Biomacromolecules

This document is confidential and is proprietary to the American Chemical Society and its authors. Do not
copy or disclose without written permission. If you have received this item in error, notify the sender and
delete all copies.

Dendrimer-Peptide Conjugates for Effective Blockade of the
Interactions between SARS-CoV-2 Spike Protein and Human
ACE2 Receptor

Journal: | Biomacromolecules

Manuscript ID | bm-2022-01018d.R3

Manuscript Type: | Article

Date Submitted by the

Author: n/a

Complete List of Authors: | Jeong, Woo-jin; Inha University,

Bu, Jiyoon; Inha University

Mickel, Philip; University of Illinois Chicago

Han, Yanxiao; University of Illinois at Chicago, Chemistry M/C 111
Rawding, Piper; University of Wisconsin Madison, Pharmaceutical
Sciences

Wang, Jianxin; University of Wisconsin Madison, Pharmaceutical Sciences
Kang, Hanbit; Inha University

Hong, Heejoo; Asan Medical Center

Kral, Petr; University of Illinois at Chicago, Chemistry M/C 111
Hong, Seungpyo; University of Wisconsin Madison, Pharmaceutical
Sciences

SCHOLA

RONE™
Manuscripts

ACS Paragon Plus Environment



Page 1 of 37

oNOYTULT D WN =

Biomacromolecules

Dendrimer-Peptide  Conjugates  for  Effective

Blockade of the Interactions between SARS-CoV-2

Spike Protein and Human ACE2 Receptor

Woo-jin Jeong’>%*, Jiyoon Bu'->%, Philip MickeF, Yanxiao Han’, Piper A Rawding'?, Jianxin
Wang?, Hanbit Kang’®, Heejoo Hong’*, Petr Kral*%’”*, and Seungpyo Hong!>510%

"Pharmaceutical Sciences Division, The University of Wisconsin-Madison, 777 Highland Ave.,

Madison, WI 53705, USA

>Wisconsin Center for NanoBioSystems, The University of Wisconsin-Madison, 777 Highland
Ave., Madison, WI 53705, USA

3Department of Biological Sciences and Bioengineering, Inha University, 100 Inha-ro, Michuhol-
gu, Incheon 22212, KOREA

4Department of Chemistry, University of Illinois at Chicago, Chicago, IL 60607, USA

SDepartment of Clinical Pharmacology & Therapeutics, Asan Medical Center, University of Ulsan,
88 Olympic-ro 43-gil, Songpa-gu, Seoul 05505, KOREA

®Department of Physics, University of Illinois at Chicago, Chicago, IL 60607, USA

"Department of Pharmaceutical Sciences, University of Illinois at Chicago, Chicago, IL 60612,
USA

8Lachman Institute for Pharmaceutical Development, The University of Wisconsin-Madison, 777

Highland Ave., Madison, WI 53705, USA

ACS Paragon Plus Environment



oNOYTULT D WN =

Biomacromolecules

?Yonsei Frontier Lab and Department of Pharmacy, Yonsei University, Seoul 03722, KOREA
*Co-corresponding authors

fBoth authors contributed equally.

ABSTRACT. The coronavirus disease 2019 (COVID-19) pandemic has threatened the stability of

global healthcare, which is becoming an endemic issue. Despite the development of various

treatment strategies to fight COVID-19, the currently available treatment options showed varied

efficacy. Herein, we have developed an avidity-based SARS-CoV-2 antagonist using dendrimer-

peptide conjugates (DPCs) for effective COVID-19 treatment. Two different peptide fragments

obtained from angiotensin-converting enzyme 2 (ACE2) were integrated into a single sequence,

followed by the conjugation to poly(amidoamine) (PAMAM) dendrimers. We hypothesized that

the strong multivalent binding avidity endowed by dendrimers would help peptides effectively

block the interaction between SARS-CoV-2 and ACE2, and this antagonist effect would be

dependent upon the generation (size) of the dendrimers. To assess this, binding kinetics of the

DPCs prepared from generation 4 (G4) and G7 PAMAM dendrimers to spike protein of SARS-

CoV-2 were quantitatively measured using surface plasmon resonance. The larger dendrimer-

based DPCs exhibited significantly enhanced binding strength by three orders of magnitude
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compared to the free peptides, whereas the smaller one showed a 12.8-fold increase only. An in

vitro assay using SARS-CoV-2-mimicking microbeads also showed the improved SARS-CoV-2

blockade efficiency of the G7-peptide conjugates compared to G4. In addition, the interaction

between the DPCs and SARS-CoV-2 was analyzed using molecular dynamics (MD) simulation,

providing an insight of how dendrimer-mediated multivalent binding effect can enhance the

SARS-CoV-2 blockade. Our findings demonstrate that the DPCs having strong binding to SARS-

CoV-2 effectively blocks the interaction between ACE2 and SARS-CoV-2, providing a potential

as a high-affinity drug delivery system to direct anti-COVID payloads to the virus.

KEYWORDS. COVID-19, SARS-CoV-2, Dendrimer-peptide conjugates, Multivalent binding,

Avidity, Molecular dynamics

INTRODUCTION

Increasing changes in our society and environment have resulted in the emergence of novel and

modified pathogens, resulting in significant global health challenges.! One such family of the

emerging pathogens is Coronavirus (CoV) that is characterized by its high prevalence and

distribution, genetic diversity, and rapid evolution.? Since the 1970s, a series of CoV infections
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have been reported in domestic animals;? however, they were not considered highly pathogenic to

humans until the outbreak of severe acute respiratory syndrome (SARS) in the early 2000s in China

and Middle East respiratory syndrome (MERS) in the early 2010s in Middle Eastern countries.*>

In late December 2019, a new CoV infection, SARS-CoV-2, emerged in China and named

coronavirus disease (COVID-19).26 SARS-CoV-2 is an enveloped, positive-sense, and single-

stranded RNA (+ssRNA) virus that belongs to the group of B-coronavirus (B-CoV), similar to both

SARS and MERS; these viruses can infect mammals and jump species barriers, resulting in

animal-to-human transmission. A full-length genome sequence has revealed that the SARS-CoV-

2 is closely related with the other -COV members, sharing ~80% and ~50% sequence identities

with SARS-CoV-1 and MERS-CoV, respectively.” Whereas the clinical features of COVID-19

patients were described shortly after the emergence of the disease, no effective treatment was

available. As a result, the World Health Organization (WHO) declared COVID-19 a global

pandemic due to its high transmissibility and severity.®-10 Since the beginning of the pandemic,

mitigation strategies have included social distancing, wearing facemasks, travel restrictions, stay-

at-home orders, and viral testing. With the successful development, evaluation, and production of

multiple vaccines, however, vaccination has helped reduce the widespread of COVID-19.!!
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However, as of 20 January 2022, there have been 5.57 million confirmed deaths and 342 million

confirmed cases of infection with SARS-CoV-2.12

Various treatment strategies have emerged with the appearance of COVID-19, including

drug-based conventional approaches, peptides,!>!* sulfonated glyco-dendrimers,'> monoclonal

antibodies, plasma therapy, and mechanical ventilation.'® Amongst drug-based treatment

strategies, the nucleoside analog prodrug Remdesivir (GS-5734) has received much attention due

to its remarkable antiviral effect for SARS-CoV-1 and MERS-CoV in pre-clinical trials and animal

studies.!”-!® However, recent clinical results obtained from a large cohort of 330 patients in 30

different countries suggest that the drug appears to have no significant effect on COVID-19

mortality, contradicting previous findings.!® Alternatively, oral antiviral drugs such as Paxlovid

(nirmatrelvir/ritonavir) and Molnupiravir (Lagevrio) have been authorized for preventing mild to

moderate COVID-19 from worsening. However, these oral medications interact badly with other

concurrent medications which have the potential to cause serious adverse effects, such as impaired

taste and high blood pressure.?”

Several monoclonal antibody treatments have also obtained clinical attention to combat

SARS-CoV-2.20 SARS-CoV-2 utilizes spike glycoproteins (Spike proteins) on their envelope to
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interact with angiotensin-converting enzyme 2 (ACE2) receptors present on lung tissue.?!~>* The

binding of Spike proteins to ACE2 receptors is recognized as the most critical step for the SARS-

CoV-2 infection, promoting viral cell entry.>>-?7 Most of the currently available monoclonal

antibody medications, such as Bamlanivimab (LY-CoV555) and a combination of Casirivimab

(REGN10933)/Imdevimab (REGN10987), prevent the interaction between the Spike protein and

ACE2 receptors via blockade of the receptor-binding domain (RBD) on the spike protein.?8-3!

Although these antibody drugs also received EUA from the FDA to treat mild-to-moderate

COVID-19 patients,?? their clinical benefits remain unclear to the hospitalized patients.>* Given

that the currently available COVID-19 treatments are of varied efficacy, more focus is on the

prevention of transmission through vaccination rather than the treatment of the virus itself.>* Thus,

there is a significant need for an effective treatment for COVID-19 patients.

Early modeling and experiments have revealed that individual ACE2-based peptides can

efficiently bind to the Spike proteins of SARS-CoV-2.13-15 For example, Pomplun et al. identified

three peptide sequences that form high-affinity binding with RBD on the Spike proteins®>. These

peptides demonstrated high selectivity towards SARS-CoV-2-spike-RBD, demonstrating a

potential use of peptides as a target molecule for SarS-CoV-2. Herein, we examined the use of
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engineered dendrimer-peptide conjugates (DPCs) for COVID-19 treatment. Previously, DPCs

have demonstrated potent protein—protein interaction (PPI) inhibitory functions, high target

affinity and selectivity, and enhanced bioavailability or pharmacokinetics compared to the free

peptides.’6-38 Considering that S proteins form trimers and bind to ACE2 protein via multivalent

binding, the utilization of DPCs for COVID-19 treatment can be a promising strategy to develop

strong inhibitors of S protein binding to ACE2 receptors. In this study, two peptide fragments of

ACE2 were incorporated into a single sequence and conjugated to the surface of poly(amidoamine)

(PAMAM) dendrimers, based on the assumption that the multivalent ACE2-mimicking peptides

could effectively block the S protein-ACE2 interaction (Figure 1). We investigated the therapeutic

potential of DPC approach by exploring its S protein-ACE2 interaction with conventional

antibodies. Further, we provide a resource for designing efficacious and cost-effective DPC-based

SARS-CoV-2 target agents, which may have important implications for delivering antiviral

payloads to SARS-CoV-2 with high affinity and selectivity.
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Inhibition of SARS-CoV-2/ACE2 Binding Using Dendrimer-Peptide Conjugates

Figure 1. Inhibition of SARS-CoV-2/ACE2 (PDB ID: 2AJF) binding using dendrimer-peptide

conjugates consisting of two peptides, a linker, and a dendrimer.

EXPERIMENTAL SECTION

Cell culture. Two human breast cancer cell lines, MDA-MB-231 and MCF-7, were used in this

study. MDA-MB-231 and MCF-7 cells were cultured in Leibovitz's L-15 medium Dulbecco's

modified eagle medium (DMEM), respectively, supplemented with 10% (v/v) FBS and 1% (v/v)
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P/S. Cells were cultured in a controlled humidified atmosphere with 5% CO, at 37 °C and grown

in T-25 flasks until they reach 60-80% confluency.

Bead preparation. The bead binding assay was performed to assess the blockade of S protein for

each inhibitor. The carboxyl groups on fluorescently labelled beads (Bang laboratories; 2 x 10°

beads in 1 mL PBS) were activated using 1.8 mg/mL 1-(3-Dimethylaminopropyl)-3-

EthylcarbodiimideHydrochloride (EDC) and 2.8 mg/mL N-Hydroxy-Succinimide (NHS) (Sigma—

Aldrich, St. Louis, MO). After 20 min EDC/NHS treatment, the beads were centrifuged for 3 min

at 5,000g. Followed by 2 h incubation with 0.5 mg 5,000 MW carboxy-polyethylene glycol-amine

(PEG; Nektar Therapeutics, Huntsville, AL). Unimmobilized PEG were then removed from the

PEGylated beads using centrifugation (3 min, 5,000g, three times). PEGylated beads were

functionalized with 5 pg/mL S protein using the same EDC/NHS chemistry. S ptotein-immobilized

beads were then incubated with bovine serum albumin for 3 h to block the non-specific bindings.

In vitro bead binding assay. Cells were incubated in a 96-well plate and grown until they reach

80% confluency. The S protein-immobilized beads were incubated with different inhibitors for 30

min including free pACE2 peptides, the G4-pACE?2 conjugates, the G7-pACE2 conjugates, and

anti-SARS-CoV-2 antibodies, and each inhibitor was treated to the cells for 1 h in a serum-free
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media at the concentration of 10* particles per well in a 96-well plate. The number of beads bound

to the cell surface was counted after three times of PBS washing.

Molecular dynamics simulation. The systems were simulated using NAMD 2.13343% and the
CHARMM36%38 protein force field. The simulations were conducted with the Langevin
dynamics (p4,, = 1 ps!) in the NpT ensemble, at a temperature of T =310 K and a pressure of p =
1 bar. The particle-mesh Ewald (PME) method was used to evaluate Coulomb coupling, with
periodic boundary conditions applied.** The time step was set to 2 fs. The long-range van der
Waals and Coulombic coupling were evaluated every 1- and 2-time steps, respectively. After
200,000 steps of minimization, the solvent molecules were equilibrated for 4 ns, while the
dendrimers and RBD were constrained using harmonic forces with a spring constant of 1 kcal (mol
A) 1. Next, the systems were equilibrated in for 100 ns with the bottom residues on the S protein

RBD constrained.

MMGB-SA calculations: The molecular mechanics generalized Born-surface area (MMGB-SA)
method 4404 was used to estimate the free energies of binding between peptides and RBDs. The
free energies were estimated from separate MMGB-SA calculations for three systems (binding

amino acids, RBD, and the whole complex) in configurations extracted from the MD trajectories
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of the whole complex in the explicit solvent. The MMGB-SA free energies of the extracted

configurations of the systems were calculated as

oNOYTULT D WN =

Gtot = EMM + Gsolv—p + Gsolv—np - TASconf (1)

20 where Eyim, Giolv-ps Gsotv-nps and TAS, ¢ are the sum of bonded and Lennard-Jones energy terms,
the polar contribution to the solvation energy, the nonpolar contribution, and the conformational
27 entropy, respectively. The Enm, Ggory-p, and Giolynp terms were calculated using the NAMD
30 2.133*35 package generalized Born implicit solvent model,*> with the dielectric constant of water
€ = 78.5. The Ggy-np term for each system configuration was calculated in NAMD as a linear
37 function of the solvent-accessible surface area (SASA), determined using a probe radius of 1.4 A,
40 as Gyoly-np = Ysasa, where y = 0.00542 kcal mol! A2 is the surface tension. The AS o term was
44 neglected since the entropic contribution nearly cancels when considering protein-protein binding
47 of such similar structures. Since the Gy, values are obtained for peptide configurations extracted
from the trajectories of complexes, Gy does not include the free energies of peptide

54 reorganization; the correct free energies of binding should consider configurations of separately
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relaxed systems. The approximate binding free energies of the studied complexes were calculated

as:

(AGumumep — sa) = (Gor(peptides — RBD) — Gyo(peptides) — Gioe(RBD)) (2)

where peptides represent the chosen binding peptides, and the (averaging) is performed over

configurations within the last 50 ns of the calculated trajectories.

RMSD calculations: Time-dependent RMSD for the pACE2-1, pACE2-2, and pACE2-3

conjugated dendrimers were calculated from

S alt) = ralte))’

RMSD,(t) =
Ng

3)

where N, is the number of atoms whose positions are being compared, ra(tj) is the position of
atom a at time t; and ra(to)) is the initial coordinate.** The time-dependent RMSD was averaged

over the last 50 ns of simulation time and is shown in Figure 5.
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RESULTS AND DISCUSSION

In our previous study, it was found that the 15 amino acid residues of ACE2 play critical role in

the S protein binding.'? Hence, considering that 13 of the residues are included in two short peptide

fragments (KGDFR and DKFNHEAEDLFYQ) that are closely located in a small area (Figure 2a),

we designed and synthesized a S protein-binding peptide (pACE2) composed of the two sequences

and a short linker. A cysteine residue was introduced in the middle of the linker and used for the

dendrimer conjugation, which allowed mimicking of spatial positions and orientations of the two

peptide fragments in the ACE2 structure, as demonstrated in a previous study (Figure 2b).

Therefore, the conjugation to the dendrimer surface enabled the peptides not only to form

multivalent binding with S proteins but also to mimic the active site of ACE2, which could

significantly enhance their target binding affinity as demonstrated in previous studies.**-!
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Red: RBD binding residues
Blue: dendrimer conjugation

Helix Hairpin
pACE2: DKFNHEAEDLFYQ-GCG-KGDFR

Solution Surface

Figure 2. (a) The structure of synthesized S protein-binding peptide (pACE2) composed of the two

sequences and a short linker. (b) Schematic illustration of the surface conjugation-mediated

mimicry of molecular configuration of the ACE2 active site.

SARS-CoV-2 spike protein-targeting dendrimer nanoparticles were prepared by the

conjugation of approximately 4 and 40 pACE2 peptides to G4 (G4-pACE2 conjugates) and G7

PAMAM dendrimers (G7-pACE2 conjugates), respectively (Figure S2, S3, S4, and S5). Note that

the number of peptides conjugated to each generation of dendrimers was determined to be less
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than 10% of the total primary amine groups. This would provide sufficient distance between the

ligands and enable effective binding with the target molecules, as described previously.*® Surface

plasmon resonance (SPR) analysis indicated that the dendrimer-pACE?2 conjugates bind more

strongly with spike proteins than the free pACE2 peptides (Figure 3). The G4-pACE2 conjugates

bound to spike proteins with a dissociation constant (Kp) of 1.84 x 10-! uM which was 12.8-fold

smaller than the K}, of free pACE2 peptides with spike proteins (2.35 uM). The increase in binding

avidity was more prominent when pACE2 peptides were conjugated to the G7 PAMAM

dendrimers. The binding avidity of the G7-pACE2 conjugates for spike proteins was three orders

of magnitude stronger (Kp = 5.04 x 10-3 uM) than the free pACE2 peptides. On the other hand,

the scrambled pACE2 peptides (pACE2_SC), G4-pACE2_SC, and G7-pACE2_SC showed little-

to-no binding to the spike proteins (Figure S6). Specifically, a direct comparison of SPR

sensograms revealed that the smaller K of the G7-pACE2 conjugates compared to that of the G4-

pACE2 conjugates or free pACE2 peptides was attributed to both faster association and slower

dissociation with the target molecules. Surprisingly, Kp of the G7-pACE2 conjugates was

comparable to its whole antibody counterpart (anti-SARS-CoV-2 antibody) which binds to spike

proteins with Kp of 2.07 x 103 uM. As circular dichroism (CD) analysis showed negligible

ACS Paragon Plus Environment
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conformational change in the peptides according to the conjugation (Figure S7), we speculated

that the number of ligand molecules on the dendrimer surface highly affects the affinity to spike

oNOYTULT D WN =

proteins that were densely packed on the SPR sensor chip. Also, considering that the trimeric spike
14 protein is composed of three monomers with each having an RBD, the multivalent binding effect
17 of the dendrimers enabled cooperative and strong interaction between RBD and pACE2 peptides,

which eventually increased the binding avidity towards spike proteins.

w— 40 uM =20 uM b) w— 5.7 NM === 3.3 nM

250
ka (1/Ms) = 712, kd (1/s)= 1.58 X 103
Kp (M) =2.35X 106

N
O
\y]
—

o
o

200

B
o

150

wr
i=]

eI S ————

100

L5
(=1

Peboas,,

h ka (1/Ms) = 2.23 X 108, kd (1/s)= 5.30 X 10-3
m--_-— ,

Kp (M) =2.07 X 10-10

50

-
o

Response Difference (RU)
Response Difference (RU)

o i
0 ; ;

36 0 50 100 150 300 400 500 600 0 50 100 150 300 400 500 600 700 80O
37 Time (s) Time (s)
—_—12uM =——06uM d

ka (1/Ms) = 1.90 X 104, kd (1/s)= 2.20 X 10-3
Kp (M) = 1.84 X 107

—

m— 15 M == 7.5 nM

ka (1/Ms) = 5.01 X 105, kd (1/s)= 2.33 X 104
Kp (M) = 5.04 X 10-10

(———

w

o]
O

—

400

30
300

20
200

10 100

Response Difference (RU)
Response Difference (RU)

0 ' . 0
45 0 50 100 150 300 400 500 600 700 800 0 50 100 150 300 400 500 600 700 800

46 Time (s) Time (s)

48 Figure 3. SPR sensorgrams for binding of (a) free pACE2, (b) anti-S protein antibody, (c) G4-

pACE2, and (d) G7-pACE2 to S proteins.

60 ACS Paragon Plus Environment

17



oNOYTULT D WN =

Biomacromolecules

The inhibition between the ACE2 and SARS-CoV-2 spike proteins was then assessed in

vitro using spike protein-coated fluorescent beads as a representative model for SARS-CoV-2.

Note that the size of the beads (10 um) was larger than the actual SARS-CoV-2 virus. The beads

were incubated with different inhibitors for 30 min including free pACE2 peptides, the G4-pACE2

conjugates, the G7-pACE2 conjugates, and anti-SARS-CoV-2 antibodies, and each inhibitor was

treated to the cells for 1 h in a serum-free media at the concentration of 10* particles per well in a

96-well plate. As demonstrated in Figure 4, the G4-pACE2 conjugates effectively inhibited the

interaction between the spike protein-coated beads and ACE2-expressing MCF-7 cells, resulting

in a ~39.3% reduced bead binding compared to the beads without any inhibitor treatment (p =

0.047). This was even more pronounced for the G7-pACE2 conjugates which showed an ~51.4%

reduced bead binding on MCF-7 cells (p = 0.028). In contrast, the free pACE?2 peptides did not

induce a noticeable difference with the non-treated controls, which implies that the inhibitory

effect of the dendrimer-PACE?2 conjugates is attributed to the enhanced binding kinetics of the

conjugates to SARS-CoV-2 spike protein. However, the dendrimer-pACE2 conjugates were less

effective than the anti-SARS-CoV-2 antibodies which demonstrated ~73.3% reduction in bead

binding, although the results were statistically insignificant (p = 0.255 for the G7-pACE2
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conjugates vs. anti-SARS-CoV-2 antibodies). This was contradictory to the results obtained from

the SPR assay, as the G7-pACE2 conjugates were expected to exhibit a similar level of in vitro

inhibitory effect to the antibodies. The lower in vitro efficiency of the G7-pACE2 conjugates

compared to the SARS-CoV-2 antibodies is presumably due to the structural difference between

the spike proteins on an actual virus and the microbead surface. The spike proteins on SARS-

CoV-2 are comprised of a trimetric structure, while this structure is not maintained on the bead

surface. Considering that the multivalent binding effect of the dendrimers would be more effective

on trimetric structure, the dendrimer-pACE2 conjugates are expected to have a stronger inhibitory

effect on an actual virus. It should be also noted that the free dendrimers or S protein beads without

any inhibitor treatment did not induce a noticeable inhibitory effect on cells. Furthermore, the

inhibitors used in this study had a minor effect on MDA-MB-231 cells which have low ACE2

expressions, demonstrating the selectivity of our dendrimer-pACE2 conjugates for targeting the

spike proteins.
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Figure 4. The inhibition between the ACE2 and SARS-CoV-2 spike proteins assessed in vitro
using spike protein-coated fluorescent beads as a representative model for SARS-CoV-2. (a)
Western blot analysis demonstrating the expression levels of ACE2 protein in MCF-7 and MDA-
MB-231 cells. (b, ¢) The binding of spike protein-coated beads on MCF-7 and MDA-MB-231 cells

after incubating the beads with either G4, G7, free pACE2, G4-pACE2, G7-pACE?2, or antibodies

for 1 h. Note that the statistical significance was analyzed compared to S protein-conjugated beads

without any inhibitor treatments. Significance levels are indicated as p < 0.05, “p<

skksk

0.01, and ™"p <0.001, which are analyzed using Student's ¢-test.

In this study, we have demonstrated that pACE2 peptides immobilized on PAMAM

dendrimer surfaces block the binding of spike proteins to ACE proteins more effectively through
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a multivalent binding effect. Compared to free pACE2 peptides (negative controls), a high-density

of reactive sites on the dendrimer surface allow for the conjugation of multiple peptides in a

controlled distance. The flexible three-dimensional molecular structure of the PAMAM

dendrimers then facilitates multiple interactions between peptides and spike proteins to occur in a

single nano-structure. Molecular dynamics (MD) simulations of the studied systems were

performed to better understand the experimental results, compare different dendrimer-peptide

systems, and examine the benefits of the dendrimer-mediated multivalent binding effect.!3-15-2 A

multivalent binding between peptide-conjugated dendrimers and the receptor binding domain

(RBD) of the Spike protein of SARS-CoV-2. Three peptides were tested for their binding to RBD:

pACE2-1 (sequence DKFNHEAEDLFYQ-GCG-KGDFR), pACE2-2 (residues 22 to 88 in PDB

6M17, MET residue 88 mutated to CYS to link with sulfo-SMCC), and pACE2-3 (N-terminus and

C-terminus of pACE2-2 bonded together). Six pACE2-1 and three pACE2-2/pACE2-3 were

conjugated to a generation 4 PAMAM dendrimer via a sulfo-SMCC linker forming three

conjugated dendrimers (pACE2-1-dendrimer, pACE2-2-dendrimer, and pACE?2-3-dendrimer).

The three conjugated dendrimers were subsequently placed above the RBD with one of the

peptides binding to the RBD as in PDB 6M17. Figures 5 shows typical binding configurations for
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the individual peptides after 100 ns long MD simulations. All peptides remained in or near the

binding position over the entire simulation trajectory.

Figure 5. Binding of (a) pACE2-1, (b) pACE2-2, and (c) pACE2-3 free peptides to the RBD of the

S protein of SARS-CoV-2. Red chains are the free peptides and blue chains are the RBD. Note

that frames shown are 50 ns into the simulation.

Figures 6a-c show typical binding configurations for the three conjugated dendrimers after

125.8, 100.2, and 123.8 ns long MD simulations, respectively. Each of the three systems remained

in a binding configuration throughout the whole simulation trajectory, where the peptides were

close to their original configurations and conformations (folding). The peptides on the dendrimers

also remained folded throughout the simulations, except pACE2-1. Figures 6d and 6e show the

free energies of binding and RMSDs, respectively, of the isolated and dendrimer-attached peptides.
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While pACE2-1 has a favorable free energy of binding, pACE2-2 and pACE2-3 have lower free

energies and as such larger affinity with the RBD. For pACE2-1, almost all the free energy is

oNOYTULT D WN =

derived from the binding peptides, which is not the case for pACE2-2 and pACE2-3. The

14 dendrimer and non-binding peptides contribute a sizeable amount to the free energy in both, likely

17 due to stabilization of the region binding with the RBD. We can also see that pACE2-1 has a higher

but comparable RMSD of its binding peptides, while conjugated, than that of pACE2-2 and

24 pACE2-3. All three proposed peptides have an average RMSD of less than 3 A when binding with

27 the Spike protein RBD. However, the RMSD of the free peptides is much higher for pACE2-1

than either pACE2-2 or pACE2-3, suggesting that it does not remain consistently tightly bound

34 with the RBD.
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Figure 6. Binding of (a) pACE2-1, (b) pACE2-2, and (c) pACE2-3-conjugated generation 4

PAMAM dendrimers to the RBD of the S protein of SARS-CoV?2 after 50 ns simulations. Red

chains are conjugated peptides, grey chains are generation 4 PAMAM dendrimer, and blue chains

are the RBD. (d) The free energy of binding between isolated and dendrimer-conjugated peptides

and RBD. (e) The same as d) for RMSDs. Grey - isolated peptides, orange — dendrimer-conjugated
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peptides, and blue - the entire peptide conjugated dendrimer and RBD complex. Note that MMGB-

SA free energy and RMSD were calculated over final 50 ns of simulation.

CONCLUSION

It has been more than two years since the COVID-19 pandemic strongly impacted our lives.

Despite the rapid development of various therapeutic options for COVID-19, the clinical outcomes

of these early COVID-19 therapeutics were mostly disappointing. In this study, a novel SARS-

CoV-2 antagonist was designed by the development of a peptide sequence (pACE2) which

incorporated two different peptide fragments obtained from ACE2 protein, followed by the

conjugation of these peptides to hyperbranched PAMAM dendrimers, in order to utilize the

dendrimer-mediated multivalent binding effect. The SPR measurements revealed the enhanced

binding interaction between pACE2 to SARS-CoV-2 spike proteins due to high generation

PAMAM dendrimers. Specifically, the G7-pACE2 conjugates demonstrated three orders of

magnitude stronger binding kinetics than the free pACE2, whereas the enhancement was only

12.8-fold for G4-pACE2. This clearly indicates that the dendrimer-mediated multivalent binding

effect results in strong SARS-CoV-2 avidity. The in vitro assay using SARS-CoV-2-mimicking
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microbeads also demonstrated the effective blockade of binding between ACE2 and SARS-CoV-

2 spike proteins for the dendrimer-pACE2 conjugates. The treatment of G4-pACE2 and G7-

pACE2 conjugates to the SARS-CoV-2-mimicking microbeads resulted in 39.3% and 51.4%

reduced binding to ACE2-positive MCF-7 cells, respectively. Furthermore, the interaction

between the newly developed DPCs and SARS-CoV-2 was simulated using the MD method,

providing an insight of how our DPC system enhances the SARS-CoV-2 blockade effect.

Some recent studies have demonstrated that SARS-CoV-2 may also infect tissues that do

not express ACE2.>3 This report suggested that there are other mechanisms involved for the entry

of SARS-CoV-2 other than the interaction between SARS-CoV-2-spike protein and ACE2

proteins. Although our study was focused on blocking the interactions between SARS-CoV-2

Spike protein and ACE2 proteins, our DPC systems can be further employed for inhibiting other

receptors that may cause the entry of SARS-CoV-2 into cells. Previously, our team has shown that

the dendrimer-mediated multivalent binding effect can facilitate the targeting of multiple proteins

on the cell surface by co-conjugating peptides that target different cell surface proteins on the

dendrimer surface.® Thus, other types of peptides that inhibit the entry of virus to the cells may

be co-immobilized on our DPC system, which has potential to further prevent the SARS-CoV-2
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infection. The therapeutic efficacy, bioavailability, and pharmacokinetics of our inhibitor will be

the subject of our future studies that will focus on their 7z vivo behaviors. Nevertheless, the results

oNOYTULT D WN =

presented in this study show that the dendrimer-mediated multivalent binding effect can enhance

14 the SARS-CoV-2 antagonist effect, providing a novel potential antiviral drug delivery system for

17 COVID-19, which could be potentially applied for other pandemic that may arise in the future.

Nevertheless, the results presented in this study show that the dendrimer-mediated multivalent

24 binding effect can enhance the SARS-CoV-2 antagonist effect, providing a novel potential

27 antiviral drug delivery system for COVID-19, which could be potentially applied for other

pandemic that may arise in the future.
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