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ABSTRACT: The COVID-19 pandemic continues to spread around the world,
with several new variants emerging, particularly those of concern (VOCs).
Omicron (B.1.1.529), a recent VOC with many mutations in the spike protein’s
receptor-binding domain (RBD), has attracted a great deal of scientific and public
interest. We previously developed two D-peptide inhibitors for the infection of the  p.peptideinhibitors cSadig
original SARS-CoV-2 and its VOCs, alpha and beta, in vitro. Here, we W |
demonstrated that Covid3 and Covid_extended 1 maintained their high-affinity

binding (29.4—31.3 nM) to the omicron RBD. Both D-peptides blocked the
omicron variant in vitro infection with IC50s of 3.13 and 5.56 uM, respectively. We
predicted that Covid3 shares a larger overlapping binding region with the ACE2
binding motif than different classes of neutralizing monoclonal antibodies. We
envisioned the design of D-peptide inhibitors targeting the receptor-binding motif
as the most promising approach for inhibiting current and future VOCs of SARS-
CoV-2, given that the ACE2 binding interface is more limited to tolerate mutations than most of the RBD’s surface.

SARS-CoV-2VOCs

B INTRODUCTION including low antigenicity, relatively low cost, and elevated-
protease stability.

Recently, we developed two D-peptide inhibitors for the
infection of the original SARS-CoV-2 and its VOCs alpha
(B.1.1.7) and beta (B.1.1.351). Here, we showed both
peptides maintained their high-affinity binding (29.4—31.3
nM) to the omicron RBD. Covid3 and Covid extended 1
blocked the omicron variant in vitro infection with IC50s of
3.13 and 5.56 uM, respectively. Both D-peptides target the

Blocking the RBD-ACE2 association is a therapeutic or
prophylactlc approach for preventing SARS-CoV-2 infec-
tion.'”* However, due to the ongoing global spreading,
SARS-CoV-2 continues to evolve into new variants of concern
(VOCs) such as the alpha (B.1.1.7), beta (B.1.1.351), gamma
(P1), delta (B.1.1.617.2), and omicron (B.1.1.529).>° Unlike
other VOCs that evolved while natural immunity was

dominant, omicron’s emergence after vaccination against ACE2 binding motif and emerge as a promising suitable

. . 7
SARS-CoV-2 was significant. treatment to neutralize the infection of current and future
The omicron variant has become prevalent worldwide, VOCs of SARS-CoV-2.

exhibiting an improved transmission and immunoescape.”

Omicron has an unprecedented high number of mutations B MATERIALS AND METHODS

when compared to the original strain of SARS-CoV-2,

particularly in the spike protein (37 mutations) and its RBD Molecular Dynamics Simulations. The GROMACS
(15 substitutions),” the target region of most Covid-19 software package14 version 2019.3 was used to perform the
vaccines and therapeutic antibodies. Recent studies have molecular dynamics (MD) simulations of the omicronlsRBD
revealed that omicron has a significant level of escape from +Covid3 complex usinglghe CHABMM36—m force. field” and
known neutralizing monoclonal antibodies,”'® and sera from the TIP3P water model. ™™ The omicron RBD+Covid3 complex

convalescent patients,'’ or individuals immunized with the was solvated in an octahedron box with ~16278 water
Pfizer vaccine BNT162b2'” even after a booster dose.'”"”

Few therapeutic monoclonal antibodies maintained fully or Received: April 26, 2022
partially their neutralizing activity against omicron;”'® but Published: July 24, 2022
unfortunately, antibodies have drawbacks for intranasal
delivery, and also they are costly, making them inappropriate
candidates for large-scale treatments or use in poor economies.

D-Peptides have clear benefits for therapeutic applications,
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Figure 1. Key hotspots in the ACE2 binding helix share a similar binding mode with the original and omicron RBD. A) Structural superposition of
the X-ray structures of the complexes of the ACE2+RBD_WT (RBD (green); ACE2 binding helix (dark blue); rest of the ACE2 (light blue); pdb
code: 6m17), ACE2+RBD_Delta (RBD (orange); ACE2 binding helix (dark brown); rest of the ACE2 (light brown); pdb code: 7wbq), and
ACE2+RBD_Omicron (RBD (cyan); ACE2 binding helix (dark magenta); rest of the ACE2 (light magenta); pdb code: 7wbp). B) Key hotspots
of the ACE2 binding helix share similar side chain conformations when bound to original (dark blue) and omicron (dark magenta) RBD. C) Key
hotspots of the ACE2 binding helix share similar side chain conformations when bound to original (dark blue) and delta (dark brown) RBD. D)
Zoom of the interaction of R493 with the ACE2 binding helix. E) Zoom of the interaction of R498 with the ACE2 binding helix. F) Zoom of the
interaction of Y501 with the ACE2 binding helix. G) Zoom of the interaction of H50S with the ACE2 binding helix.

molecules. To ensure the system electroneutrality, sufficient
Na*Cl™ counterions were added to the solvation box. Two
consecutive energy minimization (EM) schemes were used to
relax the systems. Then, the systems were heated in the NVT
ensemble before being equilibrated in the NPT ensemble at p
=1barand T = 310 K. In both steps, we progressively released
the position restraints that were applied to the protein heavy
atoms. Finally, the production NPT runs were performed by
duplicating for 200 ns. The EM and MD simulations were set
up similarly to previous works.”"”

The GROMACS software package'* version 2019.3 was
used for all trajectory analyses. The most representative
structure sampled along the MD simulations was calculated
over the complex heavy atoms with the GROMOS algorithm"®
implemented in the gmx cluster program,'* using an rmsd
cutoff value of 0.15 nm.

Free Energy Calculations Using the Crooks Gaussian
Intersection Method. To predict the effect of different point
mutations in the omicron RBD on the D-peptides’ binding
affinity, we used the Crooks Gaussian Intersection (CGI)
method with the dual system single-box approximation. Briefly,
in the dual system single-box setup, a wild-type RBD bound to
a D-peptide is placed in the same box with a solvated unbound
mutant RBD (A = 0). The other end-state (1 = 1) contains a
mutant RBD bound to a D-peptide with a solvated wild-type
RBD (Figure S1)." Position restraints were applied at the
backbone atoms of the RBD’s Val32 to prevent the interaction
between the solvated RBD and the RBD+peptide complex due
to translation and rotation movements during the MD
simulation. The pmx package was used to generate the
simulation topologies and input files for the CHARMM36-m
force field.'>* Equilibrium MD simulations of 100 ns length
were performed for each state (4 = 0 and 4 = 1) using the
previously described simulation parameters.”” From each
simulation, the first 10 ns were discarded, snapshots were
picked every 400 ps, and short nonequilibrium thermodynamic
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integration runs (500 ps) were conducted in which 1 was
switched from 0 to 1 or from 1 to O, respectively. The
derivative of the Hamiltonian with respect to A was computed
at each step, and the binding free energy difference for the
transformation was estimated following Goette and Griibmu-
eller.”' The binding free energy calculated corresponds to a
double free energy difference: AAG = AG, — AG; (Figure
S1).

Peptide Synthesis. Lifetein LLC produced, purified, and
characterized the Covid3 and Covid_extended 1 D-peptides.
A brief description of the synthesis protocol provided by the
supplier can be found in our previous study.” The purity of
both peptides exceeds 95%. We provided detailed information
about the characterization of these peptides in the Supporting
Information (weight, molecular weight, purity, HPLC, and
MS) (Table S1 and Figures S2—S5).

D-Peptide BLI Measurements. BLI measurements were
conducted using the ForteBio Octet RED96 instrument and
biosensors. ForteBio Data Analysis 9.0 software was used for
data analysis. Kinetics experiments were performed at 25 °C
with a sample plate shake speed of 1000 rpm and the Standard
Kinetics Acquisition rate (5.0 Hz, averaging by 20).

Acrobiosystems provided the His-tagged omicron RBD and
human ACE2 purified proteins. His-tagged omicron 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
measured by dipping bound sensors back into the wells used to
acquire the baseline time progression. As controls, nonspecific
His-tagged SUMO protein and His-tagged RBD loaded alone
were used to deduct binding due to nonspecific interactions of
the peptides with the sensors. The values of the kinetics and
thermodynamics parameters ka, kd, and K; were calculated
using the subtracted binding curves.

Virus Neutralization Assays. The SARS-CoV-2 B.1.529
(hCoV-19/Korea/KDCA447321/2021) isolate was obtained

https://doi.org/10.1021/acs.jcim.2c00500
J. Chem. Inf. Model. 2022, 62, 3618—3626
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Figure 2. Three-dimensional modeling of the omicron RBD-Covid3 complex. A) 3D structure of Covid3 superimposed over the omicron RBD
(magenta, cartoon) coupled with the ACE2 receptor (cyan, surface). In red, is displayed Covid3. B) Root mean square deviation (RMSD) of the
heavy atoms of Covid3 bound to the wild-type and omicron RBDs. C) Root mean square fluctuation (RMSF) per residue of Covid3 bound to the
wild-type and omicron RBDs. D) Structural superimposition of the most representative cluster structures extracted from the MD simulation of
Covid3 coupled to the wild-type and omicron RBDs. E) Zoom of the Covid3’s binding contact residues with R498. F) Zoom of the Covid3’s
binding contact residues with YS01. G) Zoom of the Covid3’s binding contact residues with H50S. H) Zoom of the Covid3’s binding contact
residues with R493. I) Zoom of the Covid3’s binding contact residues with N417.

from the Korea Disease Control and Prevention Agency. This
lineage was expanded in Vero E6 cells (ATCC CRL-1586) in
Dulbecco’s Modified Eagle’s Medium (DMEM, Welgene,
Gyeongsan, Republic of Korea) with 2% fetal bovine serum
(Gibco, Thermo Scientific, Waltham, MA, USA). The cells
were seeded in T-175 flasks, infected with the omicron variant,
and incubated at 37 °C in 5% CO,. The viruses were collected
3 days after infection and kept at —80 °C. The virus
neutralization experiments were conducted as described
earlier.” Briefly, Vero E6 cells were grown in 96-well plates
(0.5 x 10* cells/well) in Opti-PRO SEM (Thermo Scientific,
Waltham, MA, USA) supplied with 4 mM L-glutamine and 1X
Antibiotics-Antimycotic (Thermo Scientific, Waltham, MA,
USA) and propagated for 24 h at 37 °C in 5% CO,. Peptides
were solubilized in 100% dimethyl sulfoxide (DMSO, Sigma-
Aldrich, St. Louis, MO, USA) and diluted in phosphate
buffered saline (PBS, Welgene, Gyeongsan, Republic of Korea)
at concentrations ranging from 100 M to 0.1953 uM. 2-fold
serially diluted peptides were added to 500 TCIDs, of the
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omicron variant and preincubated for 30 min at 37 °C. Then,
the mix was incubated with the Vero E6 cells and propagated
for 6 days at 37 °C in 5% CO,. The cytopathic effect (CPE) in
each well was observed following crystal violet staining 4 days
after infection. The dose—response inhibition equation
implemented in the GraphPad Prism 6 software (GraphPad
Software, La Jolla, CA, USA) was used to determine the ICs,
values. As a positive control of the virus neutralization
experiments, we included the first international standard for
anti-SARS-CoV-2 immunoglobulin (NIBSC code 20/136). As
a negative control, we used PBS (data not shown). In the
Supporting Information, we displayed the % of virus inhibition,
for the control, as a function of the dilution ratio.

B RESULTS

SARS-CoV-2 D-Peptide Inhibitors Maintain Their
High-Affinity Binding to the Omicron’s RBD. A recent
study showed the omicron RBD-ACE2 and delta RBD-ACE2
crystal structures have a similar overall conformation with the

https://doi.org/10.1021/acs.jcim.2c00500
J. Chem. Inf. Model. 2022, 62, 3618—3626
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Figure 3. Predicting the impact of mutations in the binding interface over the affinity of Covid3 by the wild-type RBD. A) Mapping mutations
within the binding interface of Covid3 and the omicron RBD. B) K417N, C) Q493R, D) Q498R, E) NS01Y, and F) YS0SH. The CGI method was
used to calculate the binding free energy differences using the dual system single-box approach. Panels B and E are adapted from ref 3.

original RBD-ACE2 structure (Figure 1A).” Here, we showed
that except for K31, all the other critical hotspots in the ACE2
binding helix share a similar conformation when bound to the
RBD from the original, delta, and omicron variants (Figure
1B,C). Notably, critical ACE2 hotspots like H34, D38, and
Y41 strongly interact with relevant positions mutated within
the omicron receptor binding motif (RBM), R493, R498, and
Y501, respectively, while E35 and E37, two residues not
previously selected as hotspots to develop our D-analogs, bind
to R493 and HSO0S, respectively (Figure 1D—G). Thus, we
reasoned that our previous D-peptide designs could bind the
omicron’s RBD with potency similar to the original's RBD.
In the second step, we superimposed the D-peptide
structure into the omicron RBD-ACE2 X-ray structure to
model the 3D structure of the complex between the omicron’s
RBD and Covid3 (7wbp, Figure 2A). We then assessed the
stability of the omicron RBD+Covid3 complex through MD
simulations of 200 ns. As a control, we also simulated the wild-
type RBD bound to Covid3. Similar to our past study, no
glycosylations were added to the RBD structure (segment
N331-E516) for running the MD simulations.” This structure
region lacks two key N-glycosylation sites for changing the
RBD’s conformational dynamics: N165 and N234.>* As in our
previous study, no glycans were modeled at positions N331
and N343 since they are too far from the RBD’s D-peptide
binding site.” The RMSD and RMSF profiles calculated for the
Covid3’s heavy atoms all through the MD simulations revealed
that the peptide bound to the omicron RBD was more stable
than the one coupled to the wild-type RBD (Figure 2B,C,
Figure S6). Most of the residues had RMSF values between 0.1
and 0.2 nm indicating that Covid3 was stable when bound to
the omicron RBD. The superposition of the most representa-
tive structures obtained from the MD simulations disclosed
that Covid3 targets a similar binding region in both RBDs
(Figure 2D). Following that, we analyze the binding interface
of the omicron RBD+Covid3 complex to understand the
molecular interactions that keep the peptide’s affinity by
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omicron. Our predictions revealed that the RBD mutated
positions Q498R and N501Y directly interacted with residues
Ell and Y6 of Covid3, respectively (Figure 2E,F). Both
residues of the D-peptide keep critical interactions established
by the hotspots E38 and Y41 in the X-ray structure of the
omicron RBD+ACE2 complex (Figure 1E,F). For mutation
YS0SH, the detrimental effect of losing the stacking contact
with Y6 seems to be partially compensated by interacting with
E10 of Covid3 (Figure 2G). The lack of relevant interactions
of R493 suggests a negligible impact of mutation N493R on
the D-peptide’s affinity. Lastly, the close contact between N417
and the residue E18 of Covid3 supports our previous
prediction about the low impact of mutation K417N on the
D-peptide’s affinity by the RBD.?

Next, we evaluated in silico the influence of different point
mutations on the strength of our D-peptides for associating
with the omicron’s RBD using as the starting point our
previous model of the wild-type RBD in complex with the D-
peptide Covid3.” According to our structural analysis, only the
mutations K417N, Q493R, Q498R, N501Y, and YS0SH were
found within the RBD’s binding interface (Figure 3A).
Previously, we calculated the effect of K417N (AAG = 3.80
+ 0.82 kJ/mol) and N501Y (AAG = —11.96 + 0.79 kJ/mol)
over the D-peptides’ binding affinity.” These mutations were
located on the ACE2 binding interface of the alpha (NS01Y)
and beta (N501Y and K417N) RBDs (Figure 3B,E).
Following that, we used the Crooks Gaussian Intersection
(CGI) approach to estimate how much the point mutations
Q493R, Q498R, and YS0SH will hinder our designs to target
the omicron’s RBD. The free energy calculations indicated that
mutation Q498R (AAG = —2.82 + 1.85 kJ/mol) must slightly
increase the affinity of Covid3, while the change Q493R (0.02
+ 1.13 kJ/mol) might be negligible over the binding (Figure
3C,D). In comparison, mutation YSOSH (1.38 + 0.48 kJ/mol)
could have a small negative effect over the D-peptide’s binding
affinity (Figure 3F). Overall, the cumulative impact of these

https://doi.org/10.1021/acs.jcim.2c00500
J. Chem. Inf. Model. 2022, 62, 3618—3626
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Figure 4. The design D-peptides are high affinity binders of the omicron RBD. A) Biolayer interferometry assays were used to measure the Covid3
binding affinity to the omicron RBD (Ky = 29.4 + 0.34 nM). B) Biolayer interferometry assays were used to measure the Covid_extended 1
binding affinity to the omicron RBD (K4 = 31.3 & 0.35 nM). C) Biolayer interferometry assays were used to measure the ACE2 binding affinity to
the omicron RBD (Ky = 1.23 + 0.50 nM). The concentrations of Covid3, Covid_extended 1, and ACE2 loaded to the sensors were displayed
using different line colors: as black (1 gM), red (0.5 M), blue (0.25 uM), magenta (0.125 uM), green (0.063 M), and dark blue (0.031 xM). D)
Summary of the determined kinetic parameters for the direct binding of Covid3, Covid_extended 1, and ACE2 with the omicron RBD.
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Figure 6. Mapping the omicron RBD binding interface of the human ACE2, Covid3, and different groups of neutralizing monoclonal antibodies.
The omicron RBD binding interface is colored in blue, while the rest of the RBD is colored in cyan. A) Human ACE2 (pdb code: 7wbp). B)
Covid3. C) Ab class 1 (CB6, 7c01). D) Ab class 2 (LY-CoVSSS, 7kmg). E) Ab class 3 (REGN10987, 6xdg). F) Ab class 4 (S2X259, 7ral).

Mutations within the omicron RBD binding interface are also mapped.

point mutations should not reduce the binding strength of
Covid3 by the omicron’s RBD.

Then, we evaluated how Covid3 and Covid_extended 1
could directly bind the omicron RBD using biolayer
interferometry (BLI) assays. Ni-NTA (nitrilotriacetic acid)
biosensors were used to properly immobilize His-tagged
omicron RBD and test both D-peptides’ direct coupling. We
observed that both D-peptides had similar affinities for binding
the omicron RBD. Kinetic fits reveal that Covid3 has the
highest affinity (29.4 + 0.34 nM) for the omicron RBD,
followed by Covid_extended 1 (31.3 + 0.35 nM) (Figure
4A,B). We also evaluated the dissociation constant of the
omicron RBD-ACE2 complex (Ky = 1.23 + 0.50 nM) as a
positive control (Figure 4C). A summary of the kinetic
parameters for the direct binding of these molecules with the
omicron RBD is also shown (Figure 4D).

The D-Peptide Inhibitors Kept Their Neutralizing
Activity against Omicron. Finally, we tested the efficacy of
Covid3 and Covid extended 1 to prevent the omicron
infection of Vero E6 cells. Before being incubated in Vero
E6 monolayers, different concentrations of both peptides were
mixed with 500 TCIDSO0 of the omicron variant. Covid3 and
Covid_extended 1 inhibited the infection of omicron with
ICS50s of 3.13 + 0.67 uM and 5.56 + 1.32 uM, respectively
(Figure S). In a previous study, we confirmed neither peptide
is toxic for Vero E6 cells in the concentration ranges evaluated
in the virus neutralization experiments.” As a positive control,
we used the first anti-SARS-CoV-2 immunoglobulin interna-
tional standard (NIBSC code 20/136) (Figure S7).

Covid3 Shares a Larger Overlapping Binding Region
with the ACE2 Binding Motif than Different Classes of
Neutralizing Monoclonal Antibodies. We compared the
binding region targeted by the ACE2 and Covid3 with those
previously mapped for four different classes of monoclonal
antibodies that fail to neutralize the omicron variant (Figure
6). We also mapped omicron’s immunoescape mutations
within the binding interface of each complex. To run our
comparisons, we selected etesevimab (CB6)" as an example of

class 1, bamlanivimab (LY-CoV555)** as an example of class 2,
imdevimab (REGN10987)* as an example of class 3, and
$2X259°° as an example of class 4. Monoclonal antibodies of
classes 1 and 2 compete for binding to the human ACE2,
whereas monoclonal antibodies from classes 3 and 4 bind away
from the human ACE2 binding motif (Figure 6C—F).
Significantly, Covid3 shares a larger overlapping binding
region with the ACE2 than the monoclonal antibodies from
classes 1 and 2.

B DISCUSSION

The molecular targeting of the RBD-ACE?2 interaction by high-
affinity binders is a widely used strategy for inhibiting SARS-
CoV-2 infection. Numerous neutralizing molecules have been
described for the original SARS-CoV-2 variant, including
soluble and modified ACE2,>"*® linear pe tides,”” antibod-
ies,"**%*! and de novo design proteins. > However, the
omicron variant escapes the vast majority of current SARS-
CoV-2 neutralizing antibodies.””'® Recently, we developed
two D-peptide inhibitors for the infection of the original SARS-
CoV-2 and its VOCs alpha and beta in vitro.” Here, we
reported that Covid3 and Covid extended 1 bind the
omicron RBD with a dissociation constant (K;) of 29.4 and
31.3 nM, respectively. Both D-peptides maintain an affinity for
the omicron RBD similar to the one previously reported for
the wild-type RBD.”> MD simulations predicted a more stable
binding mode for Covid3 when coupled to the omicron RBD
than when bound to the wild-type RBD. Notably, Covid3
targets a similar binding region in both RBDs. We also
predicted the central role of mutation NSO1Y in maintaining
the D-peptides’ high affinity for the omicron RBD. Large-scale
mutagenesis studies on the RBD ACE2 binding motif
corroborated our prediction, indicating that mutations
reducin§ the polar character at NSOl can improve the
affinity.”

Both D-peptide inhibitors have a lesser affinity (K = 29—31
nM) for the omicron RBD than several mini

'g)roteins previously
reported with Ky values in the pM range.”””* We showed that
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both D-peptide blockers dissociate at similar rates as these
rniniproteins.34 Then, our D-peptide designs have lower
affinity than these miniprotein blockers due to their reduced
association rates. Remarkably, Covid3 and Covid extended 1
neutralized the omicron infection of Vero E6 cells with IC50s
of 3.13 & 0.67 yM and 5.56 + 1.32 uM, respectively. These
findings revealed that both D-peptides retained the omicron-
neutralizing activity exhibited against the original, alpha, and
beta SARS-CoV-2 variants. As expected, both D-peptide
inhibitors (IC50s = 3—S5 uM) have a lower omicron-
neutralizing potency on a molar basis than TRI2-2 (ICS0 =
376 pM), a multivalent miniprotein inhibitor recently designed
by Baker’s group for targeting the RBD’s ACE2 binding
motif.>* Given that these peptides have a substantially smaller
molecular weight than TRI2-2, their potency per gram is much
closer.

Understanding the molecular mechanism for neutralizing
SARS-CoV-2 is essential for developing universal inhibitors of
the present and future VOCs. We compared the omicron RBD
binding interface of Covid3 with those previously mapped
from different groups of neutralizing antibodies that failed to
inhibit the omicron RBD-ACE2 interaction. We predicted that
Covid3 almost resembles ACE2 in binding the omicron RBD.
A recent study disclosed omicron’s mutations conferring
resistance to different classes of monoclonal antibodies:
Q493R (classes 1 and 2), K417N (classes 1 and 2), N440 K
(class 3), G446S (class 3), and S371L (class 4).° Significantly,
mutations in omicron that give resistance to monoclonal
antibodies of classes 3 and 4 are located outside of the D-
peptide’s binding interface. Other immunoescape mutations
found in the VOCs beta (E484K) and delta (E484Q, L452R)
conferring resistance to monoclonal antibodies of classes 2 and
3 were also mapped outside of the D-peptide’s binding
interface,”® while omicron’s mutations responsible for resist-
ance to monoclonal antibodies of classes 1 and 2 are within the
binding interface of the D-peptides. Of significance, the
residues Y6 and El1 of Covid3 mimic critical interactions
established by the ACE2 hotspots Y41 and E38 with the RBD
mutated positions NS01Y and N498R in the omicron RBD-
ACE2 X-ray structure.” On the other hand, the lack of critical
interactions of N493R with Covid3 suggests a poor impact of
this mutation on the D-peptides’ binding affinity.

Finally, we envision using D-peptide blockers mimicking the
ACE2 binding helix as the most promising strategy to inhibit
current and future VOCs of SARS-CoV-2. Deep mutagenesis
studies showed the ACE2 binding interface is more restricted
in accepting mutations than most of the RBD’s surface.” This
feature might prevent the viral escape from molecules targeting
this binding motif. Further studies using animal models would
be needed to evaluate our current designs’ toxicity,
pharmacodynamics, and pharmacokinetics in more detail.

B CONCLUSIONS

Here, we showed that two D-peptides mimicking the ACE2
binding helix are nanomolar binders of the omicron RBD. Both
peptides effectively retained the neutralizing activity shown for
the original, alpha, and beta variants against omicron. We
predicted our D-peptides target a similar binding interface at
the wild-type and omicron RBDs. We visualize using these D-
peptide analogs as universal inhibitors for current and future
VOCs of SARS-CoV-2.
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Bl DATA AND SOFTWARE AVAILABILITY

The following is a list of software and web sites: CLICK (D-
peptides superimposition), http://cospi.iiserpune.ac.in/click/
Download/Click X86 64.zip; Gromacs version 2019.3 (MD
simulations), http://ftp.gromacs.org/pub/gromacs/gromacs-
2019.3.tar.gz; pmx (free energy calculations setup), https://
github.com/deGrootLab/pmx; Pymol 2.5 (molecular graphics
generation), https://github.com/schrodinger/pymol-open-
source; Graphpad Prism (BLI plots), https://www.graphpad.
com/scientific-software/prism/; experimental structures,
http://www.rcsb.org. Crystal structures were obtained and
downloaded from the Protein Data Bank: ACE2+RBD _Omi-
cron (pdb code: 7wbp), ACE2+RBD_Delta (7wbq),
ACE2+RBD_WT (6m17), Ab class 1 (CB6, 7c01), Ab class
2 (LY-CoV5SS, 7kmg), Ab class 3 (REGN10987, 6xdg), Ab
class 4 (S2X259, 7ral).
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Figure S1, CGI method used to calculate binding free
energy differences using dual system single-box setup;
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Covid3’s ESI mass spectrometry report; Figure S$4,
Covid_extended_1’s HPLC report; Figure S5, Covi-
d_extended 1’s ESI mass spectrometry report; Figure
S6, RMSD of heavy atoms of Covid3 bound to omicron
RBD; Figure S7, omicron virus neutralization assay for
anti-SARS-CoV-2 immunoglobulin standard as function
of dilution ratio; and Table S1, both D-peptides’
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ACE2, angiotensin-converting enzyme 2; BLI, biolayer
interferometry; CGI, Crooks Gaussian Intersection; EM,
energy minimization; His-tagged, histidine tag; HPLC, high
pressure liquid chromatography; ka, association rate constant;
kd, dissociation rate constant; Ky, dissociation constant; MD,
molecular dynamics; MS, mass spectra; Ni-NTA, nitrilotri-
acetic acid; NH2, amide group; PDB, protein data bank; RBD,
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