) is shown in Fig. 3B. The epitope residues involved in
forming a complex with each of the Fab26 units (Fig. 2H and J).  interaction with Fab26 for states I and II are represented in the
We refined the state I EM map using masking to achieve a high- heat map (Fig. 2C).

resolution Fab26-S protein complex map, resulting in 4.4 A, and
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RBD-ProB

RBD-ProA

RBD-ProA

A

Fig. 4 Distinct binding features of Fab4 and Fab26 in the RBD region of the S protein with respect to ACE2: (A) Licorice diagram of the S protein
bound to Fab4 and ACE2, and the magnified view of the conformational variable region of RBD bound to Fab4 and ACE2. ACE2 is shown in lime
green, Fab4 is shown in hot pink, Fab4-bound S protein is shown as a black ribbon, and the ACE2-bound S protein is displayed in gold. (B) Licorice
diagram of the conformationally variable region and the clashing region of Fab26- and ACE2-bound RBD. (C and D) Overlapping region of Fab4-
and Fab26-bound RBD with ACE2-bound RBD is shown in the silhouette form. (E) High-resolution 3D structure obtained for the S protein
binding loop along with Fab4 and Fab26 in the RBD region highlights the distinct targeting ability.

The structural analysis of the prol map generated an atomic
model map of Fab26 bound to the S protein complex, which
revealed 11 amino acid residues in S protein in the interacting
network with Fab26, and the overall interacting interface area
found was 636 A* (361 A% on the heavy chain and 275 A* on the
light chain) (Fig. 3F). The number of interfacial residues
involved in interactions with the heavy and light chains were 7
and 5, respectively, with 11 epitopes likely forming the basis for
the potent neutralization capability conferred by
THSC20.HVTR26 Fab (Fig. 3C). The epitope residue F486
interacts with the hydrophobic pocket formed by paratopes L34,
Y93, and G112. The RBD interaction is stabilized by this
hydrophobic pocket formed in the region between CDRH3 and
CDRL3 (Fig. 3G). To pause the flexible movement of the RBD,
one of the aromatic residues (F486) in the epitope region,
protrudes towards the pocket formed by the B-sheets of the
CDRL1, CDRL3, and CDRH3 regions. Overall, the epitopes for
Fab26 on the S protein were T478, N481, V483, E484, F486,
C488, and Y489. These residues were observed to frequently

© 2025 The Author(s). Published by the Royal Society of Chemistry

participate in the interaction of the S protein-Fab complexes
(Fig. 3C). The amino acid residues N481 and Y489 of the
epitopes formed hydrogen bonding with paratopes Y32 and
A101, respectively, from the heavy chain regions (CDHR3)
(Fig. S6Ct). Our analysis further revealed that residues Y32 and
N33 from the CDRL1 region interacted with N481, while T478
and S97 of the CDRL3 region interacted with the epitope V483.
Other potential paratopes, such as Y32, S96, S97, and D110, also
interacted with the same loop of epitope region (Fig. S6C and
D). Taken together, our data indicates that for the neutraliza-
tion of SARS-CoV-2, Fab26 utilized the heavy chain CDR
(CDRH3) and two of the light chain CDRs (CDRL1 and CDRL3)
to stall the receptor-binding ridge of the S protein (Fig. 3F).
Similar to Fab4, Fab26 also belongs to the IGHV3-53 antibody
germline and the identification of the potent epitopes suggests
that Fab26 belongs to most immunodominant Class1 mAbs
targeting RBD. Apart from that, we observed another state of
conformation in which the third Fab26 was found to bind to the
free RBD in the S protein. To accommodate the third Fab26, all
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Comparision of protomer flexibility while binding with Fabs
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Comparision of protomer flexibility within each states captured while binding with Fabs
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Fig. 5 Comparison of the conformational changes in the S protein during the formation of Fab4- and Fab26-bound complexes: (A-C)
superimposition of individual protomer 1 (F), protomer 2 (G), and protomer 3 (H) from three different states of the Fab4-S protein complex
provides insights into the dynamics of each protomer across the states. A magnified view of the RBD region is shown in the right corner of each
image. (D—E) Similarly, a comparison of protomer 1 (I), and protomer 2 (J) in states | and Il of the Fab26-S protein complexes is shown. Apart from
minor angle shifts, significant angles are highlighted in the figures. (F-J) Protomer conformations captured within each state are compared,
showing the structural changes in the RBD domain of each complex state. Protomer superimposition shows the protomers for (F—H) states |, Il
and IIl of the Fab4 complexes and (I and J) states | and Il of the Fab26 complexes. Protomers 1, 2 and 3 are coloured magenta, gold and cyan,
respectively.
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the protomers of the S protein adopted a partially open
conformation, likely for stabilization (Fig. 2G-]). The number of
two-Fab26-bound S trimers was found to be significantly higher
than the three-Fab26-bound forms (Fig. 2K).

As stated above, among the two states of Fab26-S protein
complexes, the 7.3 A resolution state I showed two RBDs in the
up conformation bound to Fab and another RBD found in the
partially open form, whereas the 4.8 A resolution EM map of
state II exhibited three RBDs interacting with Fabs in the
partially open conformation (Fig. 2G-]). The crystal structure of
the open-conformation S protein (PDB ID: 6ZGG) was then fitted
into the auto-sharpened EM map to generate atomic models for
both complex states (Fig. 3B and 2I, J). The change in states I
and II of protomer I of the Fab26 complexes was found to be
12.1° (Fig. 5D) and an angle shift of 26.1° was observed between
protomers 1 and 2 of state I (Fig. 5I), whereas no change was
observed between the RBD region of both the CDR-RBD inter-
faces across the state II complex of all three protomers (Fig. 5]).
The common interacting residues A475, V483, E484, F486, and
N487 were identified from our structural studies (Fig. 3C and
S7Bt). To accommodate the third Fab26, a clear shift from “up”
RBD to a “partially open” conformation was observed in the
superimposed model of protomer 1 of both states, whereas the
shift was minimal in the case of the protomer 2 in both the
captured conformational states of Fab26 complexes (Fig. 5D
and E).

In state I, protomer 1 is likely to adopt the up conformation,
while protomer 2 adopts the partially open form. The angle of
shift observed between protomers 1 to 2 was 26.1° in state I
(Fig. 5I), whereas no change was observed between the RBD-Fab
bound regions of the state II protomers (Fig. 5]). This suggests
that all the protomers adopted the same partially open confor-
mation, which might be due to the stabilized Fab26 fragment.
This inward movement of RBD in two protomers permitted the
third protomer to bind with the third Fab. These conforma-
tional movements facilitate the partially open conformation-
mediated binding of three Fab26s. The cryo-EM-based struc-
tural studies elucidate that RBDs are flexible and can adopt
open conformations, as well as partially open conformations,
during their interaction with antibodies. The flexibility of RBD
is also supported by our previous studies.”” In addition, we
identified the interacting residues responsible for Fab-RBD
stabilization to understand whether these two antibodies have
an affinity for other SARS-CoV-2 variants. The change in
dynamics of the epitope interaction residues with Fab26 is
shown as a heat map according to each protomer in different
states (Fig. S7B7). The potent epitope residues observed to very
frequently interact in all the states captured were T478, N481,
Y489, V483, and F486 (Fig. S8DY).

Antibody binding alters the conformational states of the
SARS-CoV-2 S trimer in its apo- and hACE-2-bound forms

To understand conformational variations that occur in the RBD
region during binding to Fab4 or Fab26 concerning its apo form
and in the ACE2-bound complex, we compared our Fab4- and
Fab26-S protein complexes with the hACE2 attached and apo
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forms of the S protomer. For this analysis, we used the first
protomer of the S trimer-Fab4 (Fig. 2A and 3A) and S trimer-
Fab26 (Fig. 2G; masked 3B) high-resolution atomic models. In
the structural analysis, the superimposition of both Fab-bound
complexes demonstrated independent distal targeting of the
RBD region (Fig. 4E). The region containing the N439-v445 and
V483-C488 residues formed a primary hotspot for the antigen-
antibody interactions of Fab4 and Fab26, respectively, vali-
dating the independent nature of these antibodies in targeting
the S protein RBD. In addition, the structural analysis also
proved its independent nature without any clashes (Fig. 4E). For
Fab4, a 7.1° shift of the plane was observed compared to the
hACE2-bound protomer, and an average shift of 8.2 A was found
in the ACE2-binding loop of the RBD spanning from N440 to
V445 (Fig. 4A and B). On the other hand, another loop con-
taining two interacting residues, namely, P499 and T500, moved
upward by 9.6 A to form contacts with Fab4. As for Fab2e,
a minor shift of 1.2° from the hACE2-bound structure and an
average shift of 6.3 A in the ACE2 binding RBD ridge were
observed (Fig. 4C and D). Q493 and Y489 are known to be crit-
ical residues in the RBD region for interaction with the ACE2
receptor.” Interestingly, these two residues fell in the region of
Fab26-interacting residues. Likewise, we observed 8.2 A and 7.3
A shifts of the respective residues Q493 and Y489, along with
a 2.3° outward shift of the entire RBD core. Interfacial area of
the ACE2 and Fab4 was 3791 A%, where 53 residues of the heavy
chain overlapped with 46 residues of the ACE2 covering 1505 A>
and 61 light chain residues covering 2286 A” interface area.
Therefore, our analysis showed the overlapping interfacial area
of the RBD with ACE2, which emphasizes the inhibition of
ACE2-S trimer binding (Fig. 4C and D).

Discussion

Most biological macromolecules are structurally flexible, and
the S protein of SARS-CoV-2 is one of the most dynamic
proteins, exhibiting highly flexible and dynamic receptor-
binding domains (RBDs) and N-terminal domains (NTDs).
These dynamic regions play a crucial role in viral infection by
facilitating interactions with host cell receptors, such as ACE2.
Recent advances in cryo-EM have enabled capturing various
intermediate states of these dynamic and flexible RBDs and
NTDs, revealing their conformational diversity.>***®* The S
protein exists in different conformations with the RBDs in
either a “down” closed state or open states with one, two, or
three RBDs “up”. These open conformations are critical for
initiating viral infection. Previous studies have shown that open
RBD conformations are the most active forms for interaction
with the ACE2 receptor.>*® However, other reports have
described the continuous motion of RBD, forming intermediate
conformations between the open and closed states.>**** Given
that RBDs are critical for receptor binding and infection initi-
ation, researchers have targeted them for antibody and inhib-
itor development to block viral interactions.**** Notably, the
flexibility of RBDs, which is important for ACE2 interactions,
may also influence antibody binding.>* The SARS-CoV-2 S
protein exhibits intrinsic flexibility, which plays a crucial role in
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viral entry.”® Pramanick et al. demonstrated the conformational
dynamics of the S protein under varying pH conditions using
cryo-EM and also demonstrated various intermediate confor-
mations of RBDs possible on the S protein.> Additionally,
continuous mutations in the S protein influence its ACE2
binding affinity and flexibility. Maroli et al, 2023 reported
restricced RBD flexibility in the antibody-bound states®
compared with unbound conditions. However, to our knowl-
edge, very few studies have explored the antibody-induced
conformational flexibility of the SARS-CoV-2 S protein so far.
Most of the existing studies focus on the up or down states of
the S protein, but the intermediate conformations introduce
cryptic pockets, which are significant for therapeutic develop-
ment as they provide insights into additional sites for inhibitors
to potentially bind.*®

A recent study investigated the structural dynamics of the S
protein during ACE2 recognition, providing insights into the
intermediate RBD-down and -up transition states.” Similarly,
during the antibody neutralization process, the RBDs may adopt
various conformations when binding to antibodies. While some
reports have described different RBD-antibody binding
modes,"* the intermediate conformations of RBD-antibody
complexes have mostly been overlooked. Understanding these
dynamics is essential for explaining the antibody-mediated
neutralizing mechanisms and their function in immune
response. Many previous studies have mainly focused on char-
acterizing static interactions between the S protein and anti-
bodies or inhibitors. As a result, the importance of the structural
flexibility of the RBD during these interactions might have been
overlooked. Here, we explored the broad neutralizing features
associated with two potent antibodies originating from a single
patient.” Using single-particle cryo-EM, we captured the dynamic
RBD-Fab interactions. During these interactions, various inter-
mediate RBD-Fab states were observed, demonstrating ways in
which all three RBDs accommodate large antibodies. This study
exclusively captures several intermediate RBD-antibody complex
states and highlights S protein conformational flexibility during
neutralization (Fig. 2F).

Solvent-accessible surface area (SASA) may be variable and
depends on the conformational flexibility of the protein. Thus,
solvent-accessible surface area (SASA) variations across
different transition states play a key role in determining epitope
accessibility of the antigen and therapeutic effectiveness of the
antibody.>*® Notably, each state of the S protein can be targeted
with distinct antibody classes, emphasizing the importance of
designing conformation-dependent epitopes for therapeutic
efficiency.”® This study successfully demonstrates the existence
of various intermediate conformational states of the RBD-Fab
complex during interactions, contrary to previous studies that
describe antibody-bound S protein states as rigid.** Possible
explanations for the wide range of observed conformational
states include: (i) these antibodies target the S protein across
multiple transitional states and (ii) antibody-induced flexibility
upon binding. While several studies have discussed the
antibody-mediated conformational flexibility of many other
systems, only a few studies have specifically targeted the S
protein from SARS-CoV-2. These investigations demonstrate
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how antibody binding can modulate conformational behaviour
and reduce the flexibility of S protein. Beyond the direct
neutralization mechanism by competing with receptor binding,
certain antibodies may act as allosteric regulators, influencing
the flexible motion of the S protein and its interactions.**

Our study highlights key interaction features and sequential
binding steps of the two novel mAbs THSC20.HVTR04 and
THSC20.HVTR26 isolated from a single individual. Thus, our
study also opens up the possibility of structure-guided paratope
modification to combat future SARS-CoV-2 variants. This study
aligns with previous findings that demonstrated antibody-
induced conformational flexibility of S protein from the SARS-
CoV-2 Delta variant.*® Notably, these conformational changes
explain variations in the neutralization efficiency and binding
affinity across emerging variants. Additionally, the degree of
exposure of the aromatic amino acids plays a pivotal role in
conformational flexibility.** Moreover, certain antibodies that
induce long-range conformational changes in the antigen may
cause positive or negative allosteric effects.’”

Furthermore, through cryo-EM analysis of the TAU-2212
complex, a recent study revealed a unique flexible binding
mode across five distinct conformational states, rationalizing
the broad neutralization potential of this antibody.** Similar to
the S protein-Fab complexes of TAU-2212,%* we also observed the
immense structural flexibility of RBD in the THSC20.HVTR04/
Fab4 and THSC20.HVTR26/Fab26 complexes. The structural
dynamics of these three complexes were compared (ESI Fig. S9
A-Ct). Sequence analysis revealed distinct interaction residues
in all Fabs, except for a common epitope F486 in TAU-2212 and
THSC20.HVTR26/Fab26 (ESI Fig. S9D7). Further investigation of
these interacting residues is necessary for the development of
therapeutics that can target restricting the flexible motions and
mitigating resistance from new mutational variants.*® For
instance, the D614G mutation shifts the conformational equi-
librium toward the up-state, increasing antibody accessibility.**

These findings highlight the importance of studying
antibody-induced conformational changes and identifying
conserved allosteric hotspots for the development of next-
generation therapeutic antibodies. Our cryo-EM study high-
lights the potential of antibody-induced structural dynamics of
the RBD of the S protein. Understanding these mechanisms will
assist in designing potent antibodies that consider the struc-
tural flexibility of the S protein to combat emerging variants. As
monoclonal antibody therapy remains one of the most effective
treatments for viral infections, our findings offer crucial
insights for the development of potent therapeutic mAbs to
block viral entry. This study emphasizes the value of antibody
cocktails that target diverse antigen conformations to prevent
host cell fusion and enhance therapeutic efficacy.

Materials and methods
Preparation of IgG and Fabs

IgGs were prepared according to the reported protocols using
the Expi293 cell line."” The fragment antigen binding domain
(Fab) of each IgG was prepared by mixing ~500 pL of the
monoclonal antibody (mAb) (1-5 mg mL™") with 1200 pL of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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100 mM sodium acetate (sodium acetate anhydrous from Sigma
Aldrich) containing 1 mM ehylenediaminetetraacetic acid
disodium salt dihydrate (EDTA for electrophoresis, for molec-
ular biology, 99.0-101.0% from Sigma), 100 pL of 50 mM
cysteine (L-cysteine for biochemistry from Merck) and 200 uL of
papain (10 pg per mg mAb concentration; papain from papaya
Latex, 89% pure lyophilized powder from Sigma). The mixture
was then kept in an incubator shaker at 37 degrees Celsius for
8-10 hours. After 10 hours, 75 mM (~150 pL) iodoacetamide
(Iodoacetamide BioUltra from Sigma) was added to the mixture
to stop papain activity and incubated at room temperature for
30-40 min. Then, the sample was added to protein A beads
(Immobilized Protein A resin from G Biosciences), washed 2-3
times with PBS to remove the residual ethanol and incubated
for another 3-4 hours at room temperature on the rocker. After
~4 hours, the mixture was poured into the gravity column, and
the flow through was collected in a 15 mL Falcon tube. The
flowthrough contained the Fab region, whereas the FC region
was bound to the beads. The beads were then washed with PBS
twice to collect the remaining Fab fractions from the column. The
column was then eluted with 100 mM glycine (G Biosciences) at
PH = 2.2 to remove the bound Fc fractions and then washed with
PBS 3-4 times. Finally, the flowthrough and the PBS wash con-
taining the residual Fab fractions were pooled together and
brought to a final concentration of 0.5-0.8 mg mL ™.

Spike 6P protein expression and purification

The SARS-CoV-2 S HexaPro plasmid was a gift from Jason
McLellan (Addgene plasmid # 154754). This plasmid contains
a CMF promotor that drives the expression of the SARS-COV-2
Spike-B.1 ectodomain (1-1208 AAs) with a mutated furin site
(682-685 GSAS) and hexa proline mutations F817P, A892P,
A899P, A942P, K986P, V987P as fold on. The HRV 3C cleavage site
was placed before 8x His tags followed by a 2x Strep-Tag II at the
C terminal.* This plasmid was transfected into Expi293F cells
(Thermo Fisher Scientific, Cat # A14527, USA) using the Expi-
fectamine 293 Transfection Kit (Gibco, Thermo Fisher, Cat #
A14524) according to the manufacturer's instruction. In brief,
24 h prior to transfection, 100% viable Expi293F cells were
passaged at a density of 2 million per mL. On the next day, at 4
million cells per mL (100 mL), the cells were transiently trans-
fected with the expifectamine-plasmid-DNA complex (100 pg
plasmid, complexed with 270 pl of expiFectamine293). After 20 h,
Enhancer 1 and Enhancer 2 were added according to the
manufacturer's protocol. Five days after the day of transfection,
the culture supernatant without cells was collected and used for
the purification of the 6x histidine-tagged protein. The super-
natant media were affinity-purified by immobilized metal affinity
chromatography using the Ni-NTA resin (G Biosciences, Cat #
786940). 100 mL of the supernatant medium was mixed with PBS
(pH 7.4) to equilibrate the Ni-NTA resin (5 mL) and incubated for
4 h at 4 °C for protein immobilization under gentle rotation. The
supernatant-resin complex was gently applied to the column.
After the unbound fraction was collected, the column was
washed with a ten-column volume of 1x PBS (pH 7.4) supple-
mented with 25 mM imidazole. Finally, the bound protein was
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eluted with a gradient of 200 to 500 mM imidazole in PBS (pH
7.4). The eluted fractions were pooled and dialyzed against 1x
PBS buffer (pH 7.4) twice using dialysis tubing cellulose
membrane [avg. flat width 43 mm (1.7 in.), 14 kDa MWCO,
Sigma-Aldrich, Cat # D9527]. The protein concentration was
determined based on absorbance (A280) using a Biophotometer
D30 (Eppendorf) and a theoretical molar extinction coefficient of
146720 M~ ' em ™ calculated using the ProtParam tool (ExPASy).
The protein was analyzed by 8% SDS PAGE for purity and
homogeneity under reducing and non-reducing conditions.

Size exclusion chromatography (SEC)

The aggregation tendency of the IgGs that represent the mAbs
was characterized by SEC. For SEC, the samples were passed
through Superdex™ 200 Increase 10/300 GL size exclusion
column (GE, Inc.) and eluted with degassed PBS buffer (pH 7.4)
ata 0.3 mL min~" flow rate using AKTApurifier™ 100 (GE, Inc.).

Sample preparation for negative staining TEM and data
processing

To analyze the binding of Fab to the S protein and its homo-
geneity, we performed conventional negative staining TEM. The
diluted samples of S protein (1 mg mL ™", 10x) and the Fabs
(1.4 mg mL ™", 300x times) were mixed and incubated for 2
minutes. Then, 3.5 pL of each sample mixture was applied on
freshly glow-discharged carbon-coated Cu grids (30 s) (EM grid,
300 mesh, Electron Microscopy Sciences). After 1 min, the
excess solvent was blotted and 1% uranyl acetate (Uranyl
Acetate 98%, ACS Reagent, Polysciences, Inc.) was added to the
grid. After air drying, the grids were used for data acquisition at
room temperature and 120 kV using a Talos L120C electron
microscope. Data collection was performed using a 4k x 4k
Ceta camera at a magnification of 73kx and calibrated at 3.84 A
per pixel. The collected micrographs were processed in EMAN
2.1."* Automated and manual modes of particle picking were
employed, and the coordinates were extracted using e2boxer.py
in EMAN 2.1. Subsequently, the reference-free 2D class averages
allowed us to visualize various projections of the Fab-bound S
protein complexes. The cleaned dataset of the samples was used
for reference-free 2D classification, and the reference-free 2D
class averages of different particle projections were calculated
using simple_prime2D of the SIMPLE 2.1 software** with
a mask diameter of 30 pixels at 3.84 A per pix.

Cryo-EM sample preparation

R1.2/1.3 300 mesh gold grids (Quantifoil) (Electron Microscopy
Sciences) were glow-discharged for 90 seconds at 20 mA before
freezing. Equal volumes of the SARS-CoV 2 S protein solution
(1 mg mL™") and 30x diluted solution of the respective Fab
(~1.4 mg mL~") were mixed and incubated at room temperature
for 2 minutes. Three microliters of the final sample were
applied to the freshly glow-discharged grids, incubated for 10 s
and immediately blotted for 8.5 s at a blot force of zero in a pre-
equilibrated chamber of the FEI Vitrobot Mark IV plunger.
Immediately after blotting, the grid was plunged into liquid
ethane.
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Cryo-EM data collection

Cryo-EM data were acquired using a 200 kV Talos Arctica
transmission electron microscope (Thermo Scientific™)
equipped with a Gatan K2 Summit Direct Electron Detector.
Movies were recorded automatically using Latitude-S (Digital-
Micrograph - GMS 3.5) at a nominal magnification of 54 000x
and an effective pixel size of 0.92 A.** The micrographs were
collected in the counting mode with a total dose of 50 e~ per A
and an exposure time of 8 s distributed over 20 frames. A total of
3789 and 2102 movies were acquired for the Fab4- and Fab26-S
protein complexes, respectively.

Cryo-EM data processing

Single-Particle Analysis (SPA) of the acquired cryo-EM data was
performed using Relion version 3.1.* Initially, the drift and gain
corrections of the individual movies were corrected using
MotionCor2.* Subsequently, the motion-corrected micrographs
were subjected to screening using cisTEM to identify bad
micrographs,*® and the detected fit resolution threshold chosen
for screening was 7 A. The best micrographs were chosen for the
estimation of Contrast Transfer Function (CTF) parameters
using CTFFIND 4.1.13.*” Then, particles were picked using the
Laplacian picker in Relion and extracted using the box sizes of
336 and 360 A for the S:Fab4 and S:Fab26 complexes, respec-
tively. The well-defined classes of S protein with Fab4 and Fab26
complexes were found to be 418 672 and 255039 particles,
respectively, after six rounds of 2D classification. These parti-
cles were selected for 3D classification without imposing
symmetry (C1). The selected particles of Fab4 and Fab26 with
the S protein were classified into 8 and 5 classes, respectively
(ESI Fig. S3 and S47). Then, the best classes showing the same
conformations were merged to improve the resolution. For the S
protein-Fab4 complex, classes 1 and 5 (93 959 particles), as well
as classes 2 and 8 (163 492 particles), were merged together. On
the other hand, the S protein-Fab26 complex was classified into
five classes, of which three good classes, namely, class-2 (26 719
particles), class-3 (48 584 particles), and class-5 (109 596 parti-
cles), showed proper 3D structures. To achieve high resolution,
all particles belonging to the best classes of the Fab complexes
were subjected to movie refinement, which included the esti-
mation of beam tilt, anisotropic magnification, and per-particle
CTF refinement for defocus and astigmatism. The soft-edged
mask was applied during the 3D-refinement process to
remove the solvent noise surrounding the molecule. Sharp-
ening of the 3D auto-refined maps was performed using Relion
3.1 (ref. 44) and PHENIX.**** The overviews of cryo-EM data
processing are shown in Fig. S4 and S5.7 The global resolution
of Fourier shell correlation (FSC) was estimated at a threshold of
0.143, and the estimation of the local resolution was performed
with ResMap using auto-refined half maps.

Model building and structure refinement

Automated model building was iteratively performed using
Phenix Real Space Refinement. Based on the S protein confor-
mations, the SARS-S protein PDB: 7kms - 3 RBD up; 6zwv — 3
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RBD down; 7akd - 1 partially open RBD were docked with the
cryo-EM maps using the UCSF Chimera “Fit in map” tool. To
build the Fab models, the query sequences of both chains were
submitted to the Swiss Model, and the resultant models were
also docked to the EM maps. The fitted models were used as the
initial models and refined against the sharpened EM maps. The
structural statistics of the Cryo-EM map and atomic model were
analyzed using Phenix, EMringer, Molprobity, and UCSF
chimera.*

Analysis and visualization

The cryo-EM maps and atomic models were visualized using
UCSF Chimera. PDBsum was used to identify the interacting
residues of the S protein and Fab complexes.** Surface coloring
based on the Kyte-Doolittle hydrophobicity scale was applied
using UCSF ChimeraX.*> The angles of chain rotation were
estimated by creating planes between the three terminal resi-
dues (N370, F490, P1140) of the spike (S protein) protomer and
its shift between the planes was calculated. The RMSD values
were calculated using the UCSF Chimera “MatchMaker” tool.
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