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Membrane fusion is a critical and indispensable step in the replication cycles of viruses such as SARS-CoV-2
and human immunodeficiency virus type-1 (HIV-1). In this step, a trimer of the heptad repeat 1 (HR1) region
interacts with the three HR2 regions and forms a 6-helix bundle (6-HB) structure to proceed with
membrane fusion of the virus envelope and host cells. Recently, several researchers have developed

) potent peptidic SARS-CoV-2 fusion inhibitors based on the HR2 sequence and including some
Eiﬁgg&%gg;tilﬁggfg?yerzéggz modifications. We have developed highly potent HIV-1 fusion inhibitors by dimerization of its HR2
peptides. Here, we report the development of dimerized HR2 peptides of SARS-CoV-2, which showed

DOI: 10.1039/d2ra07356k significantly higher antiviral activity than the corresponding monomers, suggesting that the dimerization

rsc.li/rsc-advances strategy can facilitate the design of potent inhibitors of SARS-CoV-2.
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Introduction

The pandemic of the novel COVID-19, which is caused by
a positive-strand RNA virus SARS-CoV-2, continued in 2022. By
July 2022, more than 560 million people had been infected with
SARS-CoV-2 and more than 6 million people had died of the
virus-induced disease. To date, more than 30 vaccines have
been approved and clinically used worldwide to prevent SARS-
CoV-2 infection and COVID-19 aggravation." Some drugs have
been developed and authorized in many countries. These
include Remdesivir, a repositioning inhibitor of RNA-
dependent RNA polymerase (RdRp) from Ebola hemorrhagic
fever, Molnupiravir, a novel SARS-CoV-2 RdRp targeting inhib-
itor, and Nirmatrelvir, aka Paxlovid, an inhibitor of the main
protease (MP™) of SARS-CoV-2.27 In order to develop drugs with
different mechanisms of action and increase the repertory of
drug choice, we have focused on fusion inhibitors which inhibit
the interaction between heptad repeat 1 (HR1) and HR2, which
plays an important role in a membrane fusion step.®® In the
entry of SARS-CoV-2 into host cells, a spike protein, S1, on the
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viral surface binds to its receptor, angiotensin-converting
enzyme 2 (ACE2), on the host cell surface (Fig. 1a). The S1
units of the host cell-attached viral particles are cleaved by
exogeneous and membrane bound proteases such as trypsin
and transmembrane protease, serine 2 (TMPRSS2), or cleaved
by lysosomal protease such as cathepsin L after endocytosis.
The resulting fusion peptides at N-termini of the S2 units are
inserted into the host cell membrane (Fig. 1b). Then three HR2
regions interact with trimer of HR1 regions, and this complex
forms a 6-helix bundle (6HB). This facilitates proceeding the
membrane fusion of the viruses and the host cells.

Recently, there have been many reports of development of
fusion inhibitors based on the SARS-CoV-2 HR2 region,
including the HR2 region peptide itself and its stapled
peptides,'®** and EK1, which was derived from the HR2 region
of an a-coronavirus strain HCoV-OC43 and its C-terminally
lipidated peptides."*** It is also reported that the HR2 region
in the S2 unit is highly conserved among the existing mutants of
SARS-CoV-2 from the alpha strain to the omicron strain
(B.1.1.529)."® There is only one mutation (K1191N) of the HR2
region in the alpha strain. On the other hand, mutations of the
S1 unit especially for the receptor binding domain (RBD) are
frequently observed. Therefore, it seems to be difficult to
develop universal anti-SARS-CoV-2 agents targeting the S1 unit.
In fact, some of the developed neutralizing monoclonal anti-
bodies dramatically decrease their potencies against the recent
variants compared to that against the ancestral Wuhan
strain.”*® Therefore, it would be worth developing fusion
inhibitors as universal anti-SARS-CoV-2 agents.

According to the virus classifications, human immunodefi-
ciency virus type-1 (HIV-1) and SARS-CoV-2 both are positive-
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Fig.1 Schematic representations of entry and fusion mechanisms of SARS-CoV-2. (a) Dual entry pathway of SARS-CoV-2 infection: (1) binding
of spike proteins on the virus surface to the receptor, ACE2, on the host cell surface; (2a) processing of the S1 units by exogeneous and
membrane bound proteases; (3a) membrane fusion and releasing viral RNA; (2b) internalization via endocytosis; (3b) endosomal acidification and
processing of the S1 units by lysosomal proteases; (4b) membrane fusion and releasing virus RNA. (b) Membrane fusion mechanism of SARS-
CoV-2: (1) receptor binding and processing of the S1 units by host proteases; (2) insertion of the exposed fusion peptides into the host cell
membrane; (3) comformational changes of the S2 units with viral and host cell membrane approach; (4) formig 6-helix bundles and membrane

fusion.

sense, single-stranded RNA viruses. These viruses have a similar
fusion mechanism which includes the formation of 6-HB by
interaction of a trimer of HR1 regions with three corresponding
HR2 regions (Fig. 2a).>*'>?*23 In the past two decades, we have
been developing anti-HIV-1 agents including fusion
inhibitors,>*2® and have found that the C-terminal dimer of
HIV-1 HR2 region (C34) based peptides demonstrated two
orders of magnitude higher potency than the parent mono-
meric peptides (Fig. 2b).>**” Consequently, we envisioned that

8780 | RSC Adv, 2023, 13, 8779-8793

this dimerization strategy can be applicable to the development
of novel SARS-CoV-2 fusion inhibitors.

Results and discussion

Design of fusion inhibitors

From a reported crystal structure of SARS-CoV-2 HR1-HR2,
which leads to 6-HB (PDB code: 6LXT, Fig. 3)," we extracted
a 34-mer HR2 fragment (11691-1202E) (1) as an initial sequence
for the design of an inhibitor. A peptide correlated with 1,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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REREREG é é

$ $
C34REG ] 1
ICso: 152.0 M H—GCGG{ €34 J-oH  H—GC(Acm)GG-]_C34 J)-C—oH
N-terminal dimer C-terminal dimer
H—GC(Acm)GG]_C34 J)-H of C-C34REG of C-C34REG
C-C34REG ICsp: 28.0 M ICso: 1.4 NM
ICso: 28.0nM

C34REG: WMEWDREINNYTSLIHSLIEESQNQQEKNEQELLREREREG
C34 (628W-661L from HIV-1 NL4-3 strain)

Fig. 2 Representation of the 6-helix bundle (6-HB) structures of SARS-CoV-2 and HIV-1 and the dimerized fusion inhibitors of HIV-1. (a) The
SARS-CoV-2 HR1-HR2 crystal structure forming 6-HB (left, PDB code: 6LXT, white: HR1, purple: HR2) and the crystal structure of HIV-1 gp41
HR1 fragment N36 and HR2-derived fusion inhibitor SC34EK?* forming 6-HB (right, PDB code: 2Z2T, dark gray: HR1, cyan: HR2). (b) Our previous
findings in the HIV-1 research;?” dimerization of HR2-derived peptides resulted highly potent fusion inhibitors. The dimerization at the C-
terminus is preferable to that at the N-terminus.

(1168D-1203L, a 36-mer), showed significant anti-SARS-CoV-2  was reported in 2002 to cause severe acute respiratory syndrome
activity in plaque reduction assays using the SARS-CoV-2 (SARS),*? has an HR2 amino acid sequence identical with that
ancestral Wuhan strain/VeroE6 cells.” Since SARS-CoV, which  of SARS-CoV-2,"*** we also focused on a 35-mer peptide,

c)
1169 1202
WT (1) ISGINASVVNIQKEIDRLNEVAKNLNESLIDLQE
SR9EK13 (2) ISGINASVVNIQE IKKLN EAFXKLNESLIDLQEL

3 ISGINASVVNIQE IKRLN' VAFXKLNESLIDLQE

Fig. 3 (a) The SARS-CoV-2 HR1-HR2 crystal structure forming 6-HB (PDB code: 6LXT).* (b) A focused structure around 1185Arg and 1189Val of
the HR2 region. A hydrogen bond between 1185Arg (in HR2) and 936Asp (in HR1) is observed. HR1 region: white ribbon with grey surface; HR2
region: green, pink (Glu), red (mutated to Glu in SROEK13 (2)), light blue (Lys), and blue (mutated to Lys in SROEK13 (2)). (c) The sequences of SARS-
CoV-2 HR2 (11691-1202E) (1), SROEK13, described with the corresponding position alignment (2) and its modified sequence (3).

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2023, 13, 8779-8793 | 8781
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SR9EK13 (2), which has been reported as a fusion inhibitor of
SARS-CoV (Fig. 3).* SROEK13 (2) has 4 pairs of Glu (position i)-
Lys (i + 3 position). Placement of Glu at the 7 position and Lys at
the 7 + 3 or i + 4 position causes formation of a salt bridge
between their sidechains, leading to a significant increase of a-
helicity and aqueous solubility.** According to the crystal
structure of SARS-CoV-2 HR1-HR2, which forms 6-HB (PDB
code: 6LXT, Fig. 3), 1185Arg and 1189Val of the HR2 region
interact with the HR1 region. Therefore, an SR9EK13-modified
34-mer derivative, in which Lys17 and Glu21 were converted
to wild type amino acids Arg and Val, respectively, with deletion
of the C-terminal residue Leu35 (3), was considered. Based on
these sequences, several monomeric peptides were designed.

Design of monomeric peptides

For the molecular design, all of the monomeric peptides were
modified by N-terminal acetylation and C-terminal carbox-
yamidation. First, a peptide with the above 34-mer HR2 frag-
ment (1169I-1202E) sequence (1a) was designed (Fig. 4). The
HR2 region might have low aqueous solubility because of its
hydrophobic region,” and a hydrophilic tag sequence®
(RERERE)-attached HR2 peptide derivative (1b) was designed.
As in the 34-mer HR2 fragment (1), the C-terminal residue
Leu35 of a 35-mer peptide SR9EK13 (2) was deleted and its 34-

View Article Online

Paper

mer derivative (2a) was designed. Derivative 3a, which corre-
sponds to sequence 3, was also developed. Peptide 2a has 4 Glu-
Lys pairs, and 3a has 2 such pairs. In addition, introduction of
Glu-Lys pairs into peptide 1a was examined. Peptide 4a has 2
Glu-Lys pairs in positions 16-20 and 24-27 and 5a has these in
positions 10-13 and 16-20. Peptide 6a possesses 3 Glu-Lys pairs
in positions 10-13, 16-20 and 24-27, which includes the above
Glu-Lys pairs of peptides 4a and 5a. Peptide 7a has the 2 reverse
pairs: Lys-Glu in positions 13-16 and 20-24. Peptide 8a is an
HCoV-OC43 HR2-derived peptide EK1, which has been reported
as a pan-coronavirus fusion inhibitor peptide.'**

Design of octa-arginine-conjugated monomers

The addition of a cell-penetrating octa-arginyl moiety** was
attempted. Because our antiviral assay system uses TMPRSS2-
expressing VeroE6 cells which allow viruses to enter via a cell
surface route,*** cell membrane permeability might not be
necessary, but the following peptides were designed to confirm
their activity and increase aqueous solubility. Peptide 1¢ has an
octa-arginyl group on the sidechain thiol group of the C-
terminal Cys residue through a G3SG;-C linker attached to the
C-terminus of peptide 1a (Fig. 5). Peptide 1d has an octa-arginyl
group at the C-terminus through a GSG-(miniPEG), linker
attached to peptide 1a. Peptide 1e has an octa-arginyl group on

1a  Ac—-ISGINASVVNIQKEIDRLNEVAKNLNESLIDLQE-NH,
1b  Ac- ISGINASVVNIQKEIDRLNEVAKNLNESLIDLQE-RERERE-GC(CH,CONH,)—NH,
2a  Ac—-ISGINASVVNIQE:"IKKLN:EA“KLNESLIDLQE-NH,
3a  Ac—-ISGINASVVNIQE"IKRLN:VA“KLNESLIDLQE-NH,
4a  Ac- ISGINASVVNIQKEIERLNKVAKELNKSLIDLQE-NH,
52 Ac-ISGINASVVEIQKXEIERLNKVAKNLNESLIDLQE-NH,
6a  Ac—-ISGINASVVEIQKXEIERLNKVAKELNKSLIDLQE-NH,

7a Ac-ISGINASVVNIQKEIERLNKVAKELNESLIDLQE-NH,
8a Ac-SLDQINVTFLDLEYEMKKLEEAIKKLEESYIDLKEL-GSGK(Ac)-NH,

Fig. 4 Structures of designed monomeric peptides. E (red), K (blue): mutation introduction; E (pink),

K (light blue): natural sequence; placement

of E (i position) and K (i + 3 or i + 4 position) or placement of K (i position) and E (i + 3 or i + 4 position) leads to a salt bridge formation between

their sidechains.

1c Ac-ISGINASVVNIQKEIDRLNEVAKNLNESLIDLQE-GGGSGGG-C(CH,CONH,)—~Rg—NH,

1d Ac—-ISGINASVVNIQKEIDRLNEVAKNLNESLIDLQE-GSG-(miniPEG),—

Rg-NH,

1e Ac—GC(Acm)GG-ISGINASVVNIQKEIDRLNEVAKNLNESLIDLQE-RERERE-GC(CH,CO—Rg—NH;)—NH,
2b Ac-ISGINASVVNIQE! IKKLN:EAXKLNESLIDLQE-GGGSGGG—C(CH,CONH;)~Rg—NH,

3b  Ac-ISGINASVVNIQE: IKRLN:VAXKLNESLIDLQE-GGGSGGG-C(CH,CONH,

Rg-NH;
Rg-NH;

5b Ac-ISGINASVVEIQYEIERLNKVAKNLNESLIDLQE-GGGSGGG—-C(CH,CONHz)—Rg—NH,

6b Ac-ISGINASVVEIQHEIERLNKVAKELNKSLIDLQE-GGGSGGG-C(CH,CONH,

( )=
( )=
4b Ac-ISGINASVVNIQKEIERLNKVAKELNKSLIDLQE-GGGSGGG-C(CH,CONHy)—
( )=
( )=
7b Ac-ISGINASVVNIQFEIERLNKVAKELNESLIDLQE-GGGSGGG-C(CH,CONHy)—

: o
| miniPEG: %H/\/ \/\oﬁ(g

Fig. 5 Structures of octa-arginine (Rg)-conjugated peptides.
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~Rg-NH,

Acm: acetamidomethyl
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the sidechain thiol group of the C-terminal Cys residue through
an RERERE-GC linker and a GC(Acm)GG sequence attached to
peptide 1a. Peptides 2b, 3b, 4b, 5b, 6b and 7b have an octa-
arginyl group on the sidechain thiol group of the C-terminal
Cys residue through a G3;SG;-C linker attached to the corre-
sponding peptides 2a, 3a, 4a, 5a, 6a and 7a, respectively, are
similar to peptide 1c.

Design of C-terminal dimers

Several dimeric derivatives of these monomeric peptides linked
through a disulfide bridge at the C-terminus were constructed

1Ca <
1Cb <
1Cc <
2Ca <Ac_ ISGINASVVNIQE
2Cb <Ac— ISGINASVVNIQE
2Cc <Ac— ISGINASVVNIQE
3c <Ac— ISGINASVVNIQE
4C <
5C <
6C <
.
8C
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(Fig. 6). Dimers 1Ca and 1Cb are C-terminal disulfide dimers of
peptide 1a with G3;SG;-C and RERERE-GC linkers at the C-
terminus, respectively. Dimer 1Cc is a C-terminal disulfide
dimer of peptide 1a with an additional GC(Acm)GG sequence at
the N-terminus and an RERERE-GC linker at the C-terminus.
Dimers 2Ca, 2Cb and 2Cc are C-terminal disulfide dimers of
peptide 2a with G3SG3-C, G3SG;3-C-R, and G3SG;-C-Rg linkers at
the C-terminus, respectively. Dimers 3C, 4C, 5C, 6C and 7C are
C-terminal disulfide dimers of peptides 3a, 4a, 5a, 6a and 7a,
respectively with a G3SG;-C linker at the C-terminus. Dimer 8C
is a C-terminal disulfide dimer of peptide 8a built through two
Cys residues on the sidechain of the C-terminal Lys residue.

S

|
Ac—-ISGINASVVNIQKEIDRLNEVAKNLNESLIDLQE-GGGSGGG-C-NH,

2

S

|
Ac-ISGINASVVNIQKEIDRLNEVAKNLNESLIDLQE-RERERE-GC-NH,

2

S
|

Ac—GC(Acm)GG-ISGINASVVNIQKEIDRLNEVAKNLNESLIDLQE-RERERE-GC-NH,

2

S

|
IKKLN:EAFKLNESLIDLQE-GGGSGGG-C-NH,

S

IKKLNEEAFKLNESLIDLQE-GGGSGGG-CR,—NH,
2

S

IKKLNEEAKKLNESLIDLQE-GGGSGGG-CRg—NH,

S

IKRLN:VAFKKLNESLIDLQE-GGGSGGG-C—-NH,

S

Ac-ISGINASVVNIQKEIERLNKVAKELNKSLIDLQE-GGGSGGG-C-NH,

S

Ac-ISGINASVVEIQHEIERLNKVAKNLNESLIDLQE-GGGSGGG-C-NH,

S

Ac—-ISGINASVVEIQFEIERLNKVAKELNKSLIDLQE-GGGSGGG-C-NH,

S

Ac-ISGINASVVNIQHXEIERLNKVAKELNESLIDLQE-GGGSGGG-C-NH,

Alalalalalil i,

—W0

Ac-SLDQINVTFLDLEYEMKKLEEAIKKLEESYIDLKEL-GSGK(Ac-C)-NH,

Fig. 6 Structures of C-terminal dimers.
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Ac—C-Ahx—ISGINASVVNIQKEIDRLNEVAKNLNESLIDLQE -NH,

2

Ac—C-Ahx—ISGINASVVNIQEIKKLN:EAKKLNESLIDLQE -NH,

2

Ac—C-Ahx—ISGINASVVNIQEIKRLN:VAXKLNESLIDLQE—NH,

2

Ac-C-GSG-ISGINASVVNIQKEIERLNKVAKELNKSLIDLQE-NH,

2

Ac-C-GSG-ISGINASVVEIQXEIERLNKVAKNLNESLIDLQE-NH,

2

Ac—C-Ahx—ISGINASVVEIQXEIERLNKVAKELNKSLIDLQE -NH,

2

Ac—C-Ahx—-ISGINASVVNIQXEIERLNKVAKELNESLIDLQE -NH,

S
N '
s
2N |
s
3N |
s
4N |
s
5N |
S
6N |
s
7N |
s
8N |

2

Ac-C-GSG-SLDQINVTFLDLEYEMKKLEEAIKKLEESYIDLKEL-GSGK(Ac)—NH,

Fig. 7 Structures of N-terminal dimers.

Design of N-terminal dimers

Several dimeric derivatives of the monomeric peptides linked
through a disulfide bridge at the N-terminus were designed
(Fig. 7). Dimers 1N, 2N, 3N, 6N and 7N are N-terminal disulfide
dimers of peptides 1a, 2a, 3a, 6a and 7a, respectively with a C-
aminohexanoic acid (Ahx) linker at the N-terminus. Dimers
4N, 5N and 8N are N-terminal disulfide dimers of peptides 4a,
5a and 8a, respectively with a CGSG linker at the N-terminus.

Synthesis of compounds

All monomer peptides and intermediate peptides for the dimer
peptides were synthesized using 9-fluorenylmethyloxycarbonyl-
based solid phase peptide synthesis (Fmoc-SPPS) methods. The
protected peptide resins were constructed manually or with an
automatic peptide synthesizer followed by acetylation of the N-
terminal amino group. Treatment of the peptide resins with
TFA cocktails (trifluoroacetic acid (TFA)/triisopropylsilane-
(TIPS)/H,O or TFA/TIPS/H,0O/ethanedithiol (EDT)) followed by
purification using reverse-phase (RP)-high performance liquid
chromatography (HPLC), afforded the corresponding mono-
mers and intermediate peptides (Scheme 1). Several octa-
arginine-conjugated peptides were synthesized using native
chemical ligation (Scheme 2).*® All C- and N-terminal dimers

8784 | RSC Adv, 2023, 13, 8779-8793

>
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were linked via disulfide bonds between two Cys sidechain
thiols of the corresponding monomer peptides by air oxidation
(Schemes 3 and 4).

Evaluation of anti-SARS-CoV-2 activity

In order to evaluate the anti-SARS-CoV-2 activity of the peptides,
a plaque reduction assay’’ using the SARS-CoV-2 ancestral
Wuhan strain/VeroE6 cells was performed. The results of the
assays are shown in Tables 1-4. Peptide 1a showed significant
antiviral activity (Table 1). Peptide 1b showed slightly higher
antiviral activity than peptide 1a, indicating the addition of
a hydrophilic tag sequence (RERERE) has a positive effect on the
increase of aqueous solubility and enhances antiviral activity.
Peptide 2a showed less antiviral activity than peptide 1a. This
suggests that Glu substitution for 1189Val or Lys substitution
for 1185Arg is not suitable because 1185Arg and 1189Val of the
HR2 region interact with the HR1 region (Fig. 3). Peptide 3a
showed approximately 10 and 4 times higher antiviral activity
than peptides 2a and 1a, respectively, suggesting that the return
changing of Lys17 and Glu21 to wild type amino acids Arg and
Val, respectively, is compatible with interaction with the HR1
region. Peptides 4a and 5a, which have 2 Glu-Lys pairs,
exhibited half of the antiviral activity of peptide 3a, but both are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a)
Fmoc-SPPS TFA/TIPS/H,O
NovaSyn® TGR
resin
b)
rSH
Fmoc-SPPS TFA/TIPS/H,O/EDT
HZNO Ac peptide C—NH,
NovaSyn® TGR
resin
o}
0 %NHZ
2
Ac peptide C—NH,
0.1 M Na phosphate buffer (pH 7.8)
6 M guanidine-HCI
c)
Fmoc-SPPS H 2% H,NNH,
HoN —— > Ac peptide —K(ivDde)—N _—
NMP
NovaSyn® TGR
resin
;?\c
Ac,0 NH
H pyridine TFA/TIPS/H,O (%
ac—_peptive |-x—N—) Ac K—NH,
DMF

Scheme 1 Synthesis of monomer peptides shown in Fig. 4. (a) Preparation of 1a and 2a-7a; (b) preparation of 1b; (c) preparation of 8a.

more active than peptide 1a. Peptide 6a, which has 3 Glu-Lys
pairs, showed remarkably less antiviral activity than peptides
1a, 4a and 5a. This indicates that substitution of 3 Glu-Lys pairs
in a wide area at positions 10-13, 16-20 and 24-27 in peptide 6a
is not appropriate because substitution of 2 Glu-Lys pairs at the
same positions caused no problems in peptides 4a and 5a.
Peptide 7a, which has the 2 reverse pairs: Lys-Glu in positions
13-16 and 20-24, also exhibited remarkably less antiviral
activity than peptides 1a, 4a and 5a, suggesting that the intro-
duction of reverse pairs, Lys-Glu, might be unsuitable. Peptide
8a, which is the HCoV-OC43 HR2-derived peptide, EK1 with
significant broad antiviral activity against various corona
viruses, exhibited significant but slightly diminished antiviral
activity compared to peptide 1a. This result is consistent with
previous reports from the other research groups.**

Peptide 1c, which has an octa-arginyl group on the sidechain
thiol group of the C-terminal Cys residue through a G3;SG;-C
linker attached to peptide 1a, showed less antiviral activity than
peptide 1a, indicating that the addition of an octa-arginyl group
at the C-terminus through a G3;SG;-C linker has no positive
effects on antiviral activity, and that nonspecific interaction of
its octa-arginyl group might reduce affinity for the HR1 region
(Table 2). Peptide 1d, which has an octa-arginyl group at the C-
terminus through a GSG-(miniPEG), linker attached to peptide

© 2023 The Author(s). Published by the Royal Society of Chemistry

1a, showed slightly higher antiviral activity than peptide 1a.
Peptide 1e, which has an octa-arginyl group on the sidechain
thiol group of the C-terminal Cys residue through an RERERE-
GC linker attached to peptide 1a, exhibited twice the antiviral
activity of peptide 1a, suggesting that the addition of an octa-
arginyl group at the C-terminus through a GSG-(miniPEG), or
RERERE-GC linker might not be responsible for its nonspecific
interaction. Peptides 2b and 6b, which have an octa-arginyl
group at the C-terminus through a G;SG;-C linker attached to
peptides 2a and 6a, showed remarkably increased potency
compared to peptides 2a and 6a, respectively, whereas peptides
3b, 4b, 5b and 7b, which have an octa-arginyl group at the C-
terminus through a G3;SG;-C linker attached to peptides 3a,
4a, 5a and 7a, showed decreased or retained the potency
compared to peptides 3a, 4a, 5a and 7a, respectively. As a result,
the addition of an octa-arginyl group at the C-terminus through
a G3SG;-C linker might be effective for enhancement of the
potency of only low-active parent peptides, but might cause
a decrease in the potency of high-activity parent peptides.
Enhancement of antiviral activity based on an increase of
aqueous solubility due to the addition of an octa-arginyl group
was not observed. This suggests that the positive effects of the
addition of an octa-arginyl group are limited. Taken together,
these data confirm that the addition of an octa-arginyl group for

RSC Adv, 2023, 13, 8779-8793 | 8785
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Scheme 2 Synthesis of octa-arginine-conjugated peptides shown in Fig. 5. (a) Preparation of 1c, 2b, 3b and 6b; (b) preparation of 1le; (c)
preparation of 4b, 5b and 7b. Peptide 1d was synthesized as shown in Scheme 1a.

the introduction of the peptides into cells is not required
because in this assay system, the virus enters cells via the
TMPRSS2-processing cell surface pathway instead of by an
endocytosis pathway.

Dimer 1Ca, which is a C-terminal disulfide dimer of peptide
1a with a G3SG;-C linker at the C-terminus, exhibited slightly
higher antiviral activity than the corresponding monomer (1a)
although dimer 1Ca has twice the monomer peptide content
(Table 3). Dimer 1Cb, which is a C-terminal disulfide dimer of

8786 | RSC Adv, 2023, 13, 8779-8793

peptide 1b at the C-terminus, exhibited slightly less antiviral
activity than the corresponding monomer (1b) although dimer
1Cb has twice the monomer peptide content. Dimer 1Ce¢, which
has an additional GC(Acm)GG sequence at the N-terminus of
dimer 1Cb, showed less antiviral activity than peptide 1Cb. In
terms of peptide contents, there was no advantage for dimer-
ization even when using a linker of G3SG;3-C (1Ca) or RERERE-
GC (1Cb/1Cc) at the C-terminus. The additional GC(Acm)GG
sequence at the N-terminus in dimer 1Cc was not appropriate.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis of the C-terminal dimers shown in Fig. 6. (a) Preparation of 1Ca, 1Cb, 1Cc, 4C, 5C and 7C; (b) preparation of 2Ca, 2Cb, 2Cc,

3C and 6C; (c) preparation of 8C.

Dimers 2Ca, 2Cb and 2Cc, which are C-terminal disulfide
dimers of peptide 2a with G3SG;-C, G3SG3-C-R, and G3SG3-C-Rg
linkers at the C-terminus, respectively, showed remarkably
higher antiviral activity compared to the corresponding mono-
mer (2a), but almost the same level of antiviral activity as
peptide 1a. There is an evident advantage gained by dimeriza-
tion, but no positive effects were observed for the addition of
tetra-arginine/octa-arginine. Dimer 3C, a C-terminal disulfide
dimer of peptide 3a with a G3SG;-C linker at the C-terminus,
showed almost the same antiviral activity as the

© 2023 The Author(s). Published by the Royal Society of Chemistry

corresponding monomer (3a), in which the fold change to the
corresponding monomer was calculated from two independent
experiments in Table 3. However, 3C also clearly showed
improved antiviral activity from that of the monomer 3a in the
detailed evaluation (Table 5).

Dimers 4C, 5C, 6C and 7C, which are C-terminal disulfide
dimers of peptides 4a, 5a, 6a and 7a, respectively with a G3SG;-C
linker at the C-terminus, exhibited moderately to remarkably
higher antiviral activity when compared to the corresponding
monomers (4a, 5a, 6a and 7a), respectively, and peptide 1a.

RSC Adv, 2023, 13, 8779-8793 | 8787
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Scheme 4 Synthesis of the N-terminal dimers shown in Fig. 7. (a) Preparation of IN-7N; (b) preparation of 8N.

There is also an obvious advantage for dimerization. Dimer 8C,
which is a C-terminal disulfide dimer of peptide 8a through two
Cys residues on the sidechain of the C-terminal Lys residue,
exhibited almost the same antiviral activity as the correspond-
ing monomer (8a), but less antiviral activity than peptide 1a.

All of the dimers (2Ca, 3C, 4C, 5C, 6C and 7C) have signifi-
cantly higher antiviral activity than the corresponding mono-
mers (2a, 3a, 4a, 5a, 6a and 7a), respectively. Dimerized HR2
peptides at the C-termini with introduction of Glu-Lys pairs
into peptide 1a clearly have effectiveness of dimerization

Table 1 Anti-SARS-CoV-2 activity of normal monomeric peptides (1a, 1b, 2a, 3a, 4a, 5a, 6a, 7a and 8a)

Peptide ICso (nM) Fold change to peptide 1a"
1a 206 =+ 24.5% 214%, 164°, 1559, 667°, 1057, 25302 1.00

1b 68.3/ 0.6487

2a 629 =+ 59.6% 3.06%

3a 51.2° 0.240”

4a 1067 0.683¢

5a 123¢ 0.793¢

6a 438° 2.68°

7a 2280% 0.901%

8a 1527 1.447

“ Experiment 1. ” Experiment 2. © Experiment 3. ¢ Experiment 4. ¢ Experiment 5./ Experiment 6. ¢ Experiment 7. * The values of fold change to

peptide 1a are represented as IC5," " “©™PoUnd/1C5,

8788 | RSC Adv, 2023, 13, 8779-8793

2 from the same data set.
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Table 2 Anti-SARS-CoV-2 activity of octa-arginine-conjugated
monomers (1c, 1d, 1e, 2b, 3b, 4b, 5b, 6b and 7b)

Peptide ICs, (nM) Fold change to peptide 1a“
1c 357% 2.30%

1d 1150° 0.455°

1e 50.0° 0.474%

2b 75.9° 0.720°

3b 226 1.46¢

4b 7480° 2.96°

5b 25 900° 10.2¢

6b 135” 0.868"

7b 2220° 0.877¢

“ Experiment 4. ” Experiment 6.  Experiment 7. ¢ The values of fold

test compound/IC
50

change to peptide 1a are represented as ICs, 2 from

the same data set.

View Article Online

RSC Advances

leading to an increase in antiviral activity, although dimers of
a wild type including a different corona virus HCoV-OC43 have
no significant effectiveness following dimerization.

Dimers 1IN, 2N and 7N, which are N-terminal disulfide
dimers of peptides 1a, 2a and 7a, respectively with a C-
aminohexanoic acid linker at the N-terminus, showed moder-
ately higher antiviral activity than the corresponding monomers
(1a, 2a and 7a), respectively (Table 4). Although slightly positive
effects of the dimerization were observed, especially for dimers
2N and 7N, these dimers are unsuitable as lead compounds
because the antiviral activity of the monomer peptides are
relatively low. In addition, peptide contents of the dimers are
twice that of the corresponding monomers. Dimers 3N, 4N, 5N
and 6N, which are N-terminal disulfide dimers of peptides 3a,
4a, 5a and 6a, respectively with a C-aminohexanoic acid linker
or a CGSG linker at the N-terminus, showed less or almost the
same levels of antiviral activity compared to the corresponding

Table 3 Anti-SARS-CoV-2 activity of C-terminal dimers (1Ca, 1Cb, 1Cc, 2Ca, 2Cb, 2Cc, 3C, 4C, 5C, 6C, 7C and 8C)

Fold change to the corresponding

Peptide ICso (nM) Fold change to peptide 1a” Corresponding monomer (ICs, (nM)') monomer’*
1Ca 1080° 0.427% — —

1Cb 93.3/ 0.885" 1b (68.34/) 1.3757
1Ce 231/ 2.19/ — —

2Ca 112 + 9.26° 0.583% 2a (629 + 59.6%) 0.191%/
2Cb 270 + 26.2° 1.31° — —

2Cc 286 + 23.6° 1.39° 2b (75.9) 1.93%5%
3C 753¢ 0.298° 3a (51.2%) 1.240:8%
ac 155° 0.233° 4a (106%) 0.341%%
5C 259° 0.389° 5a (1239 0.491%*
6C 1354 0.8687 6a (438°) 0.3245%%
7C 213° 0.320° 7a (2280%) 0.365%8¢
8C 252° 1.54° 8a (1527) 1.0795%

“ Experiment 1. ” Experiment 2. © Experiment 3. ¢ Experiment 4. ° Experiment 5./ Experiment 6. ¢ Experiment 7. * The values of fold change to

peptide 1a are represented as IC5,™* <°™P°Und/1C

so from the same data set. ' ICs, values from Tables 1 and 2.7 The values of fold change to

the corresponding monomer are represented as ICs, 'St ©OmPoUnd/[C, corresponding monomer fr.5m the same data set. * The values of fold change to

the corresponding monomer are represented as (IC5o"" “™PUY/1C4o1#)/(1C 5, 0 esPonding monomer 13y fom two independent experiments.

Table 4 Anti-SARS-CoV-2 activity of N-terminal dimers (1IN, 2N, 3N, 4N, 5N, 6N, 7N and 8N)

Fold change to the corresponding

Peptide ICsp (nM) Fold change to peptide 1a¥ Corresponding monomer (IC5o (nM)") monomer™
1N 35.00° 0.332° 1a (105¢) 0.332%

2N 125 + 9.78° 0.608" 2a (629 + 59.6%) 0.199%"

3N 5287 2.47" 3a (51.2%) 10.3%

4N 2677 1.724 4a (106%) 2.52%1

5N 1557 0.998¢ 5a (1239 1.26%

6N 4597 2.967 6a (438°) 1.109%J

7N 800" 0.316" 7a (22807) 0.351"

8N 41.3% 0.193” 8a (1529) 0.1342%7

“ Experiment 1. ” Experiment 2. ¢ Experiment 3. ¢ Experiment 4. ° Expe

represented as IC5,'t “mPound/c,

riment 6./ Experiment 7. ¢ The values of fold change to peptide 1a are

o1 from the same data set. ” ICs, values from Tables 1 and 2. ' The values of fold change to the

corresponding monomer are represented as ICs," " ©*mPOUnd/[Cy coresponding monomer o the same data set./ The values of fold change to the

corresponding monomer are represented as (ICs0"**" CO""’O“"d/ICSOIa)/(ICS

© 2023 The Author(s). Published by the Royal Society of Chemistry

corresponding monomerjc_ 1 from two independent experiments.
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Fig. 8 CD spectra of the HR2 peptides. CD spectra were measured at
25 °C in PBS (50 mM Na phosphate buffer, 150 mM NaCl, pH 7.2).

monomers (3a, 4a, 5a and 6a), respectively. Considering the
peptide contents of the dimers, the antiviral activities of these
dimers are much lower, suggesting that dimerization offers no
advantage. Dimer 8N, which is an N-terminal disulfide dimer of
peptide 8a with a CGSG linker at the N-terminus, exhibited
remarkably higher antiviral activity than the corresponding
monomer (8a).

HR2 peptides dimerized at the N-termini might be unsuit-
able as lead compounds with the exception of dimer 8N, which
was derived from HCoV-OC43, a different corona virus.

CD analysis

HR2 is an a-helical region. Therefore, a-helicity of HR2 frag-
ment derivatives might have some effects on inhibitory activity.
In this study, circular dichroism (CD) spectra of representative
monomer peptides (1a, 2a, 3a, 4a, 5a, 6a and 7a), C-terminal
dimers (1Ca, 2Ca, 3C and 4C) and N-terminal dimers (1N, 2N,
3N and 4N) were measured (Fig. 8). It was found that an initial
lead monomer peptide (1a) or a peptide (2a) containing 4 Glu-
Lys pairs did not show an a-helical structure. Introduction of
Glu-Lys pairs or introduction of 4 pairs did not in any case
induce helical formation, suggesting 4 pairs might be excessive.
The other monomer peptides (3a, 4a, 5a and 7a) showed a-
helical structures although their a-helicities were not very high.
A 3 Glu-Lys pairs-containing monomer (6a) showed an a-helical
structure of moderate strength, suggesting that the introduc-
tion of 3 Glu-Lys pairs into broad regions might be effective for
enhancement of a-helicity. The C-terminal dimer (1Ca) exhibi-
ted an o-helical structure of moderate strength, and an N-
terminal dimer (1N) exhibited a remarkably more pronounced
a-helical structure than 1Ca, although the corresponding
monomer (1a) did not show any a-helical structure. On the
contrary, the C-terminal dimer (4C) showed a remarkably
higher a-helical structure than 4N, which exhibited a moder-
ately strong a-helical structure, although the corresponding

8790 | RSC Adv, 2023, 13, 8779-8793
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Table 5 Anti-SARS-CoV-2 activity of the hit peptides (1a, 3a, 3C and

4C)¢

Peptide ICs0 (nM) Fold change to peptide 1a
la 1700 £ 433 1.00

3a 955 + 194 0.563

3C 472 £ 189 0.278

4C 575 + 212 0.339

% The ICs values represent the average ICs, value £ SEM (nM) from
three independent experiments.

monomer (4a) showed a weak o-helical structure. The C-
terminal dimer (2Ca) showed a relatively high a-helical struc-
ture, although the corresponding monomer (2a) or its N-
terminal dimer (2N) failed to show an a-helical structure. The
C- and N-terminal dimers (3C and 3N) showed conspicuously
high a-helical structures, although the corresponding monomer
(3a) showed a weak a-helical structure. In general, the o-hel-
icities of the dimers were significantly higher than those of the
corresponding monomers. Taken together, introduction of 2 or
3 Glu-Lys pairs and dimerization at the C- or N-terminus
generally caused an efficient increase in the o-helicity of the
HR2 peptides.

In terms of the antiviral activity, peptide 3a is the most
suitable monomer because it has potent antiviral activity and
aweak but clear a-helical structure as a monomer, and amongst
the synthesized peptides the C-terminal dimers (3C and 4C) are
the most suitable derivatives. According to the previous report,
HR2-derived peptides alone did not show o-helical structures,
while these peptides showed a-helical structures in the pres-
ence of HR1-derived peptide.* Therefore, it was considered that
the HR2-derived peptides reported here would also form a-
helical structures when these peptides bind to the HR1 region of
SARS-CoV-2 to show their inhibitory activity.

Detailed evaluation of anti-SARS-CoV-2 activity of the selected
peptides

Peptide 3a, the most suitable monomer, and the C-terminal
dimers (3C and 4C), the most suitable derivatives, were statis-
tically analyzed (Table 5). These activities were verified.

Conclusions

Development of new drugs with different mechanisms of action
starting from existing drugs is necessary for increasing the
repertory of therapeutic choice. In this study, we focused on and
developed fusion inhibitors, which function at the steps of viral
entry and fusion into cells. To date, we have developed HIV-1
fusion inhibitors based on dimerization of HR2 region
peptides accompanied by introduction of Glu-Lys pairs.** Since
HIV-1 and SARS-CoV-2 have similar fusion mechanisms
involving HR1-HR2 interactions,*>'>?*?* this strategy was
applied to the development of inhibitors of SARS-CoV-2.
Initially, an HR2 peptide (1a) was characterized as an inhib-
itor with significant antiviral activity against SARS-CoV-2 in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spite the absence of significant a-helicity. Introduction of Glu-
Lys pairs into derivatives of HR2 peptides significantly
increased the antiviral activity and a-helicity in peptides 3a, 4a,
5a and 7a. Peptide 3a was determined to be the most suitable
monomer. Effects of the addition of an octa-arginyl group on
enhancement of antiviral activity might be limited for original
peptides with low potency. There were no positive effects on
original peptides with relatively high potency. Since an ances-
tral Wuhan strain of SARS-CoV-2 enters VeroE6 cells via the
TMPRSS2-processing cell surface pathway instead of the endo-
cytosis pathway in this assay system, the addition of an octa-
arginyl group for the penetration of the peptides into cells is
not required. However, it was recently reported that the SARS-
CoV-2 omicron (B.1.529) strain prefers infection via an endo-
somal route rather than a cell surface route.*® Therefore,
peptides modified with an octa-arginyl group might be useful
for inhibition against universal strains of SARS-CoV-2.

HR2 peptides dimerized at the C-termini with introduction
of Glu-Lys pairs into peptide 1a show the clear effectiveness of
dimerization with an increase in antiviral activity. This
phenomenon was observed in all of the dimers (2Ca, 3C, 4C, 5C,
6C and 7C), although dimers of a wild type including a different
corona virus HCoV-OC43 showed no significant effectiveness of
dimerization. Dimerized HR2 peptides at the N-termini might
be unsuitable as lead compounds with the exception of dimer
8N derived from a different corona virus HCoV-OC43. In CD
analysis, dimerization at the C- or N-terminus of monomer
peptides with introduction of 2 or 3 Glu-Lys pairs caused an
efficient increase in the a-helicity of HR2 peptides. Taken
together, our data show that dimerization at the C-terminus is
superior to dimerization at the N-terminus in case of HR2
peptide derivatives endowed with relatively high potency. Dimer
3C and 4C were the most suitable derivatives. In the present
study, VeroE6 cells were used for plaque reduction assays, and
living cells can be clearly observed 2 days after treatment with
the synthesized HR2 peptides at concentrations below 100 puM.
This suggests that these peptides might not have significant
cytotoxicity, although precise investigation on cytotoxicity is
required.

In our previous study on HIV-1 fusion inhibitors, the C-
terminal dimer of the HIV-1 HR2 region peptide has signifi-
cantly more potent antiviral activity than the N-terminal dimer
and the corresponding monomer peptide.”” This phenomenon
was also observed with SARS-CoV-2. It is confirmed that the C-
terminal dimerization strategy might be useful for the design
of inhibitors against viruses with fusion mechanism involving
HR1-HR2 interactions.>*'***>* The obtained dimers (3C and
4C) are useful leads for antiviral agents for therapy of COVID-19.
To date, new corona virus-caused infectious diseases, including
SARS*?* and middle east respiratory syndrome (MERS)* have
been repeated. Although COVID-19 may be stamped out,
expansion of new infectious diseases caused by different corona
viruses might be possibly of concern. Therefore, it is possible to
apply the present strategy to the design of inhibitors against
these diseases.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Experimental section
Compound synthesis

All materials and methods including general information,
details of synthesis and characterization of the compounds are
available in the ESI.{ The synthetic methods for compounds are
described in Schemes 1-4. The purity of the final compounds as
measured by analytical HPLC was >95%.

Antiviral assay (plaque reduction assay)

One hundred plaque-forming units of SARS-CoV-2 (OMC-510)*"
were mixed with peptides (or DMSO) in 200 pL of Dulbecco's
Modified Eagle's Medium and the mixture was subjected to
plaque-forming assays. VeroE6/TMPRSS2 cells*® were seeded in
24-well plates (1.5 x 10> cells per well) at 1 day before the assay
and incubated with the virus/peptide mixture at 37 °C for 2 h.
After removal of the mixture, cells were cultured with Eagle's
minimum essential medium containing 1% methylcellulose
4000 cp (Fujifilm, Wako Pure Chemical Corporation, Japan) and
2% fetal bovine serum. Two days after infection, the cells were
fixed with formaldehyde. Then, the plaques were visualized by
staining with 1% crystal violet and counted.

CD spectroscopy

CD measurements were performed with a J-720 circular
dichroism spectropolarimeter equipped with a thermo-
regulator (JASCO, Japan). The wavelength dependence of
molar ellipticity [6] at 25 °C was monitored from 200 to 250 nm.
The peptides were dissolved in PBS (50 mM sodium phosphate,
150 mM NaCl, pH 7.2) and measured at a concentration of 100
uM with the exception of peptides 1N (25 pM), 4a (50 uM) and
4C (50 pM). The spectral data were corrected by Spectra
Manager v1.54.03 [Build 1] (JASCO) and analyzed by Microsoft
Excel, and the Figure was prepared by GraphPad Prism 9.
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