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ABSTRACT: Blocking the association between the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) spike protein receptor-binding domain (RBD) and the
human angiotensin-converting enzyme 2 (ACE2) is an attractive therapeutic approach to
prevent the virus from entering human cells. While antibodies and other modalities have
been developed to this end, D-amino acid peptides offer unique advantages, including
serum stability, low immunogenicity, and low cost of production. Here, we designed
potent novel D-peptide inhibitors that mimic the ACE2 α1-binding helix by searching a
mirror-image version of the PDB. The two best designs bound the RBD with affinities of 29 and 31 nM and blocked the infection of
Vero cells by SARS-CoV-2 with IC50 values of 5.76 and 6.56 μM, respectively. Notably, both D-peptides neutralized with a similar
potency the infection of two variants of concern: B.1.1.7 and B.1.351 in vitro. These potent D-peptide inhibitors are promising lead
candidates for developing SARS-CoV-2 prophylactic or therapeutic treatments.

■ INTRODUCTION

COVID-19 caused by the novel severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) virus has become a
pandemic, causing fever, severe respiratory illness, and
pneumonia.1 In the last two decades, two other coronaviruses,
SARS-CoV (2002−2003) and Middle East respiratory
syndrome coronavirus (MERS-CoV, 2012-present), have
caused global outbreaks. All CoV’s encode a surface spike
glycoprotein, which binds to the host-cell receptor and
mediates viral entry.2 For betacoronaviruses, a single region
of the spike protein called the receptor-binding domain (RBD)
mediates the interaction with the host-cell receptor. After
binding the receptor, a nearby host protease cleaves the spike,
releasing the spike fusion peptide and facilitating virus
entry.3−6 Earlier studies revealed that SARS-CoV-2 uses the
human angiotensin-converting enzyme 2 (ACE2) receptor for
cell entry, similarly to SARS-CoV.7−11

SARS-CoV-2 infection usually initiates in the nasal cavity,
where the virus replicates for many days before propagating to
the whole respiratory system.12 The intranasal delivery of high
doses of viral inhibitors might thus provide preventive and/or
therapeutic benefits for early infection management. This
could be beneficial for medical professionals and others who
regularly interact with infected people.13 Numerous neutraliz-
ing antibodies targeting the RBD of SARS-CoV-2 are being
developed as effective therapies for COVID-19.14−21 However,
antibodies have disadvantages, in particular, for intranasal
delivery, due to their large size; moreover, they are very
expensive to produce, making them poor candidates for mass
therapeutics or for application in developing countries. Also, a
set of high-affinity protein minibinders targeting the spike RBD
and able to neutralize the SARS-CoV-2 infection in vitro were
described.13 However, the proteolytic activity or immune

response of the host against these proteins could limit their
therapeutic or prophylactic applications.
Scientists around the world have been developing anti-

SARS-CoV-2 vaccines in response to the COVID-19 outbreak.
Over 300 vaccination initiatives have been developed as a
result of an extraordinary effort by the scientific community.22

Over 78 are now undergoing clinical evaluation, 32 of these are
in phase III clinical trials, and 11 of them have completed
phase III with positive results.23 However, the production,
distribution, and equity access of billions of doses of COVID-
19 vaccines for the entire world population is the new, complex
challenge.22

Peptides consisting of D-amino acids have unique advan-
tages, including low immunogenicity, low manufacturing cost,
and proteolytic stability. Note that a peptide viral entry
inhibitor, fuzeon, has been approved for the treatment of
HIV,24 and a D-amino acid analogue of it has been in
development.25 Here, we develop novel D-peptide inhibitors of
the RBD−ACE2 interaction using an in-house methodology
for converting (L)-peptides to highly stable D-analogues after
searching a mirror-image version of the PDB (D-PDB).26 Two
designs bound the RBD with affinities of 29 and 31 nM,
respectively. Both D-peptides inhibited the SARS-CoV-2
infection in Vero cells with IC50 values of 5.76 and 6.56 μM.
Notably, both D-peptides neutralized with a similar potency
the infection of two variants of concern: B.1.1.7 and B.1.351.
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These potent D-peptide inhibitors are promising lead
candidates for developing SARS-CoV-2 prophylactic or
therapeutic treatments.

■ RESULTS

Design of Novel D-Peptide Binders of the SARS-CoV-
2 Spike Protein. Targeting the RBD−ACE2 interaction is a

therapeutic or preventive strategy to block the first step of the
SARS-CoV-2 infection.15,17,22,27 Here, we design novel D-
peptide binders of the SARS-CoV-2 spike protein based on the
ACE2-binding helix by searching a D-PDB database with an in-
house methodology able to convert L-peptides to highly stable
D-analogues.26 As the first step in our strategy, we predicted
the hotspot residues at the ACE2-binding interface through

Figure 1. Design strategy of the novel D-peptide binders of the SARS-CoV-2 spike RBD. (A) On the right, the structure of the SARS-CoV-2 RBD
(green, cartoon) bound with ACE2 (blue, surface). On the left, a zoom-in image of the ACE2-binding interface with the RBD. In green, the ACE2
N terminus-binding helix. In yellow, the ACE2 hairpin loop L351−R357. To run the query process, the binding helix was split into two fragments:
I21−N33 and H34 to L45. For clarity, only the hotspots in the binding helix (Q24, T27, K31, H34, D38, and Y41) and hairpin helix (K353 and
R357) were highlighted as licorice. (B) Structural alignment of the best D-matches obtained for the helix1 (6m17) and helix2 (6m17). Structural
superposition of full D-peptide (Covid4) over the binding helix extracted from the full-length ACE2 receptor. The hotspot and matching residues
in the L- and D-peptides are showed as licorice. (C) Structural alignment of the best D-matches obtained for the helix1 (MD cluster) and helix2
(6vw1). Structural superposition of the full D-peptide (Covid3) over the binding helix extracted from the ACE2 n-terminal peptidase domain. The
hotspot and matching residues in the L- and D-peptides are showed as licorice. ACE (acetyl group) and NH2 (amide group).
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computational alanine scanning (CAS) using the Elaspic2
webserver (http://elaspic.kimlab.org).28 CAS calculations
indicated that residues Q24 (ΔΔGcalc = 0.87 kcal/mol), K31
(ΔΔGcalc = 1.43 kcal/mol), D38 (ΔΔGcalc = 1.01 kcal/mol),
Y41 (ΔΔGcalc = 2.14 kcal/mol), K353 (ΔΔGcalc = 0.83 kcal/
mol), D355 (ΔΔGcalc = 0.79 kcal/mol), and R357 (ΔΔGcalc =
1.26 kcal/mol) were the major contributors of ACE2 to the
binding affinity of the RBD−ACE2 complex (Figure S1). A
deep mutagenesis study on the ACE2-binding interface
supported these predictions.29 Of relevance, residues Q24,
K31, D38, and Y41 are located within the ACE2-binding helix,
while positions K353, D355, and R357 are within the hairpin
loop (Figure 1A).
We used the ACE2-binding helix extracted from the

experimental structures of the RBD in complex with the n-
terminal peptidase domain (PDB code: 6vw1) or the full-
length human ACE2 (6m17) as a starting point to design novel
antispike D-peptide binders. Before querying the D-PDB
database, we split the ACE2-binding helix into two fragments
that we denoted as helix1 and helix2. Helix1 runs from I21 to
N33, while helix2 runs from H34 to L45. In helix1, we defined
Q24, T27, and K31 as hotspots. For helix2, we identified H34,
D38, and Y41 (Figure 1A) as hotspots. Forty query structures
were generated for helix1 and 36 for helix2 by combining
different sets of specific atom levels extracted from the hotspot
residues (Table SI). After running the query process for each
helix independently, several matches were located at the D-
PDB database (Table SII). The root-mean-square deviation
(rmsd) profiles of the 1000 best output structures in the D-
PDB database search for each helix are shown in Figure S2.
Match quality was measured through the rmsd between the
specific atoms in each query structure and the matched
structures at D-PDB (Figure 1B,C). For the full-length ACE2
structure, the best match for helix1 was found in 3vj9 at 1.43 A
and in 1ant at 1.43 A for helix2 (Figure 1B). For the protease
domain ACE2 structure, the best match for helix2 was found in
2bd0 at 1.54. While no suitable matches with rmsd below 1.6 A
were identified for helix1 (Figure 1C) from the crystal
structure, we used an alternative strategy. Recently, a 10 μs
molecular dynamics (MD) simulation of the human ACE2
structure in complex with the RBD (6vw1) was released by D.
E. Shaw Research,29 and we reasoned that a representative
structure from such simulations may actually provide a better
template for matching; we thus used the most representative
clusters as templates for our match. The best match for helix1
was found in 3t6a at 1.02 A (Figure 1C). Next, we joined the
best matches to generate four D-peptides named Covid1,
Covid2, Covid3, and Covid4. We added two (DAla−DAla) or
three extra residues (DIle−DAla−DAla) to link both helices in
each D-peptide because both residues are strong helix
stabilizers (Table 1, Figure 1B,C).
We built the 3D structure of the spike + D-peptide

complexes by superimposing the D-peptides into the X-ray
structure of the RBD−ACE2 complex (6VW1, Figure 2A).
Next, we evaluated the stability of the spike + D-peptide
complexes through MD simulations of 200 ns. All the MD
simulations were set up without adding glycosylations to the
RBD structure (segment N331−E516). This domain lacks the
two key N-glycosylation sites: N165 and N234, in modulating
the conformational dynamics of the spike’s RBD.30 We did not
model the glycans at positions N331 and N343 because they
are too far from the D-peptide-binding site in the RBD (Figure
S3). The rmsd profiles calculated along the MD simulations for

the peptides’ heavy atoms showed Covid3 and Covid4 as the
D-peptides with the most stable binding mode (Figure 2B).
The root-mean-square fluctuation (RMSF) values below 0.2
nm in most of the residues indicated good stability in the
binding mode of both peptides (Figure S4). We also
superimposed the initial and final structures obtained from
the MD simulations of the complexes RBD + Covid3 and RBD
+ Covid4. For Covid3, the more significant displacement is
observed at the N-terminal (first three residues), while for
Covid4, the more notable fluctuations were observed in the N-
terminal and C-terminal region of this peptide. Both peptides
rapidly stabilize in a new average position close to the initial
structure (Figure S5). Thus, we selected these peptides for
further experimental validation.
A previous computational design study suggested that it

might be possible to increase the spike binding affinity of α-
helical peptide blockers by grafting the hairpin loop L351−
R357 to the peptide structure.31 To explore how to improve
the affinity of the D-peptide analogues Covid3 and Covid4 by
adding the retro-inverse (RI) sequence of the hairpin loop, we
superposed the most representative structure extracted from
the MD simulations of both peptides over the X-ray structure
of the RBD−ACE complex (6vw1). The clashes observed
between the N-terminal region of Covid3 and the hairpin loop
showed that adding the hairpin loop RI sequence to this
peptide structure is not suitable (Figure 2C). In the case of
Covid4, the structural superposition suggested the chance to
extend the N-terminal region of this peptide by adding the RI
sequence (Figure 2D). This modification might increase the
binding affinity for the spike protein. We named the extended
version of Covid4 as Covid_extended_1 (Table 1).

Experimental Validation of the Design of D-Peptides.
We performed circular dichroism (CD) measurements and
size-exclusion chromatography (SEC) of the peptides in
solution to determine the peptides’ secondary structure and
oligomerization states. These analyses indicate that the D-
peptides remain as helical monomers in solution (Figures 3
and S6). Of relevance, the D-peptides showed a higher helical
content than the L-peptide (I21−S43) derived from the
central helix of the ACE2. Next, we assessed whether Covid3,
Covid4, and Covid_extended_1 could directly bind the RBD
by performing biolayer interferometry (BLI) experiments. Ni-
NTA (nitrilotriacetic acid) biosensors were used to immobilize
precisely His-tagged RBD and then test for direct binding of
the synthesized peptides. We found that all three peptides
could bind the RBD but with different affinities. Kinetic fits
show that Covid extended_1 bound to the RBD with the
highest affinity (29 ± 0.25 nM), followed by Covid3 (31 ±
0.25 nM), and Covid4 with about threefold lower affinity (105
± 0.17 nM) (Figure 4A−C). As a positive control, we

Table 1. Sequences of the Design of Retro-Inverted D-
Peptide Binders of the SARS-CoV-2 Spike RBDb

D-peptide code full sequencea

Covid1 LEEWYKFIEESIHAALEKTWTALRHQYT
Covid2 ILMDKIYKYAEIIHAALEKTWTALRHQYT
Covid3 LQTALYALMEEIHIAALEKTWTALRHQYT
Covid4 IIYQYMEEIEHAASRFAYFFYQHLA
Covid_extented_1 RFDGKGLGIYQYMEEIEHAASRFAYFFYQHLA

aThe full sequence of each peptide is obtained by combining helix2 +
linker + helix1. bIn bold are highlighted the linker residues to join
helix2 and helix1.
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measured the binding affinity of the RBD−ACE2 complex (Kd
= 8.8 ± 0.17 nM) (Figure 4D).
The resistance to protease degradation is an attractive

property of D-peptides for biomedical applications, as it leads
to extended half-life in serum. We carried out a comparative
analysis of the resistance to proteinase K (ProtK) degradation
of Covid3, Covid_extended_1, and L-peptide derived from the
ACE2 N-terminal-binding helix (I21−L45). We observed an

80% loss of the L-peptide in less than 1 h, while 82.88% of
Covid3 and 87.45% of Covid_extended_1 can still be detected
after 2.5 h exposure to ProtK (Figure 5A,B).
Finally, we investigated the ability of Covid3 and

Covid_extended_1 to inhibit the infection of Vero cells by
SARS-CoV-2. Both peptides were mixed with 100 fifty-percent
tissue-culture-infective dose (TCID50) of SARS-CoV-2 before
being incubated to Vero cell monolayers at different
concentrations. Covid extended_1 and Covid3 blocked
SARS-CoV-2 infection with IC50’s of 5.76 ± 2.14 and 6.56 ±
1.65 μM, respectively (Figure 6). We estimated the Ki of both
peptides from the IC50 values obtained in the virus
neutralization assays using the Cheng−Prusoff equation.32 Of
relevance, the Ki values are in the same potency range as
observed in the BLI binding assays (Table SIII). We also
included a rabbit polyclonal antibody (40150-T62-COV2, Sino
Biological Inc., Beijing, China) and the first international
standard for anti-SARS-CoV-2 immunoglobulin (NIBSC code
20/136) (Figure S7) as positive controls. The virus
neutralization for controls and D-peptides as a function of
the dilution ratio is shown in Figure S7. We also evaluated the
cytotoxicity of the D-peptides in Vero cells. As can be seen,

Figure 2. Modeling the 3D structure of the SARS-CoV-2 RBD bound to the D-peptides. (A) Superposition of the 3D structure of D-peptides over
the structure of the spike RBD (green, cartoon) bound to the ACE2 receptor (blue, surface). In magenta is shown a representative D-peptide
(Covid3). (B) rmsd of the heavy atoms of the design of D-peptides bound to the RBD. (C) Structural superposition of the most representative
structure extracted from the MD simulation of Covid3 (magenta, cartoon) bound to the RBD (blue, surface) over the RBD−ACE2 X-ray structure
(6vw1). The hairpin loop L351−R357 (yellow) of the ACE2 receptor in the X-ray structure was only represented for clarity. (D) Structural
superposition of the most representative structure extracted from the MD simulation of Covid4 (brown, cartoon) bound to the RBD (blue, surface)
over the RBD−ACE2 X-ray structure (6vw1). The hairpin loop (yellow) of the ACE2 receptor in the X-ray structure was only represented for
clarity. Clashes between Covid3 and the hairpin loop were observed after the structural superposition.

Figure 3. CD measurements of the peptides in solution.
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both peptides are not toxic in the range of concentrations
tested in the virus neutralization assays (Figure S8).

Design of D-Peptides That Inhibit the Infection of
Vero Cells by SARS-CoV-2 Variants B.1.1.7 and B.1.351.

Figure 4. Design of D-peptides bound to the RBD. (A) Binding of Covid3 to the RBD monitored by BLI (Kd = 31 ± 0.25 nM). (B) Binding of
Covid4 to the RBD monitored by BLI (Kd = 105 ± 0.17 nM). (C) Binding of Covid_extended_1 to the RBD monitored by BLI (Kd = 29 ± 0.25
nM). (D) Binding of ACE2 to the RBD monitored by BLI (Kd = 8.8 ± 0.17 nM). With different line colors were highlighted the ACE2
concentrations loaded to the sensors: as black (1 μM), red (0.5 μM), blue (0.25 μM), magenta (0.125 μM), green (0.063 μM), and dark blue
(0.031 μM).

Figure 5. Design of D-peptides are resistant to ProtK degradation. (A) Sample gel images of the L-peptide derived from the ACE2 (I21−L45) and
the D-peptides Covid3 and Covid_extended_1 treated with ProtK over 150 min. Gels were stained with Coomassie Brilliant Blue dye. (B)
Quantification of remaining peptide post-ProtK treatment in 30 min intervals.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.1c00655
J. Med. Chem. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c00655/suppl_file/jm1c00655_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00655?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00655?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00655?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00655?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00655?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00655?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00655?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00655?fig=fig5&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


First, we explored in silico the ability of our D-peptides to bind
the RBD of the most current circulating SARS-CoV-2 isolates
reported in the UK (N501Y, A570D, D614G, and P681H),
South Africa (K417N, E484K, N501Y, and D614G), Brazil
(K417T, E484K, N501Y, and D614G), and Japan (K417N,
E484K, N501Y, and D614G). These spike proteins contain
several mutations by comparison with the spike protein of
initial isolates. Our structural analysis revealed that only
positions K417 and N501 are within the D-peptides’ binding
interface with the spike RBD (Figure 7). Next, we performed
free-energy calculations with the Crooks Gaussian intersection
(CGI) method using the dual-system single-box approximation
to predict to what extent our designs will target the RBD of the
most current circulating SARS-CoV-2 isolates (Figure S9). To
calculate the effect of different mutations within the RBD
region: K417N (ΔΔG = 3.80 ± 0.82 kJ/mol), K417T (ΔΔG =
5.34 ± 0.66 kJ/mol), E484K (ΔΔG = 1.28 ± 0.46 kJ/mol) and
N501Y (ΔΔG = −11.96 ± 0.79 kJ/mol) over the D-peptides’
binding affinity, we chose Covid3 (Figure 8) as a study case.
The free-energy calculations indicated that mutation N501Y
must increase the binding affinity of Covid3 by the RBD, while
mutations K417N or K417T could have a negative effect. As
expected, the mutation E484K might have a negligible effect
on the Covid3-binding affinity. Overall, the combined effect of

these mutations did not drop the binding affinity of Covid3 by
the RBD of the new circulating variants.
Finally, we investigated the ability of Covid3 and

Covid_extended_1 to inhibit the infection of Vero cells by
SARS-CoV-2 variants B.1.1.7 and B.1.351. Different concen-
trations of both peptides were mixed with 100 TCID50 of both
variants before being incubated to Vero cells monolayers.
Covid_extended_1 and Covid3 inhibited the infection of
variant B.1.1.7 with IC50’s of 5.57 ± 4.04 and 33.40 ± 10.75
μM, respectively. For variant B.1.351, Covid_extended_1 and
Covid3 blocked the infection with IC50’s of 7.37 ± 1.80 and
11.13 ± 3.82 μM, respectively (Figure 9). We also included a
rabbit polyclonal antibody (40150-T62-COV2, Sino Biological
Inc., Beijing, China) and the first international standard for
anti-SARS-CoV-2 immunoglobulin (NIBSC code 20/136) as
positive controls. The virus neutralization for controls and D-
peptides as a function of the dilution ratio is shown in Figure
S10. Of relevance, the Ki values estimated from the IC50 of the
virus neutralization assays were in the same potency range as
the ones obtained for the SARS-CoV-2 early lineage (Table
SIII). These results confirmed that both D-peptides effectively
inhibited two of the most current circulating variants.

Figure 6. Neutralization of SARS-CoV-2 infection in Vero cells by the design of D-peptide inhibitors. (A) Neutralization activity of Covid3. (B)
Neutralization activity of Covid_extended_1. Different concentrations of both peptides were mixed with 100 TCID50 of SARS-CoV-2 before being
incubated with Vero cell monolayers. Covid3 and Covid_extended_1 blocked SARS-CoV-2 infection with an IC50 of 6.56 ± 2.14 and 5.76 ± 1.65
μM, respectively.

Figure 7. Mapping mutations of the most current circulating isolates of SARS-CoV-2 within the D-peptides’ binding interface. (A) Only two
positions (N501 and K417) are within the binding interface of Covid3 with the RDB. All the residues within 0.5 nm of the peptide were included in
the binding interface. Based on this cutoff, E484 is outside the binding interface. (B) Zoom-in image of the binding contact of the residue N501
with Covid3. Residue Y6 of Covid3 is in close interaction with N501. (C) Zoom-in image of the binding contact of residue K417 with Covid3.
Residues I14 and E18 are interacting with K417.
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■ DISCUSSION

Targeting the RBD−ACE2 interaction with linear peptides
derived from the ACE2 N-terminus-binding helix is a strategy
supported by previous computational and experimental
studies.31,33,34 Here, we reported the design of three D-
peptides named Covid_extended_1, Covid3, and Covid4 that
bind the SARS-CoV-2 RBD with an affinity of 29, 31, and 105
nM, respectively. To engineer the novel D-analogues of the
ACE2-binding helix, we searched our D-PDB database for
similar configurations of the critical hotspots within the N-
terminus helix: Q24, T27, K31, H34, D38, and Y41 predicted
by our CAS. Deep mutagenesis studies on the ACE2-binding
interface supported our hotspot predictions.34 MD simulations
revealed a stable binding mode of the D-peptide analogues to
the SARS-CoV2 RBD. This feature is significant considering
the flat surface of the RBD-binding motif.
Covid_extended_1 and Covid3 have similar binding

affinities for the RBD as the native ACE2 receptor (Kd = 8.8
± 0.17 nM). Both peptides bind 43-fold stronger to the RBD
than a 23 mer L-peptide (I21−S44, Kd = 1.3 μM) derived from
the ACE2 N-terminus helix.34 The higher content of α-helical
secondary structure of the design of D-peptides in solution

might explain this result. As expected, the extension of Covid4
by adding the RI sequence of the hairpin loop increases the
binding affinity of the resulting peptide (Covid_extended_1),
given the critical contribution of three residues (K353, D355,
and R357) within this loop to the binding affinity of the RBD−
ACE2 complex. Our results validate a recent computational
study proposing that linking the ACE2 N-terminus α-helical
peptide with the hairpin loop L351−R357 improves the hybrid
peptide’s binding affinity for the RBD.33 A similar idea was
explored in the past to improve the antiviral activity of ACE2-
derived peptides against SARS-CoV infection.35

The binding of the D-peptides to the full spike should be
similar to the RBD. The trimeric nature of the spike should not
affect the binding process of the D-peptides (3 peptides per
spike), given the overlap between the binding site of these
peptides with the ACE2. Previously, the binding of miniprotein
inhibitors to each protomer of the full spike through CryoEM
structure determinations was described.13 Of note, these
miniproteins have three times the molecular weight of our
D-peptides.
The molecular recognition of viral surface proteins by high-

affinity reagents is a promising strategy for virus neutralization.
Several proteins targeting the RBD−ACE2 interaction have

Figure 8. Predicting the effect of mutations in the SARS-CoV-2 RBD on the binding affinity of Covid3. (A) K417N, (B) K417T, (C) E484K, and
(D) N501Y. Free-energy calculations were performed with the CGI method using the dual-system single-box approach.
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been described. Soluble human and modified ACE2 showed a
high affinity to the SARS-CoV-2 spike RBD, neutralizing
activity in live virus infection models.29,36 Also, numerous
neutralizing antibodies, nanobodies, and synthetic proteins
binding to the SARS-CoV-2-spike-RBD have been de-
scribed.13,27,37 Remarkably, we showed that Covid_ex-
tended_1 and Covid3 neutralized SARS-CoV-2 infection of
Vero cells with an IC50 of 5.76 and 6.56 μM, respectively. Of
relevance, both peptides neutralized with a similar potency the
infection of two variants of concern: B.1.1.7 and B.1.351. Our
results suggested that both peptides should also inhibit the
infection of variant P1 (N501Y, K417T, and E484K) given its
similar mutation pattern in the RBD with the variant B.1.351
(N501Y, K417N, and E484K).
Time addition experiments are a valuable strategy to

determine which stage of the virus life cycle is targeted by
different ligands. A previous report showed that LCB1, a
miniprotein SARS-CoV-2 inhibitor, can effectively inhibit cell
fusion by co-incubating with SARS-CoV-2 at −1 and 0 h
before adding the mix to Vero cells.38 Here, we mixed different
concentrations of the D-peptides with 100 TCID50 of the
SARS-CoV-2 isolates for 30 min at 37 °C before incubating the
mix with the cells. Therefore, we did not expect to see a
different mechanism of action for our designs if we
preincubated these peptides with the virus during a similar
time range. We based this hypothesis on the fact that our
designs and LCB1 target a similar region of the RBD.
There is no discrepancy between the two-digit nM binding

affinity of Covid3 and Covid_extended1 and the single-digit

μM IC50 obtained from virus neutralization assays. The
potency of the peptides (Ki) estimated through the Cheng−
Prusoff equation32 are in the same potency range as the RBD +
D-peptide binding affinities (Kd = 29 and 31 nM) obtained
through the BLI experiments. A previous study also described a
drop (35-fold) in the activity of the SARS-CoV-2 miniprotein
inhibitor AHB1, which binds to the RBD with a Kd ≈ 1 nM
and neutralizes SARS-CoV-2 infection in VeroE6 cells with an
IC50 = 35 nM.13

While the most potent neutralizing antibody thus far
described is far more potent on a molar basis (IC50 = 13
nM),22 our peptides have far lower molecular weight than an
antibody, and thus, the potency on a per gram basis is much
closer [Covid3/Covid_extended_1 (22 × 10−3 g/L) and Ab
(1.9 × 10−3 g/L)]. D-peptides are appropriate for the
formulation in a gel for nasal administration and direct
distribution into the respiratory system via nebulization or as a
dry powder due to their small size and strong resistance to
protease degradation. Other authors showed that the intranasal
administration of miniproteins engineered to bind strongly to
the influenza hemagglutinin could give preventive and
therapeutic safety in deadly influenza infection models in
rodents.39 Finally, as our peptides can be manufactured
synthetically, they will be far cheaper to produce, enabling
use in cost-constrained applications. We believe that D-
peptides could prove a valuable modality for the treatment of
such respiratory diseases.

■ CONCLUSIONS

In this work, we designed two D-peptide high-affinity binders
of the SARS-CoV-2 RBD that neutralized the virus infection of
Vero cells in the single-digit μM range. Of relevance, both D-
peptides neutralized with a similar potency the infection of two
variants of concern: B.1.1.7 and B.1.351. These novel blockers
of early stages in the virus infection have potential advantages
as therapeutics.

■ EXPERIMENTAL SECTION
Design Strategy of D-Peptides. The query process for each

helix segment was run independently using the latest update of the D-
PDB database previously generated in our group.26 Hotspot residues
at the ACE2-binding interface were identified through a CAS using
the Elaspic2 webserver (http://elaspic.kimlab.org),28 using the full-
length ACE2 in complex with the RBD (6m17) as the starting
structure. Structural alignments between specific atoms in each query
structure and each entry at the D-PDB database were carried out
using Click.36 This program uses the molecule coordinates to align
groups of atoms independent of the residue order. This feature is
essential for identifying the closest matching D-peptide hotspot
constellations because their sequence order and/or direction is very
often different to the L-peptide query.26 The matched (D) hotspots
from both helices were aligned with their corresponding (L) hotspots.
We added two (DAla−DAla) or three extra residues (DIle−DAla−
DAla) to assemble both helices of each D-peptide over the surface of
the spike RBD (6vw1) using Chimera (Table 1).37

MD Simulations. All the MD simulations of the spike + D-peptide
complexes were carried out with the GROMACS software package40

version 2019.3 using the CHARMM36-m force field41 and the TIP3P
water model.42 The simulation systems consist of each complex
solvated in an octahedron box with ∼16278 water molecules. The
electroneutrality was ensured by adding sufficient Na+Cl− counterions
to each solvation box. All the systems were relaxed through two
consecutive energy minimization (EM) protocols. Then, each system
was heated in the NVT ensemble and then equilibrated in the NPT
ensemble at p = 1 bar and T = 310 K. In both steps, we released

Figure 9. D-peptides neutralize the infection of Vero cells by SARS-
CoV-2 variants B.1.1.7 and B.1.351. (A) Neutralization activity of
Covid3. (B) Neutralization activity of Covid_extended_1. Different
concentrations of both peptides were mixed with 100 TCID50 of
SARS-CoV-2 before being incubated with Vero cell monolayers.
Covid3 neutralized the infection of variants B.1.1.7 and B.1.351 with
IC50’s of 33.40 ± 10.75 and 11.13 ± 3.82 μM, respectively.
Covid_extended_1 neutralized the infection of variants B.1.1.7 and
B.1.351 with IC50’s of 5.57 ± 4.04 and 7.37 ± 1.80 μM, respectively.
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gradually the position restrains that apply over the protein heavy
atoms. Finally, the production NPT runs were conducted by
duplicating for 200 ns. The EM and MD simulations were set up
similarly to previous works.43,44

All the trajectory analyses were carried out with the GROMACS
software package40 version 2019.3. The most representative structure
sampled by each complex along the MD simulations was calculated
over the complex heavy atoms with the GROMOS algorithm45

implemented in the gmx cluster program,40 using an rmsd cutoff value
of 0.15 nm.
Free-Energy Calculations Using the CGI Method. We set up

free-energy calculations with the CGI protocol using the dual-system
single-box approximation to predict the effect of different mutations
in the RBD on the D-peptides’ binding ability. Briefly, in the dual-
system single-box setup, a wild-type RBD bound to a D-peptide is
positioned in the same box with a solvated unbound mutant RBD (λ
= 0). The other end state (λ = 1) contains a mutant RBD bound to a
D-peptide with a solvated wild-type RBD (Figure S9).46 To prevent
an interaction between the solvated RBD and the RBD + peptide
complex due to motions during the simulation, position restraints
were applied at the backbone atoms of the RBD Val32. Simulation
topologies and input files were generated for the CHARMM36-m
force field41 with the pmx package.47 For each state (λ = 0 and λ = 1),
an equilibrium MD simulations of 100 ns length were conducted
using the simulation parameters described previously.48 From each
trajectory, the first 10 ns were discarded, snapshots were taken every
400 ps, and short nonequilibrium thermodynamic integration runs
(500 ps) were performed in which λ was switched from 0 to 1 or from
1 to 0, respectively. The derivative of the Hamiltonian with respect to
λ was recorded at every step and the alchemical free energy for the
transition was calculated according to Goette and Grübmueller.49 The
free-energy estimate corresponds to a double free-energy difference:
ΔΔG = ΔG4 − ΔG3 (Figure S9).
Peptide Synthesis. All peptides were synthesized, purified, and

characterized by Lifetein LLC. We described briefly the protocol
provided by the supplier. The peptides were synthesized on
ChemMatrix Rink Amide resin, using the standard Fmoc synthesis
protocol with DIC/Cl-HOBt coupling, on an APEX 396 automatic
synthesizer. The resin was swollen in DMF for 30 min, treated with
20v% piperidine−DMF for 8 min to remove the Fmoc protecting
group at 50 °C, and washed with DMF three times. For the coupling
reaction, the resin was added with Fmoc-protected amino acid, Cl-
HOBt, DIC, and NMP. The mixture was vortexed for 20 min at 50
°C. Afterward, the resin was washed with DMF once. The cycle of
deprotection and coupling steps was repeated until the last amino acid
residue was assembled. After the final Fmoc-protecting group was
removed, the resin was treated with 20v% acetic anhydride−NMP for
20 min. The resin was then washed with DMF and DCM and dried
with air. The peptides were cleaved using a TFA cocktail (95v% TFA,
2.5v% water, and 2.5v% TIS) for 3 h. Crude peptides were
precipitated by adding ice-chilled anhydrous ethyl ether, washed
with anhydrous ethyl ether three times, and dried in vacuo. All
peptides’ purity is higher than 95%. In the Supporting Information
material, we provided the details about the characterization of these
peptides (weight, molecular weight, purity, HPLC, and MS) (Table
SIV and Figures S11−S14).
CD Measurements. Freeze-dried peptides as supplied by LifeTein

were resuspended in 1:4 acetonitrile/phosphate-buffered saline (PBS)
to solubilize them at concentrations required for CD.50 Measurements
were recorded in a JASCO J-1500 CD spectrophotometer at the
Structural and Biophysical Core FacilityThe Hospital for Sick
Children, Toronto, Canada. Spectra were collected from 190 to 260
nm, with a data pitch of 1 nm, an integration time of 2 s, and a
scanning speed of 50 nm/min. The data presented are the result of
three averaged measurements for every peptide. Peptides were
prepared aiming at a concentration of 10 μM per sample, but the
absolute concentration was calculated by amino acid analysis
performed by the SPARC BioCentreThe Hospital for Sick
Children, Toronto, Canada.

A baseline measurement of 1:4 acetonitrile/PBS was recorded and
subtracted from the peptide spectra. The baseline-subtracted data in
millidegree units were converted to the standard molar ellipticity units
(degrees cm2 dmol−1) to normalize the data by peptide amount. The
spectra were plotted in GraphPad PRISM 9.

SEC Purification. All peptides were resuspended in PBS
containing 10% ACN to a final concentration of 1 μM. Gel filtration
was performed in a Superdex 75 10/300 GL pre-equilibrated in PBS,
10% ACN. The column was connected to an AKTA Pure 25 system.
For each peptide, 500 μL aliquots at 1 μM were loaded and further
eluted by isocratic elution at 0.5 mL/min. All data were plotted in
PRISM 9 for ease of presentation.

D-Peptide BLI Measurements. BLI measurements were
performed with ForteBio Octet RED96 instrument and ForteBio
biosensors. Data analyses used ForteBio Data Analysis 9.0 software.
Kinetics assays were carried out at 25 °C using settings of the
standard kinetic acquisition rate (5.0 Hz, averaging by 20) at a sample
plate shake speed of 1000 rpm.

His-tagged RBD purified protein was loaded onto Ni-NTA sensors
at a concentration of 200 nM. Peptides were loaded at different
concentrations to the bound sensors. The dissociation step was
monitored by dipping bound sensors back into the wells used to
collect the baseline time course. To subtract binding due to
nonspecific interactions of the peptides with the sensors, nonspecific
His-tagged SUMO protein and His-tagged RBD loaded alone were
used as controls. The subtracted binding curves were analyzed to
obtain association rate constant ka, kd, and Kd values.

Protease Stability Assays. Stocks of 20 μM peptide in 200 μL of
total volume (10 mM Tris-base, 10 mM NaCl, pH 7.4) were
supplemented with 5 μM CaCl2, and 30 μL was removed for the
untreated T0 sample. ProtK (Bioshop) was then added to a final
concentration of 100 μg/mL. Samples were incubated at 37 °C, and
30 μL was removed after each time point and protease activity was
blocked by the addition of 10 mM PMSF (200 mM stock dissolved in
isopropanol). Protease-inactivated samples were frozen at−20 °C
until further use. Digestions were repeated three times. Frozen
samples were supplemented with 8 μL of sample loading buffer (4×
NuPAGE; Thermo Fisher Scientific), boiled (50 °C) for 10 min, and
centrifuged (16,128g, 10 min) before loading the gel [12% NuPAGE
Bis-Tris (ThermoFisher Scientific)] with Mes running buffer. Gels
were run at 200 V for ∼35 min and stained using Coomassie Brilliant
Blue dye. Densitometry of bands was determined using ImageJ
software with background subtraction. All samples were normalized to
the irrespective untreated sample (T0).

Virus Neutralization Assays. The SARS-CoV-2 (βCoV/Korea/
KCDC/2020 NCCP43326), SARS-CoV-2 B.1.1.7 (hCoV-19/Korea/
KDCA51463/2021), and SARS-CoV-2 B.1.351 (hCoV-19/Korea/
KDCA55905/2021) isolates were obtained from the Korea Disease
Control and Prevention Agency. These lineages were propagated in
Vero cells (ATCC CCL-81) in Dulbecco’s modified Eagle’s medium
(DMEM, Welgene, Gyeongsan, Republic of Korea) in the presence of
2% fetal bovine serum (Gibco, Thermo Scientific, Waltham, MA,
USA). The cells were grown in T-75 flasks, inoculated with SARS-
CoV-2, and incubated at 37 °C in a 5% CO2 environment. Three days
after inoculation, the viruses were harvested and stored at −80 °C.
The virus titer was determined by a TCID50 assay (Table SV).51

The neutralization assay was performed as previously de-
scribed.52,53 Briefly, Vero cells were seeded in 96-well plates (1.5 ×
104 cells/well) in Opti-PRO SFM (Thermo Scientific, Waltham, MA,
USA) supplemented with 4 mM L-glutamine and 1× Antibiotics-
Antimycotic (Thermo Scientific, Waltham, MA, USA) and grown for
24 h at 37 °C in a 5% CO2 environment. Peptides were dissolved in
100% dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO,
USA) and diluted in PBS (Welgene, Gyeongsan, Republic of Korea)
from the maximum concentration of 100 μM to the lowest
concentration of 0.1953 μM. Twofold serially diluted peptides were
mixed with 100 TCID50 of SARS-CoV-2, and the mixture was
incubated for 30 min at 37 °C. Then, the mixture was added to the
Vero cells in tetrad and incubated for 4 days at 37 °C in a 5% CO2
environment. The cytopathic effect in each well was visualized
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following crystal violet staining 4 days post-infection. The IC50 values
were calculated using the dose−response inhibition equation of
GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). To
determine the cell toxicity, similar experiments were performed
without the addition of the virus. Cell viability was measured using
MTS solution. We included the following as a positive control of the
virus neutralization experiments: (i) a rabbit polyclonal antibody
(40150-T62-COV2, Sino Biological Inc., Beijing, China) and (ii) the
first international standard for anti-SARS-CoV-2 immunoglobulin
(NIBSC code 20/136). As a negative control, we used PBS (data not
shown). We also plotted the % of virus neutralization as a function of
the dilution ratio for all the controls and the D-peptides in the
Supporting Information material (Figures S7 and S10).
Finally, we used the Cheng−Prusoff equation32 to estimate the Ki

of the designed peptides from the IC50 values obtained in the virus
neutralization assays. In this case, we adapted the equation used to
calculate the constant inhibition at cellular receptors to virus
neutralization assays (1)

=
[ ] +

K
A

IC
/TCID 1i

50

50 (1)

where [A] is the fixed infective dose of SARS-CoV2 used in the virus
neutralization assays ([A] = 100 TCID50) and TCID50 is the fifty-
percent tissue-culture-infective dose.
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