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Targeting the SARS-CoV-2-spike protein: from
antibodies to miniproteins and peptides

Coronavirus disease-19, caused by the novel B-coronavirus SARS-CoV-2, has created a global pandemic
unseen in a century. Rapid worldwide efforts have enabled the characterization of the virus and its
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pathogenic mechanism. An early key finding is that SARS-CoV-2 uses spike proteins, the virus’ most
exposed structures, to bind to human ACE2 receptors and initiate cell invasion. Competitive targeting of
the spike protein is a promising strategy to neutralize virus infectivity. This review article summarizes the

discovery, binding modes and eventual applications of several classes of (bio)molecules targeting the spike

rsc.li/medchem

Introduction

The novel B-coronavirus SARS-CoV-2 (SARS = severe acute
respiratory syndrome) emerged in late 2019 from a zoonotic
source and has since caused a global pandemic.* SARS-CoV-
2 infection can lead to coronavirus disease-19 (COVID-19)
with symptoms ranging from mild disease to severe lung
injury and multi-organ failure, eventually leading to death,
especially in older patients with other co-morbidities.® With
50 million confirmed cases and over 1.2 million deaths (as of
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protein: antibodies, nanobodies, soluble ACE2 variants, miniproteins, peptides and small molecules.

November 2020), SARS-CoV-2 has spread further than the
closely related SARS-CoV-1 and MERS-CoV.*”

Coronaviruses display multiple copies of the spike
glycoprotein on their surface (Fig. 1A).° The characteristic
crown-like shape inspired this family of viruses being named
corona (which in Latin means crown). Spike proteins”® are,
therefore, the most exposed structures of the virus.” The Spike
protein is a trimeric fusion protein consisting of the subunits S1
and S2 (Fig. 1C). The S1 unit contains the receptor binding
domain (RBD) responsible for recognition and engagement with
host cells. The RBD can assume an ‘up’ or a ‘down’
conformation.'® As previously shown for SARS-Cov-1, the SARS-
CoV-2 RBD binds with high affinity (Kd ~ 10 nM) in ‘up’
conformation to human angiotensin converting enzyme 2
(ACE2) receptors for initiating eukaryotic cell invasion."*™?
Receptor binding destabilizes the prefusion trimer and is
followed by proteolytic cleavage between units S1 and S2 (e.g:, by
the transmembrane serine protease TMPRSS2)." This leads to
structural rearrangements and cell invasion (Fig. 1B). Among
several potential SARS-CoV-2 drug targets,"” the crucial function
of the spike protein makes it a vulnerable and important target
for virus neutralization.'® Neutralization mechanisms can rely
on the direct competition for the ACE2 binding site, steric
hindrance of ACE2 binding from adjacent binding sites or on
the inhibition of structural rearrangements necessary for fusion.

In the past year, a considerable number of (bio)molecules
targeting the spike protein has been identified. Many
antibodies from the serum of SARS-CoV-2 convalescent
patients have been isolated and characterized: spike protein
binding is a primary mechanism of antibodies for virus
neutralization. Also, minimized antibody mimetic scaffolds,
such as nanobodies (mainly from cameloids), have been
identified as neutralizing agents. Further, designer strategies
for virus neutralization via spike protein binding include the
use of variants of soluble human ACE2, rationally and
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Fig. 1 SARS-CoV-2 initiates cell entry upon spike protein binding to
human ACE2 receptors: targeting the spike protein is a powerful
strategy to neutralize virus infection. A) Schematic representation of a
SARS-CoV-2 particle and several (bio) molecules binding to the spike
protein. B) Simplified SARS-CoV-2 cell invasion mechanism scheme:
the virus engages with human cells via SARS-CoV-2-spike protein
binding to human ACE2 followed by proteolytic cleavage of the spike
protein (by TMPRSS2) and fusion. C) Lateral representation of the
trimeric SARS-CoV-2-spike protein. Human ACE2 (blue) is bound by
one RBD (red) in ‘up’ conformation, the other two RBDs (red) are in
‘down’ conformation. The image was obtained by aligning PDB
structures 6mO0j and 6vsb with Pymol. D) Top view of the SARS-CoV-2-
spike trimer (6vsb).

computationally designed miniproteins and peptides. This
review article outlines the discovery, binding, and
applications of antibodies, nanobodies, miniproteins and
peptides, targeting the SARS-CoV-2-spike protein (Table 1).

Antibodies

Humoral immune responses are important for protection
against invading pathogens and include the production of
specialized antibodies recognizing specific antigens of the
invader. As the SARS-CoV-2-spike protein mediates entry into
host cells and is prominently exposed at the viral surface, it
is the main target of neutralizing antibodies.”” While in the
future, the deployment of a vaccine might be a highly
effective way to curtail the COVID-19 pandemic, neutralizing
antibodies could offer more immediate solutions and be
considered as treatment options for severe COVID-19 cases.
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Indeed, recent small-scale studies suggest that the treatment
of COVID-19 patients with convalescent plasma improved
clinical outcomes and decreased viral loads."”"®

Antibodies from SARS-CoV-2 convalescent patients have
been isolated and their activity and binding modes
characterized. An impressive number of cryo-EM and crystal
structures have been solved during this year, supporting the
understanding of binding and neutralization mechanisms.

Studies describe antibodies with various binding modes to
the SARS-CoV-2 spike protein. Ho et al. identified neutralizing
antibodies from five COVID-19 patients. Some of the antibodies
have potent virus neutralizing activity (<1 ng mL™"). Cryo-EM
structures of three antibodies revealed binding to the RBD
(down conformation, Fig. 2A), binding to the spike N-terminal
domain (NTD) and binding to a quaternary epitope involving
two copies of RBD. Also, Chi et al. solved the cryo-EM structure
of an antibody binding to the NTD (Fig. 2B)." The neutralizing
activity of this antibody is likely due to steric hindrance
interfering with the ACE2 engagement. Veesler et al. performed
an extensive serological analysis study on ~650 SARS-CoV-2
exposed individuals. After analyzing a large number of
antibodies and their binding modes, they found the SARS-CoV-
2 RBD being immunodominant and accounting for 90% of
serum neutralizing activity.'” One of the antibodies, binding to
two RBDs in the up conformation, is shown in Fig. 2C. Along
this line of evidence, Bjorkman et al found antibodies
predominantly for the spike RBD, in addition to NTD binders.
Further crystal structures of RBD binding neutralizing
antibodies were solved by the groups of Wilson” and Zhang.**

Many of the antibodies described above are putative
candidates for the development of therapeutics. However,
Kyratsous et al. described that novel spike mutants rapidly
appeared after in vitro passaging in the presence of individual
antibodies, resulting in loss of neutralization; escape mutants
were not generated after treatment with a noncompeting
antibody cocktail.*' Indeed, the serum of convalescent COVID-
19 patients, containing such ‘antibody cocktails’ is an FDA
approved emergency use therapy option.>* A retrospective study
on the use of convalescent plasma by Bouvier et al. shows the
therapeutic potential, but it pointed out that adequately
powered, randomized controlled trials are still needed."®

Nanobodies

Nanobodies and other minimized antibody mimetics are
interesting modalities for virus neutralization. These

Table 1 Summary of compound classes described in this review, their binding affinity for the SARS-CoV-2-spike protein and the discovery strategies

used to identify them

Binding affinity to SARS-CoV-2-spike Discovery strategy Ref.
Antibodies Typically picomolar Mainly isolation from patient serum 17-21
Nanobodies Picomolar - nanomolar Llama immunization, phage display 23-26
ACE2 variants Nanomolar Computational design, deep mutagenesis, affinity maturation 27-30
Miniproteins Picomolar - nanomolar Computational design, affinity maturation 35
Peptides Nanomolar Rational design, affinity selection — mass spectrometry 36, 40
Small molecules Nanomolar Serendipitous 41
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Fig. 2 Antibodies and nanobodies can bind to the SARS-CoV-2-spike
protein and neutralize virus infection. A) Top view of the spike trimer
(surface shown in raspberry) with an antibody (from COVID-19 patient
serum) Fab fragment (blue cartoons) bound to the RBD (red surface). All
three RBDs are in ‘down’ conformation. PDB 6xey. B) Antibody Fab
fragments (light blue cartoons) binding to the SARS-CoV-2-spike NTD
(raspberry surface); PDB 7c21. C) SARS-CoV-2-spike protein with all three
RBDs in ‘up’ conformation. One antibody Fab fragment (green cartoons)
binds to two RBDs (red surface). PDB 7jw0 D) nanobodies H11-H4 (pink
cartoon) and VHH-72 (gold cartoon) bound to SARS-CoV-2-spike RBD
(red surface). Image obtained by combining PDB structures 6zh9 and
6wag.

biomolecules maintain the ability of antibodies to bind with
high potency and specificity to their antigens, while having a
reduced grade of structural complexity.

Using a phage display platform for fully human single
domain antibodies Ying et al selected binders that target
several epitopes of SARS-CoV-2.>* They determined
subnanomolar to low nanomolar affinities and identified
variants with neutralizing activity in live virus infection assays.

McLellan et al immunized llamas with prefusion-
stabilized coronavirus spike protein (from SARS-CoV-1): one
nanobody (VHH-72) shows cross-reactivity to SARS-CoV-2 and
is neutralizing when used as an Fc fused dimer.>* Although
targeting a site distal to the ACE2 binding surface (Fig. 2D), it
causes enough steric hindrance to avoid RBD ACE2
engagement. Using a naive llama single-domain antibody
library and PCR-based maturation, Naismith et al. found two
potent RBD binding structures.”® Both were crystallized and
analyzed (Fig. 1D, H11-H4). Also, these nanobodies exhibited
virus-neutralizing activity in the form of Fc fusion complexes.
Further synthetic llama nanobodies were described by Low
et al.:*® the authors describe variants with affinities for RBD
as strong as 200 pM and neutralizing activity in live virus
infection assays.

This journal is © The Royal Society of Chemistry 2021
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Soluble human ACE2 and derivatives

A promising strategy to prevent SARS-CoV-2 engagement with
human cells is the use of soluble human ACE2 as a
competitor: the natural binding partner of the spike protein
in solution traps the RBD and inhibits binding to membrane-
bound ACE2. Penninger et al. indeed showed a potent
reduction of SARS-CoV-2 infection in cells and multiple
human organoid models.*’

An advantage of using soluble ACE2 (and derivatives) to
block spike proteins is the intrinsic resilience to viral
mutational escape: several antibodies have been shown to
lose activity after single mutations on the spike protein, with
viruses eventually increasing their affinity for human ACE2.>®
ACE2 traps increase their potency with growing virus affinity
for membrane-bound ACE2.

Procko et al. used deep mutagenesis to generate ACE2
variants with increased affinity for the SARS-CoV-2-spike-
RBD.? They identified the best variants by displaying the
ACE2 library on human cells, incubating with labelled RBD
and sorting to select for the most potent binders. Wells
et al. also engineered improved variants of ACE2:*° their
strategy relied on the computational design of an improved
binding interface and then a random mutagenesis/yeast
display step to further optimize the sequence. Silva and
collaborators at Neoleukin therapeutics used Rosetta
“protein_mimic_designer” to engineer human ACE2 decoys.
Their optimized structures include minimized variants that
in a trimeric form show picomolar affinities for the SARS-
CoV-2-spike protein, neutralize virus infection and display
efficacious prophylaxis in hamster models when applied
formulated as a nasal spray.”®

Residues included in the a-helical N-terminus of ACE2
seem to provide the main interaction with the SARS-CoV-2-
spike-RBD. Several studies early in 2020 suggested, after
performing molecular dynamic simulations, that helix-1
alone or miniproteins consisting of helix-1 and helix-2 could
bind to the RBD (Fig. 3A).>'** Helix-1 mimetics had been
shown to be successful for SARS-CoV-1 neutralization.** In
our laboratory, however, we tested helix-1 mimetics for
SARS-CoV-2-spike-RBD  binding, and did not observe
association (data available as a preprint on BioRxiv).*?
Experimental evidence for the two- helix miniproteins is still
missing. A computational design strategy from the team
around David Baker, however, resulted in ACE2 derived
miniproteins with low nanomolar affinities and good
thermostability.*>

De novo discovery of miniproteins and peptides

Baker and colleagues also used computational de novo
protein design strategies to engineer ACE2 competitive RBD
binders from scratch.>® In SARS-CoV-2 infection assays of
human cells the best miniprotein variant has a two digit
picomolar inhibitory concentration. The structure of this
3-helix bundle bound to RBD is shown in Fig. 3B.
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Fig. 3 ACE2 derived and de novo designed miniproteins and peptides
binding to the SARS-CoV-2-spike protein. A) Crystal structure 6m0j of
ACE2 (blue) bound to SARS-CoV-2-spike-RBD (red). The ACE2
N-terminal helix-1 contains most of the residues interacting with the
RBD and has been used as starting point for several design strategies
for SARS-CoV-2 inhibitors. B) Cryo-EM structure (7jzm) of a
computationally designed miniprotein (yellow cartoon) neutralizing
SARS-CoV-2 in picomolar concentrations. C) Structural model (5zuv)
of the fusion inhibitor EK1 (green cartoon) bound to the heptad repeat
domain of the SARS-CoV-2 (grey surface).

Miniproteins are likely to have a fast clearance time (as
most biomolecules with a molecular weight <60 kDa) in case
of systemic applications. Their use in form of prophylactic
nasal spray, however, is an interesting option for SARS-CoV-2
inhibition in the location of the first infection.

Lu et al. report a peptide targeting a completely different
region of the spike protein: the peptide EK1 binds to the
heptad repeat (HR2) region, thereby inhibiting structural
rearrangement important for viral fusion with the cell
membrane.*® The peptide was previously developed for SARS-
CoV-1,%” but it is a pan-corona virus fusion inhibitor, also
active in SARS-CoV-2 infection models.

In the Pentelute laboratory, we used a recently established
high throughput affinity selection - mass spectrometry (AS -
MS) platform®®?° to identify SARS-CoV-2-spike-RBD binders
from synthetic peptide libraries (Fig. 4).*° Several peptides
with a shared residue motif were selected and shown to
associate to RBD with nanomolar affinities. While the
peptides are not competing against ACE2 binding, their use
as diagnostic tools is under investigation (information based
on a BioRxiv preprint). The exposed position of the spike
protein makes it, indeed, an intriguing structure for direct
diagnostic detection.
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Fig. 4 Short peptides with nanomolar affinity for the SARS-CoV-2-
spike-RBD were identified by affinity selection - mass spectrometry. A)
AS - MS scheme and sequences of peptide hits binding to SARS-CoV-
2-spike-RBD. B) Structure of peptide hit 1 with important residue
features evidence in yellow.

Small molecules

To date, only one small molecule binding to the SARS-CoV-2-
spike protein has been discovered. In a recent cryo-EM
structure of the SARS-CoV-2 spike glycoprotein, an internal
binding pocket was found to host the essential free fatty acid
linoleic acid.*" Linoleic acid binding stabilizes a locked spike
conformation giving rise to reduced ACE2 interaction in vitro.
In human cells, linoleic acid supplementation synergizes
with the COVID-19 drug remdesivir, with moderate inhibitory
activity improvements.

Conclusion and outlook

The emergence and spread of SARS-CoV-2 has caused a
pandemic unmatched since the Spanish flu 1918. The SARS-
CoV-2-spike protein is the spearhead of the virus: it binds to
human cells with high avidity enabling viral cell invasion.
However, it represents at the same time a vulnerable spot of
the virus, which, among other potentially druggable virus
proteins,*”> makes it an intriguing target. Indeed, the human
immune system can successfully neutralize virus infection with
SARS-CoV-2-spike protein targeting antibodies. Also, many
designer strategies to interfere with the SARS-CoV-2-spike ACE2
binding, based on affinity reagents of different nature, have
been developed and shown high potential for COVID-19
treatment. Serum of convalescent COVID-19 patients
containing neutralizing ‘antibody cocktails’ has been approved
as emergency treatment; however, with the ongoing pandemic,
solutions with broader applicability will be needed. Hopefully,
several of the strategies and molecules described in this review
might turn out as a robust starting point for developing
efficacious COVID-19 prophylaxis or treatment.
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