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Abstract: Fusion of lipid-enveloped viruses with the cellular plasma membrane or the endosome
membrane is mediated by viral envelope proteins that undergo large conformational changes fol-
lowing binding to receptors. The HIV-1 fusion protein gp41 undergoes a transition into a “six-helix
bundle” after binding of the surface protein gp120 to the CD4 receptor and a co-receptor. Synthetic
peptides that mimic part of this structure interfere with the formation of the helix structure and
inhibit membrane fusion. This approach also works with the S spike protein of SARS-CoV-2. Here
we review the peptide inhibitors of membrane fusion involved in infection by influenza virus, HIV-1,
MERS and SARS coronaviruses, hepatitis viruses, paramyxoviruses, flaviviruses, herpesviruses and
filoviruses. We also describe recent computational methods used for the identification of peptide
sequences that can interact strongly with protein interfaces, with special emphasis on SARS-CoV-2,
using the PePI-Covid19 database.

Keywords: peptide design; virus entry; 6-helix bundle; coiled coil; computation methods; SARS-CoV-2;
HIV-1; influenza

1. Cellular Entry of Lipid Enveloped Viruses

Virus replication can be generally divided into the early phase, which comprises
attachment to the host cell, penetration and uncoating, and the late phase, which includes
macromolecular synthesis, assembly and release [1,2]. Virus entry starts by attachment
to particular receptors on the host cell membrane. The primary receptor for human
immunodeficiency virus type 1 (HIV-1) is CD4, a marker of T helper lymphocytes that is
also found on monocyte/macrophages. Glycoproteins and glycolipids with terminal sialic
acid units act as host cell receptors for the influenza virus. Following receptor binding,
enveloped viruses may fuse directly with the plasma membrane if their fusion machinery
is active at neutral pH (e.g., HIV-1, measles virus), or they may be endocytosed and then
fuse with the membrane of the endocytotic vesicle, if their fusion machinery requires
the mild acidification of the endosome lumen facilitated by the cellular proton pump
(e.g., influenza virus, rabies virus).

There are three main types of viral membrane fusion proteins [3–5]. The hemagglu-
tinin, HA, of influenza virus, and the envelope protein (gp120/gp41) of HIV-1 are Class I
proteins. They are synthesized as precursor proteins that are cleaved by cellular proteases,
including the transmembrane protease serine S1 member 2 (TMPRSS2) [6], forming active
trimers. In the case of HA, proper trimer formation is essential for transport from the
endoplasmic reticulum to the Golgi and the plasma membrane [7]. The trimers are then
incorporated into the budding viral membrane.
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After interacting with their receptor, and in some cases after acidification of the local
environment, these proteins fold into hairpin-like structures where two alpha-helices from
each monomer interact with the two-alpha helices from the other two monomers, forming
the hairpin conformation. This final structure is called the six-helix bundle. The transition
to the six-helix bundle appears to be an important intermediate stage in membrane fusion
and is thus a target for antiviral peptides.

The E1 protein of alphaviruses, which include Western, Eastern and Venezuelan
equine encephalitis viruses and chikungunya virus, and the E protein of flaviviruses, which
include West Nile, Zika, yellow fever, Dengue and hepatitis C viruses, are Class II fusion
proteins that are produced when a precursor protein is cleaved [8–11]. The p62 is cleaved
off the precursor polyprotein, p62-E1, to produce the E2 protein that protects the E1 protein
and binds to receptors on the host cell membrane. Following endocytosis of the virions,
these proteins change from an unstable dimer into a stable trimer that transforms into a
hairpin-like structure; the fusion domain of the protein extends towards the endosome
membrane, and the terminal hydrophobic fusion loop inserts into the membrane.

Class III glycoproteins are found in rhabdoviruses, such as rabies virus and vesicular
stomatitis virus (the G protein), as well as herpesviruses (the gB protein), and do not require
the cleavage of a precursor [5,12,13]. A stretched β-sheet fusion domain of class III proteins
inserts hydrophobic fusion loops into the target membrane, similar to class II proteins. In
rhabdoviruses, the G protein undergoes a conformational change that is initiated by the
mildly acidic pH in endosomes.

In this review, we describe peptide inhibitors of membrane fusion of individual virus
families, starting with HIV-1, for which a peptide medicine (“Enfuvirtide”) is already
available for clinical use.

2. HIV-1
2.1. HIV-1 Infection Is Mediated by the Viral Envelope Glycoprotein (Env) That Attaches to the
Cellular Receptor and Induces Virus–Cell Membrane Fusion

The Env protein of HIV-1 forms trimers in the viral membrane, and each protomer
consists of two non-covalently interacting glycoproteins, the surface protein gp120 and the
transmembrane protein gp41. Following the interaction of gp120 with the primary cellular
receptor, CD4, Env undergoes conformational changes that enable the gp120 to bind to the
co-receptor (CCR5 or CXCR4, depending on the tropism of the virus) and the insertion of the
fusion peptide of gp41 to insert its fusion peptide into the host cell membrane, initiating the
fusion reaction [14,15]. Single-molecule fluorescence resonance energy transfer experiments
indicate that, after binding to a single CD4 molecule, the individual protomers have distinct
conformations. The trimer undergoes further transformation when the remaining gp120
molecules bind CD4 and the co-receptor [15,16].

2.2. Small Peptides Can Inhibit Membrane Fusion

The carbobenzoxy-D-Phe-L-Phe-Gly peptide, an inhibitor of paramyxovirus fusion [17]
was found to inhibit syncytium formation between chronically HIV-1-infected cells and
CD4+ cells [18] (Table 1). The peptide, however, has a very limited effect on HIV-1 infec-
tion [18]. The latter observation suggests that the mechanisms of gp120/gp41-mediated
cell–cell fusion may be different than that in virus–cell fusion [18]. By contrast, a hexapep-
tide with a sequence identical to the N terminus of gp41 inhibits the fusion of a pseudo-
typed vaccinia virus expressing the HIV-1 envelope protein with HeLa cells expressing the
cellular receptor, CD4 [19].
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Table 1. Peptide inhibitors of HIV-1 fusion *.

Peptide Target Experimental System Reference

CBZ-D-Phe-L-Phe-Gly gp41 fusion peptide Cell–cell fusion; infection [18]
gp41 N-terminal hexapeptide gp41 fusion peptide gp120/gp41 pseudo-virus fusion [19]

aa 81–92 of CD4 gp120 Cell–cell fusion; infection [20]
CD4 CDR-3-like domain gp120 Cell–cell fusion [21]

V3 loop eight-branched peptide gp120 HIV infection [22]
DP-178 gp41 NHR Cell–cell fusion [23,24]

PEG-C34 gp41 NHR Cell–cell fusion [25]
Cholesterol-C34 gp41 NHR Infection [26]

PIE12-trimer gp41 NHR hydrophobic pocket HIV-1 and pseudo-type infection [27]

* Abbreviation: NHR, N-terminal heptad repeat.

2.3. CD4- and V3 Loop-Derived Peptides Inhibit Membrane Fusion and Infection

Benzyl-derivatized peptides corresponding to residues 81–92 of CD4 inhibit HIV-
1-induced cell–cell fusion and infection at micromolar concentrations [20]. A synthetic
peptide corresponding to the CD4 complementarity-determining region 2 (CDR-2)-like
domain binds specifically to HIV-1-infected cells [21]. When this peptide is coupled
covalently to liposomes, it enables the binding of the liposomes to HIV-1-infected cells. A
different peptide derived from the CD4 CDR-3-like domain inhibits HIV-induced syncytia
formation at micromolar concentrations [21]. An eight-branched peptide derived from the
V3 loop of gp120 completely inhibits HIV-1LAI infection of a T lymphocyte cell line at 5 µM,
while the monomer has a minimal effect, while a peptide corresponding to the entire V3
loop has no activity [22].

2.4. Peptides Corresponding to the Heptad Repeat Domain of Env Inhibit HIV-1 Membrane Fusion

Wild et al. [23] found that a peptide designated DP-178, corresponding to a possible
alpha-helical region of the ectodomain of gp41, inhibits virus-induced cell–cell fusion with
an IC50 of 100 pM or 0.5 ng/mL. Truncation of the C-terminal region of the peptide by four
amino acids results in an inactive peptide. Heptad structures in proteins have a repeating
amino acid sequence of the form (a-b-c-d-e-f-g)n, where “a” and “d” are apolar residues,
and they form alpha-helices arranged in a coiled-coil structure [28]. The peptide DP-178
mimics the membrane proximal, C-terminal heptad repeat (CHR) region of gp41, and it
most likely interacts with the membrane distal, N-terminal heptad repeat region (NHR) of
gp41, in an intermediate conformation of gp41 before membrane fusion with the host cell
membrane [24] (Figure 1).

Figure 1. Cont.
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Figure 1. HIV-1 Env-mediated membrane fusion. (A) Surface and cartoon representation of the three-dimensional structures
of gp120, gp41, CD4 and CCR5. The panel is a composite of the cryo-electron microscopy structure of a full-length gp120 in
complex with soluble CD4 and unmodified human CCR5 (PDB code: 6MEO), the structural model of gp120 in complex
with CD4 (PDB code: 3J70) and gp41 ectodomain core (PDB code: 1DF5). Binding of gp120 to the CD4 receptor and the
co-receptor (a chemokine receptor) and the subsequent conformational changes, leading to the insertion of the gp41 fusion
peptide into the host cell membrane, and the formation of the six-helix bundle, comprising the three C-terminal heptad
repeat domains and the three N-terminal heptad repeat domains. This conformational change brings the viral and cellular
membranes in close proximity to each other. The hydrophobic forces between the membrane-inserted fusion peptides
and the membrane anchors of the gp41 are thought to cause membrane fusion. The structural rendering in the left panel
was carried out using PyMol (https://pymol.org, accessed on 1 December 2021). (B) Inhibition of membrane fusion by
various peptides. Red: An inhibitor of gp120-CD4 binding. Green: An inhibitor of gp120 binding to the co-receptor. Blue:
An eight-branched peptide mimicking the gp120 V3 loop, thereby inhibiting the interaction of gp120 with the co-receptor.
Orange: A peptide similar in composition to the N-terminal fusion peptide of gp41 that competes with the fusion peptide.
Purple: A peptide derived from the C-terminal heptad repeat domain of gp41 (CHR) that interacts with the N-terminal
heptad repeat (NHR), thereby preventing the normal interaction between the two HR regions. Interaction of gp120 with
CD4 and the co-receptor results in the release of the gp120 from the gp41. Modified from Düzgüneş and Konopka [29]
(Medical Research Archives 8(9), 1–33; 2020) (https://doi.org/10.18103/mra.v8i9.2244, accessed on 1 December 2021).

If the inhibition of fusion is caused by interference with the interaction of the CHR
and NHR domains, it may be expected that NHR-derived peptides should block the
binding of CHR-peptides to the NHR domain. This inhibition, however, cannot be blocked
by NHR-peptides [30]. Moreover, complexes of CHR-peptides and NHR-peptides are
inhibitory to fusion. Thus, the mechanism of fusion inhibition may be more complicated
than our current view. CHR-peptides also interact with the N-terminal, fusion peptide
region of gp41. In a clinical trial, DP-178 (called “T-20” at this stage of its development
as an antiviral) administered intravenously reduced the plasma levels of HIV-1 by almost
two orders of magnitude [31]. In 2003, the U.S. Food and Drug Administration and the
European Medicines Agency approved T-20 (Fuzeon; Enfuvirtide, San Francisco, CA, USA)
for clinical use.

The peptide segments N36 and C34 corresponding to the heptad repeat regions of the
gp41 α-helical domain form a trimer of two interacting peptides, with three N36 helices
forming an interior, coiled-coil trimer, and three C34 helices in an oblique, antiparallel
fashion [32]. The six-helix bundle appears to form immediately after gp120 interacts with
the co-receptor of HIV-1, CXCR4 [33].

https://pymol.org
https://doi.org/10.18103/mra.v8i9.2244
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2.5. Conjugation of Poly(ethylene glycol) to Heptad Repeat Peptides Prolongs Circulation in Blood

Since the half-life of T-20 in plasma is only about 1.1 h, Wang et al. [25] explored the
effect of conjugating poly(ethylene glycol) (PEG) to peptide C34, which is analogous to a
region of the CHR further towards the N-terminus compared to T-20. The half-life of the
2 kD PEG derivative of the peptide is 2.6 h, and that of the 5 kD PEG derivative is 5.1 h.
The 50% effective concentrations (EC50) of these peptides in inhibiting HIV-1 Env-mediated
cell–cell fusion are lower than those of T-20.

2.6. Cholesterol Coupling to Heptad Repeat Peptides Can Enhance Their Fusion Inhibitory Activity

The C34 peptide competes with the CHR region of gp41, thus inhibiting the formation
of the six-helix bundle involved in membrane fusion and comprising both the NHR and
CHR [34]. Ingallinella et al. [26] attached a cholesterol molecule to the C-terminus of the
C34 peptide in an attempt to localize the inhibitor to the cell membrane where HIV-1
fuses. C34-chol inhibits the infectivity of six HIV-1 isolates at IC50 values in the range
6–34 pM. These are much lower concentrations compared to those of plain C34 (205 pM)
and T-20 (692 pM). Cholesterol coupling is, however, not a universal inhibition enhancer;
for example, cholesterol-coupled T-20 has an IC50 of about 3726 pM.

2.7. A Peptide Targeting a Hydrophobic Pocket of HIV-1 gp41 N-terminal Heptad Repeat Trimers
Inhibits Infection by Different Virus Isolates

The gp41 NHR-trimer has a hydrophobic pocket formed by each NHR’s 17-amino
acid C-terminal region. The pocket has a conserved sequence, it is necessary for virus–cell
membrane fusion, it constitutes a compact binding site for potential inhibitors and it is
exposed to the medium, rendering it a good target for peptide inhibitors [35]. Welch
et al. [27] designed a peptide, “PIE12-trimer”, composed of D-amino acids, with a very
high affinity for the gp41 pocket. The IC50 of this peptide ranges from 0.4 nM for the NL4.3
isolate to 5.7 nM for the JRFL isolate, among the 23 viruses pseudo-typed with clonal and
polyclonal envelopes, and is much lower than that of Enfuvirtide.

Thus, peptides corresponding to the C-terminal heptad repeat region of HIV-1 gp41
are effective inhibitors of viral infection.

3. Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV)
3.1. The C-Terminal S2 Domain of the SARS-CoV Spike Protein S Is Involved in Membrane
Fusion with the Host Cell Membrane

The coronavirus spike glycoprotein, S, is a Class I fusion protein and forms a trimeric
structure visible in electron micrographs of the virus and changes its conformation af-
ter binding to the viral receptor, angiotensin-converting enzyme 2 (ACE2), on the cell
membrane [29,36]. The transmembrane protease/serine subfamily (TMPRSS) cell surface
proteases cleave the S protein into S1 and S2 sub-fragments. The receptor-binding domain
(RBD) of S is located in the N-terminal S1 domain of S. Membrane fusion activity of the
spike protein is associated with the C-terminal S2 domain (Figure 2). Insights on the
mechanism of HIV-1 Env-mediated fusion led Liu et al. [37] to identify peptide inhibitors of
the severe acute respiratory coronavirus (SARS-CoV) S-protein. The HIV-1 Env-mediated
fusion is thought to involve the interaction of the membrane-distal, or N-terminal, NHR
(also termed “HR1”) of gp41, and the membrane-proximal, or C-terminal, CHR (termed
“HR2”) of the transmembrane protein. The S2 of SARS-CoV has some motifs similar to that
of gp41, including the N-terminal leucine/isoleucine zipper and the C-terminal HR. Thus,
it was likely that peptides like T-20 could potentially inhibit the fusion of SARS-CoV and
the host cell membrane [38].
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Figure 2. The domains of the SARS-CoV and SARS-CoV-2 spike protein, S. Reproduced from Düzgüneş and Konopka [29]
(Medical Research Archives 8(9), 1–33; 2020) (https://doi.org/10.18103/mra.v8i9.2244, accessed on 1 December 2021).

3.2. The HR2 Peptide Derived from the C-Terminal Heptad Repeat Region of S Inhibit
SARS-CoV Infection

Looking at the cytopathic effect caused by SARS-CoV in Vero cells, Zhu et al. [39]
found that a synthetic HR2 peptide and a glutathione-S-transferase (GST)-HR2 fusion
peptide are inhibitory to infection by SARS-CoV (Table 2). The HR2 peptide has an EC50 in
the range 0.5–5 nM, and the GST-HR2 peptide has an EC50 in the range 66–500 nM. In this
system, there is no inhibitory effect for HR1-derived peptides. Using the pseudo-typed
HIV-luc/SARS virus, Yuan et al. [40] reported an EC50 of 0.14 µM for the HR1-derived
peptide, HR1-1, and 1.19 µM for the HR2-derived peptide, HR2-18. Experiments with
wild-type SARS-CoV also showed that the peptides inhibit infection.

Table 2. Peptide inhibitors of SARS-CoV fusion *.

Peptide Target Experimental System Reference

SARS-CoV HR2 peptide S-protein NHR (HR1) Cytopathic effect [39]
GST-HR2 peptide S-protein NHR (HR1) Cytopathic effect [39]

HR1-1 S-protein CHR (HR2) Pseudo-typed HIV-luc/SARS virus [40]
HR2-18 S-protein NHR (HR1) Pseudo-typed HIV-luc/SARS virus [40]

CP-1 (from HR2) S-protein HR1 domain Infection [37]
sHR2-8 S-protein HR1 domain Infection [41]

P6 (from HR2) Deep groove of HR1 trimer S-expressing cell fusion with ACE2-cells [42]
N46 (from HR1) S-protein HR2 domain S-expressing cell fusion with ACE2-cells [42]

SR9 and SR9EK13 S-protein HR1 domain Entry at the plasma membrane [43]

* Abbreviations: NHR (HR1), N-terminal heptad repeat, also termed HR1; GST-HR2, glutathione-S-transferase-HR2 fusion protein; CHR
(HR2), C-terminal heptad repeat, also termed HR2.

3.3. The Peptides CP-1 and sHR2-8 Derived from the HR2 Region Inhibit Infection at
Micromolar Concentrations

The 37-amino acid peptide (CP-1) corresponding to a sequence of the HR2 region of
S inhibits infection at micromolar concentrations [37]. Biophysical techniques including
surface plasmon resonance and sedimentation equilibration analysis showed that this
peptide binds to a peptide (NP-1) derived from the HR1 domain with high affinity and
forms a six-helix bundle when mixed at equimolar concentrations. During the structural
rearrangement of the S protein as SARS-CoV is fusing with the cell membrane, CP-1 most
likely binds to the HR1 region and prevents the association of the HR2 and HR1 heptad

https://doi.org/10.18103/mra.v8i9.2244
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repeat domains, and thus inhibits membrane fusion. A study by Bosch et al. [41] identified
an HR2-derived peptide (sHR2-8) with an EC50 of 17 µM, based on SARS-CoV infection of
Vero cells.

3.4. The HR2-Derived Peptides SR9 and SR9EK13 Inhibit Viral Entry at the Cell Surface,
following Protease Activation of S at Nanomolar Concentrations

A 23-mer peptide (P6), derived from the HR2 region, inhibits membrane fusion
between S-protein-expressing cells and cells expressing ACE2 at an IC50 of 1 µM [42]. The
peptide most likely inhibits fusion by binding to the deep groove of the HR1 trimer. The
combined use of an HR1-derived peptide, N46, and its mutant N46eg, inhibits cell–cell
fusion at an IC50 of 1.4 µM, in contrast to previous studies. Ujike et al. [43] showed that
two HR2-derived peptides, SR9 and SR9EK13, inhibit the plasma membrane entry of SARS-
CoV with an EC50 of 4–5 nM, following the activation of the viral S protein by proteases.
However, they are ineffective against the endosomal entry of the virus. These peptides may
be effective in preventing viral infection of the lungs after activation of the spike protein by
lung proteases [43].

It is clear that peptides based on the HR2 domain of the cleaved S protein (S2) of
SARS-CoV have significant antiviral activity. It is not known why some peptides have
effective concentrations in the micromolar range and others in the nanomolar range.

4. Middle East Respiratory Syndrome Coronavirus (MERS-CoV)
4.1. The Peptides HR1P and HR2P Derived from the HR1 and HR2 Regions, Respectively, of the
MERS-CoV S2 Protein Form a Six-Helix Bundle, and HR2P Inhibits Membrane Fusion

Middle East respiratory syndrome coronavirus (MERS-CoV) infects cells through the
interaction of its S protein with the cellular receptor, dipeptidyl peptidase 4 (CD26) [44,45],
cleavage of the protein by cell membrane proteases and membrane fusion between the
virus and the host cell. X-ray diffraction of the crystallized S2 subunit of the S protein
indicated that the peptides HR1P derived from the HR1 region of the S2 protein and HR2P
derived from the HR2 region form a six-helix bundle [46]. Virus replication and cell–cell
fusion are inhibited by HR2P (Table 3). The cell–cell fusion inhibitory activity of the peptide
is enhanced by adding hydrophilic amino acids to the peptide to increase its alpha-helicity,
with an IC50 of 0.56 µM. Another derivative, HR2P-M2, with improved pharmaceutical
characteristics, inhibits S-protein-mediated cell–cell fusion (IC50 = 0.55 µM) and infection
by a pseudo-virus that expresses S (IC50 = 0.6 µM) [47]. After intranasal delivery, the
peptide reduces the viral titer in the lungs in a murine model of MERS-CoV infection by
more than three orders of magnitude.

Table 3. Peptide inhibitors of MERS-CoV fusion *.

Peptide Target Experimental System Reference

HR2P S-protein NHR (HR1) Virus replication; cell–cell fusion [46]
HR2P-M2 S-protein NHR (HR1) Pseudo-virus infection; cell–cell fusion [47]
HR2P-M2 S-protein NHR (HR1) Infection in a murine model [47]

MERS-5HB S-protein CHR (HR2) Pseudo-virus infection; cell–cell fusion [48]
EK1 S-protein NHR (HR1) Cell–cell fusion; infection [49]

EK1C4 S-protein NHR (HR1) Cell–cell fusion; infection [49]
SARS-CoV-2 HRC lipopeptide S-protein NHR (HR1) Cell–cell fusion; virus infection [50]

* Abbreviations: NHR (HR1), N-terminal heptad repeat, also termed HR1; CHR (HR2), C-terminal heptad repeat, also termed HR2.

4.2. The MERS-Five-Helix Bundle, with Three HR1 and Two HR2 Peptides, Inhibits Infection by a
Pseudo-Typed Virus

Sun et al. [48] designed an unusual peptide conglomerate termed “MERS-five-helix
bundle (MERS-5HB)”, comprising three copies of HR1 and two copies of HR2, thus lacking
one HR2, which would have been part of the six-helix bundle. Thus, MERS-5HB could
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be expected to bind the viral HR2, and thus inhibits the formation of the six-helix bundle.
MERS-5HB interacts with an HR2 domain peptide, HR2P, with a KD of about 0.24 nM,
and inhibits infection by pseudo-typed MERS-CoV at an IC50 of about 1 µM, and cell–cell
fusion at an IC50 of approximately 0.6 µM.

The concept of inhibiting the formation of the six-helix bundle to inhibit viral mem-
brane fusion holds for MERS-CoV as well.

5. Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2)
5.1. The Cholesterol-Coupled, HR1-Targeting Peptides EK1C4 and IPB02 Inhibit Cell–Cell Fusion
and Pseudo-Typed Virus Fusion at Nanomolar Concentrations

Like SARS-CoV, SARS-CoV-2 binds the ACE2 receptor via the S1 domain of its spike
protein, S [51]. SARS-CoV-2 appears to fuse more efficiently with the host plasma mem-
brane than SARS-CoV [49]. The peptide EK1 designed by Xia et al. [49] targets the HR1
domain of the S-protein and inhibits the fusion activity of SARS-CoV and MERS-CoV
(Figure 3, Table 4). The cholesterol derivative of EK1 (EK1C4) is a highly effective inhibitor
of S-protein-mediated cell–cell fusion, with an IC50 of 1.3 nM, which is 241-fold lower than
that of the original peptide, EK1. Infection by a pseudo-virus expressing S is inhibited by
EK1C4 at an IC50 of 15.8 nM, 149-fold lower than that of EK1.

Table 4. Peptide inhibitors of SARS-CoV-2 fusion *.

Peptide Target Experimental System Reference

EK1 S-protein NHR (HR1) Cell–cell fusion; pseudo-virus infection [49]
EK1C4 S-protein NHR (HR1) Cell–cell fusion; pseudo-virus infection [49]
IBP02 S-protein NHR (HR1) Cell–cell fusion; pseudo-virus infection [51]

SARS-CoV-2 HRC lipopeptide S-protein NHR (HR1) Cell–cell fusion; virus infection [50]

* Abbreviations: NHR (HR1), N-terminal heptad repeat, also termed HR1.

The HR1 domain of SARS-CoV-2 has higher α-helicity and binding affinity to the HR2
domain than the HR1 region of SARS-CoV [51]. The lipopeptide, IPB02, derived from the
HR2 sequence and modified by coupling cholesterol to its C-terminus, is highly effective
in inhibiting SARS-CoV-2 S-mediated cell–cell fusion (IC50 = 25 nM) and infection by an
S-expressing pseudo-virus (EC50 = 80 nM).

Figure 3. Cont.
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Figure 3. SARS-CoV-2-mediated membrane fusion and its inhibition. (A) Surface and cartoon representation of the three-
dimensional structures of full-length ACE2, BoAT1 and SARS-CoV-2 spike proteins. The left panel is a composite of the
cryo-electron microscopy structure of a full-length ACE2 in complex with BoAT1 (PDB code: 6m17) and the structure of
the trimer SARS-CoV-2 spike protein ectodomain in open form (PDB code: 6VYB). The S1 segment of the spike protein, S,
bind to its receptors on host cells. This leads to the insertion of the fusion peptide into the host cell membrane and to the
conformational change of the now separate S2 domain of S, resulting in the formation of the six-helix bundle and the close
approach of the two membranes. The hydrophobic interactions between the fusion peptide and the transmembrane domains
of the S protein leads to membrane destabilization and fusion. The structural rendering in the left panel was carried out using
PyMol (https://pymol.org, accessed on 1 December 2021). (B) Inhibition of membrane fusion by various peptides. Red: A
peptide that binds to the receptor-binding domain of S1. Green: A peptide that inhibits the interaction between S1 subunits.
Orange: An S2 fusion peptide mimic that may inhibit the interaction of the fusion peptide with the target membrane. Purple:
A peptide derived from the S2-HR2 region that binds with high affinity to the HR1 region and inhibits the interaction
between the S2-HR1 and S2-HR2 domains, thus preventing six-helix bundle formation and membrane fusion. Adapted
from Düzgüneş and Konopka [29] (Medical Research Archives 8(9), 1–33, 2020 (https://doi.org/10.18103/mra.v8i9.2244,
accessed on 1 December 2021).

5.2. There Are Assay- or Cell-Dependent Variations in the Evaluation of Membrane
Fusion Activity

A cholesterol-coupled lipopeptide corresponding to the C-terminal heptad repeat
(HRC or HR2) domain of SARS-CoV-2 S inhibits S-mediated cell–cell fusion, measured by
β-galactosidase complementation, with an IC50 of ∼10 nM and an IC90 of ∼100 nM [50].
Cholesterol-coupled EK1 [49] also inhibits cell–cell fusion in this system [50], but at an IC50
of ~300 nM (IC90 > 900 nM), indicating assay- or cell-dependent variations in measurements
of membrane fusion activity. An advantage of this HRC-lipopeptide is that it is highly
inhibitory to fusion by the D614G, S943P and S247R variants of SARS-CoV-2, as well
as MERS and SARS-CoV S-mediated cell–cell fusion. The HRC-lipopeptide is highly
effective in inhibiting SARS-CoV-2 infection in a plaque neutralization assay, with an IC50 of
~6 nM [50]. It also inhibits viral spread in human airway epithelial cultures (which is an ex
vivo model of virus propagation in the lungs), measured by using SARS-CoV-2 expressing
a stable mNeonGreen reporter gene and monitoring the fluorescence of the cultures.

The low nanomolar inhibitory concentrations of these molecules, especially those
containing cholesterol that facilitates membrane localization, render them candidates for
antiviral drugs.

https://pymol.org
https://doi.org/10.18103/mra.v8i9.2244
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6. Influenza Virus
6.1. Influenza Virus Fusion Is Mediated by the Low pH-Induced Conformational Change of the
Viral Hemagglutinin

The hemagglutinin (HA) of influenza virus is cleaved via proteolysis by cellular
enzymes into HA1 and HA2 subunits. These enzymes include TMPRSS2, TMPRSS4, the
human airway trypsin-like protease and kallikrein-related peptidases 5 and 12 [52,53].
HA1 mediates binding to sialic acid-containing glycoproteins or glycolipids in the host
membrane. The mildly acidic pH encountered in endosomes following endocytosis of the
virus causes the unfolding of the trimeric HA [54,55] and the insertion of the hydrophobic
N-terminus of the HA2 (the fusion peptide) into the host cell membrane. We have proposed
that it is the conformational change of the HA that mediates fusion, and not the low pH
configuration itself [56,57]. Supporting this hypothesis is the finding that if influenza virus
is exposed to low pH without the presence of the target membrane, the HA undergoes an
irreversible conformational change and the virus is unable to fuse [58,59].

6.2. Influenza Virus Fusion May Be Inhibited by Competitive Inhibitors of the Receptor-Binding
Domain of HA

Matsubara et al. [60] utilized a phage display peptide library to identify peptides that
fulfilled this function (Table 5). The peptide s2 coupled to stearic acid (C18-s2) inhibits
the infection of MDCK cells by the H1N1 influenza virus at an IC50 of 11 µM, and by the
H3N2 virus at 15 µM. EB (“entry blocker”), a 20-amino-acid peptide, inhibits virus binding
to the cellular receptor by interacting with HA [61]. The peptide inhibits virus-induced
cytotoxicity to MDCK cells with an IC50 of 4.5 µM, and is effective against infection by
H5N1, H5N9 and H1N1 subtypes.

Based on molecular dynamics and quantum chemistry calculations, Perrier et al. [62]
designed peptides that could bind a protein cavity in the HA2 subunit of HA. They
identified two pentapeptides that interacted with HA2 with high stability at both pH 7 and
5; however, the peptides have not been tested for their fusion inhibitory activity.

6.3. A Cholesterol-Coupled Peptide Corresponding to a Membrane Proximal Domain of HA
Inhibits Influenza Infection at Low Micromolar Concentrations

The internal coiled coil of HA identified in the low pH-induced, post-fusion structure
of the protein interacts with a region of HA immediately outside the viral membrane [63].
The peptide (P155-185) corresponding to a segment of this region, coupled to cholesterol at
its C-terminus (generating P155-181-chol), inhibits infection by influenza A/H3N2 with an
IC50 of 0.4 µM. A peptide missing the four C-terminal amino acids has an IC50 of 2 µM. The
peptides without the cholesterol do not have a significant inhibitory effect. The authors
attributed this effect to the insertion of the cholesterol moiety into the plasma membrane
and internalization of the coupled peptide together with the virus in endosomes. The
acidification of the endosome lumen exposes the region of HA recognized by the peptide,
thereby preventing the full conformational change of the protein that would otherwise
induce membrane fusion [63].

6.4. A Fusion Inhibitory Peptide Derived from a Helical Region of HA2 Coupled to a
Cell-Penetrating Peptide Reduces the Viral Titer in an Animal Model

Figueira et al. [64] added a cell-penetrating peptide to a fusion inhibitory peptide of
43 amino acids, which was derived from a helical region of the HA2 subunit participating
in helix–helix interactions. The cell-penetrating peptide, which would facilitate partition of
the entire peptide into the plasma membrane, was derived from the HIV-1 Tat protein. The
new construct inhibits influenza virus fusion with liposomes composed of dioleoylphos-
phatidylcholine, a zwitterionic lipid, at a relatively high concentration (10 µM), which may
be expected because of the absence of a sialic acid-containing receptor on the liposome
surface. The intranasal administration of the peptide, however, reduces significantly the
local viral titer in infected rats.
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6.5. The Peptide iHA-100 Generated by a Macrocyclic Peptide Expression System Inhibits
Membrane Fusion at Nanomolar Concentrations

The Random Non-Standard Peptides Integrated Discovery (RaPID) system is a peptide
screening system that combines mRNA display technology with the Flexible In Vitro
Translation System [65]. This system consists of “flexizyme”, an artificial ribozyme and a
cell-free translation system from Escherichia coli, and enables the expression of thioether-
macrocyclic peptides including non-standard amino acids [65]. This system helps in the
identification of high-affinity ligands for a protein of interest. Using the RaPID system,
Saito et al. [66] obtained macrocycles named iHAs that can bind influenza HA. Among
these peptides, iHA-100 inhibits both viral adsorption (IC50 = 0.036µM) and membrane
fusion (EC50 = 0.07 µM) by interacting with the HA stalk domain.

Table 5. Peptide inhibitors of influenza virus fusion *.

Peptide Target Experimental System Reference

C18-s2 HA receptor-binding domain Virus infection [61]
EB HA receptor-binding domain Virus-induced cytopathology [62]

P155-181-chol HA internal coiled coil Virus infection [64]
43 aa Peptide-CPP HA2 helix–helix interactions Virus–liposome fusion; in vivo [65]

iHA-100 HA stalk domain Virus infection [67]
Cyclic P5, P6 HA stem hydrophobic region Virus neutralization [68]

* Abbreviations: HA, hemagglutinin; CPP, cell-penetrating peptide.

6.6. The Complementarity Determining Domains of Neutralizing Antibodies Can Be Used to
Design Peptides

In a different approach to peptide design, Kadam et al. [67] utilized the complementarity-
determining region loops of human broadly neutralizing antibodies against influenza HA.
The optimized peptides, at nanomolar concentrations, bind to the stem region of HA of 2009
H1N1 pandemic and avian H5N1 strains and block the low pH-induced conformational
change of HA that leads to membrane fusion.

7. Hepatitis Viruses
7.1. The Region of the Hepatitis Virus L Protein That Binds to the Cell Surface
Sodium-Taurocholate Co-Transporting Polypeptide Receptor has been Identified

The Hepatitis B virus (HBV) membrane has large (L), middle (M) and small (S)
membrane-spanning glycoproteins that share the same C-terminal S-domain, which is
anchored in the lipid bilayer by five membrane-spanning helices. The L protein contains
the N-terminal pre-S1, the central pre-S2 and the C-terminal S domains. M lacks the
pre-S1 domain, and S only has the S domain [68]. These proteins are glycosylated type II
transmembrane proteins. They form multimers with disulfide bridges. The virus interacts
first with heparan sulfate proteoglycans on the hepatocyte surface. The myristoylated
N-terminal of the pre-S1 domain [69,70] binds to the high-affinity receptor, the sodium-
taurocholate co-transporting polypeptide (NTCP/SLC10A1) [70,71]. The identification of
NTCP as a hepatocyte receptor has revealed a target for HBV entry inhibition [68,72–75].

7.2. Myrcludex B Inhibits the Binding of Hepatitis B Virus to Its Receptor

The myristoylated peptide, Myrcludex B, whose sequence corresponds to the N-
terminal amino acids of the pre-S1 of L, inhibits HBV and hepatitis D virus entry into
hepatocytes by binding with high efficacy to NTCP (IC50 = 80 pM) [74,76] (Table 6). Myr-
cludex B (currently named bulevirtide) is currently in phase III clinical trials in chronically
HBV-/HDV-infected patients [77].
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Table 6. Peptide inhibitors of hepatitis virus binding/fusion *.

Peptide Target Experimental System Reference

Myrcludex B (bulevirtide) NTCP Hepatitis B virus infection [74,76]
E27 E1–E2 protein dimerization Hepatitis C virus fusion [78]

CL58 E2 Hepatitis C virus fusion [79]

* Abbreviations: NTCP, sodium-taurocholate co-transporting polypeptide; E1, E2, Hepatitis C envelope proteins.

7.3. The E2 Protein of Hepatitis C Virus Interacts with Different Cellular Receptor Molecules,
including Tetraspanin, Claudin and Transferrin Receptor 1

Hepatitis C virus (HCV), a small, enveloped virus containing a positive-sense, single-
stranded RNA, is classified in the Hepacivirus genus of the Flaviviridae family. The envelope
glycoproteins E1 and E2 are type I transmembrane proteins with an N-terminal ectodomain
and a short C-terminal transmembrane domain. They form large covalent heterodimers
stabilized by disulfide bridges [80]. The entry of HCV into hepatocytes requires interactions
between the viral envelope proteins and several host cell surface molecules, including
tetraspanin CD81, scavenger receptor class B type 1 (SR-B1), claudin-1 and occludin,
transferrin receptor 1 (TfR1), receptor tyrosine kinases (RTKs), Niemann-Pick C1-like
1 (NPC1L1) cholesterol uptake receptor and epidermal growth factor receptor [68,69]. E2 is
the major HCV envelope protein that directly interacts with these receptor molecules. HCV
associates with lipoproteins, forming hybrid particles called lipo-viro-particles (LVP). The
first step of HCV entry involves the interaction between LVP-associated ApoE, cell surface
heparan sulfate proteoglycans (particularly syndecans 1 and 4) and the LDL receptor. LVP
then interacts with SR-B1 via ApoE and ApoB-100. The cholesterol transfer activity of
SR-B1 enables E2 exposure and binding to SR-B1 and CD81. Binding to CD81 activates the
epidermal growth factor receptor signaling pathway, and the interaction between CD81
and claudin-1 mediates HCV endocytosis. This is followed by low pH-induced fusion
between the viral and endosome membranes [78,81–89].

7.4. Peptides from the E2 Protein and from Claudin-1 Inhibit Infection at
Micromolar Concentrations

Chi et al. [90] identified a peptide from the E2 stem domain named E27 that blocks
E1–E2-mediated cell–cell fusion, and inhibits entry of HCV pseudo-particles, as well as
infection by cell culture-derived HCV, with an EC50 of 0.73 µM. E27 likely prevents fusion
by interfering with E1–E2 dimerization and by inducing conformational changes of the
E1–E2 dimer. Better activity was achieved by shortening this peptide from 35 to 29 amino
acids. An 18-amino acid peptide derived from the N-terminus of claudin-1 inhibits a late
step during viral entry, most likely after the binding step, with an IC50 of 2.1 µM [79]. The
peptide, designated as CL58, is not cytotoxic at concentrations about 100-fold higher than
the IC50. Slightly shorter peptides have much higher IC50s, and slightly longer peptides
have slightly higher IC50s, highlighting the importance of peptide length in the design
of inhibitors.

The lipopetide Myrcludex B inhibits hepatitis B virus entry, and the peptides CL58
and E27 inhibit hepatitis C virus fusion.

8. Paramyxovirusess
8.1. The Envelope Protein H Mediates Virion Attachment to the Host Cell Membrane, and the F
Protein Carries out the Membrane Fusion Reaction That Involves the Anti-Parallel Alignment of
Heptad Repeat Domains

Paramyxoviruses are lipid-enveloped, negative-strand RNA viruses in which the sin-
gle strand of RNA forms a helical nucleocapsid with the nucleoproteins and is transcribed
into positive-strand mRNA by the RNA-dependent RNA polymerase [1,2]. They include
the medically important viruses, measles, mumps and respiratory syncytial viruses. The
lipid envelope is pleomorphic and incorporates hemagglutinin, H, neuraminidase and the
fusion protein, F. The virus also has the nucleoprotein, large protein, P protein and the
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matrix protein [91]. Paramyxoviruses bind to cell surface receptors including sialic acid,
CD46 and CD150. Mumps virus uses α2,3-linked sialic acids in oligosaccharides on lipids
or glycoproteins. Clinical isolates of measles virus bind CD150 and the adherens-junction
protein, nectin-4, whereas laboratory and vaccine strains use CD46 as their receptors [92].

The H protein mediates attachment to the host cell, and the F protein initiates the
membrane fusion reaction after the cleavage of a precursor that exposes the fusion peptide,
which is inserted into the host cell membrane [57,93,94], providing an intermediate struc-
ture that pulls together the viral and cellular membranes. The two heptad-repeat domains
on the F protein fold onto each other and onto the neighboring F proteins in an anti-parallel
fashion. The resulting six-helix bundle brings the membranes closer. The formation of
this structure can be inhibited by complementary peptides [95], as in the cases of the other
viruses described above.

8.2. A Short Peptide Analogous to the N-Terminus of the Cleaved F Protein Can Inhibit Sendai
Virus Fusion

The earliest discovery that a peptide could inhibit viral infection was made by Richard-
son et al. [17]. They found that a peptide with an amino acid sequence similar to that
at the N-terminus of the paramyxovirus F1 (carbobenzoxy-D-Phe-L-Phe-Gly) inhibits
viral replication. It also inhibits the fusion of the paramyxovirus, Sendai virus, with li-
posomes [96]. The inhibitory mechanism has been correlated with the inhibition of the
bilayer-to-hexagonal II phase transition of a species of phosphatidylethanolamine [97].
Whether this potential mechanism of inhibition is relevant to actual viral membrane fusion
is not known.

Rapaport et al. [98] found that a peptide corresponding to the Sendai virus F protein
heptad repeat closest to the viral membrane inhibits its fusion with erythrocytes. Peptides
derived from the paramyxovirus F1 protein, with amino acid sequences similar to that of
peptide inhibitors of HIV-1 (DP-107 and DP-178 (T-20)), have antiviral activity, blocking
syncytium formation by respiratory syncytial virus, human parainfluenza virus type 3 and
measles virus, with EC50s between 15 and 250 nM [99]. Synthetic peptides of 34 amino
acids corresponding to the heptad repeat domains of the F proteins of human parainfluenza
virus type 2 and type 3 proximal to the transmembrane segment of the protein inhibit
syncytium formation by these viruses at EC50 of 2.1 µM and 1.2 µM, respectively, and
inhibit viral entry [100].

8.3. The Peptides HRC4 and HRC2 Derived from the Measles Virus F-Protein C-Terminal Heptad
Repeat Region Inhibit Measles Virus Infection at Nanomolar Concentrations

Dimer peptides corresponding to the measles virus F-protein C-terminal heptad repeat
region inhibit measles virus infection at IC50 values in the range 1–2 nM (for peptides HRC4
and HRC2) when coupled to cholesterol that presumably enables insertion of the conjugate
into the cell plasma membrane. HRC4-cholesterol prevents measles virus-induced death
in a murine model when administered intranasally at a dose of 6 mg/kg, 24 h before
infection [101]. When peptides are coupled to lipids, they can self-assemble into micellar
nanoparticles and can partition into cell membranes [102]. Membrane-localized peptides
can interact more effectively with the viral heptad repeat regions compared to plain
peptides [103]. Cholesterol-derivatized HRC peptides inhibit the entry of parainfluenza
virus type 3 into CV1 cells at an IC50 of about 7 nM, whereas plain peptides have a 100-fold
higher IC50 [104]. The highest antiviral activity is achieved when cholesterol is attached
to the C-terminus of the peptide, suggesting that the positively charged amino terminus
may be involved in the interaction of the peptide with its target in the F protein, or that the
anti-parallel orientation of the peptide helix is important for inhibition.
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9. Flaviviruses
9.1. The Class II E Protein of Flaviviruses Binds to Phosphatidylserine Receptors on Host Cells,
and its Low pH-Induced Conformational Change in Endosomes Mediates the Interaction between
Two Domains of the Protein

Dengue, yellow fever and West Nile viruses are flaviviruses that are enveloped,
positive-strand RNA viruses that infect their host cells via receptor-mediated endocytosis.
The E protein of the viral envelope binds to attachment factors, including glycosamino-
glycans on the cell membrane [105]. The TIM and TAM proteins are families of receptors
that are involved in the phagocytotic removal of phosphatidylserine-expressing apoptotic
cells. These proteins act as receptors for the phosphatidylserine present in the Dengue
virus membrane [106,107]. This negatively charged lipid is most likely acquired during
viral biosynthesis in the endoplasmic reticulum [108]. The E protein, a class II fusion
protein, undergoes a low pH-induced conformational change that mediates the interaction
between the stem region and domain II; this change also mediates a transition from dimers
to trimers [109–111] that initiates the membrane fusion reaction between the virus and the
endosome membrane.

9.2. Peptides Derived from the E Protein Stem Helix 2 Inhibit Infection of Japanese Encephalitis
Virus at Nanomolar IC50

Costin et al. [112] designed peptides that interact with the E protein of Dengue virus
and inhibit viral infection in culture (Table 7). They used high-resolution structural infor-
mation for the dimeric form of the E protein, and computational optimization of binding.
The peptides DN57opt and 1OAN1 have IC50s of 8 µM and 7 µM, respectively, inhibit virus
binding to cells, and bind directly to the E protein. Chen et al. [111] investigated the ability
of peptides derived from the E protein stem helix 2 of Japanese encephalitis virus to inhibit
infection. These peptides inhibit infection at nanomolar IC50s. The peptide P5 prevents
tissue pathology, decreases the viral load in an animal model, and inhibits lethality. P5 also
inhibits Zika virus infection at micromolar IC50 and prevents histopathological damage in
the brains of infected mice.

Table 7. Peptide inhibitors of flavivirus virus fusion *.

Peptide Target Experimental System Reference

DN57opt Dengue virus E protein Virus binding [112]
1OAN1 Dengue virus E protein Virus binding [112]

P5 JEV receptor Virus infection; tissue pathology [111]
* Abbreviation: JEV, Japanese encephalitis virus.

10. Herpesviruses
10.1. Herpesviruses Utilize a Complex Set of Membrane Proteins to Eventually Activate the gB
Protein, which Mediates Membrane Fusion by Inserting into the Host Cell Membrane and
Changing Conformation

Herpesviruses are enveloped, double-stranded DNA viruses with an icosahedral
nucleocapsid [2]. They bind to specific receptors on the surface of host cells, including
heparan sulfate and the intercellular adhesion molecule, nectin-1. The heterodimeric viral
membrane proteins gH–gL and the protein gB that mediates membrane fusion are required
for the cellular entry of the different herpesviruses [113,114]. The tropism of these viruses,
however, is determined by specific sets of viral glycoproteins, whose conformational
changes upon binding to cellular receptors appear to activate the Class III fusion protein
gB [115] to initiate membrane fusion. In the case of herpes simplex virus type 1 (HSV-1), the
gD binds to cell surface receptors, and then interacts with the gH–gL heterodimer, which in
turn activates gB [116]. A segment of gB inserts into the host cell membrane, and folds back
on itself to cause the viral and cellular membranes to come together. Several folded gB
trimers result in the formation of a fusion pore [113]. Epstein–Barr virus binding to B cells
is mediated by the glycoprotein gp42, which interacts with gH–gL, and the interaction of



Pathogens 2021, 10, 1599 15 of 27

the resulting trimeric complex with the receptor triggers gB to effect fusion. For entry into
epithelial cells, however, Epstein–Barr virus utilizes gH–gL to bind directly to the receptor,
thereby activating gB [113].

10.2. Peptides It1b and MelN4 Designed to Have Membrane “Interfacial Activity” Inhibit HSV-1
Infection at Low Micromolar Concentrations

The glycoproteins gB and gH of HSV-1 have heptad repeat sequences predicted to
form α-helical coiled coils [117,118]. Peptides corresponding to the coiled-coil domain
of gH and gB inhibit viral infection, but at very high doses (e.g., 65% inhibition at 500
µM) [119]. Peptides analogous to the hydrophobic, membrane-interactive segments of gH
(“fusion peptides”) inhibit viral plaque formation, with an IC50 of 160 µM for gH493-512
and 60 µM for gH626–644. It was suggested that the inhibitory effect may be the result
of peptide association with the “fusion peptide“ of gH [120]. The rather high inhibitory
concentrations of these peptides may be attributable to the subsequent observations that it
is the gB protein that mediates membrane fusion. Certain peptides designed de novo for
having interfacial activity (i.e., interacting with the interfacial region of lipid bilayers) can
inhibit HSV-1 infectivity; for example, the peptide It1b has an IC50 of <2 µM, and MelN4
has an IC50 of ~3 µM [121] (Table 8).

Table 8. Peptide inhibitors of herpes virus fusion *.

Peptide Target Experimental System Reference

It1b HSV-1 membrane Virus infection [121]
MelN4 HSV-1 membrane Virus infection [121]

gBh1m-Cys-PEG24-Chol HSV-1 gB protein Viral cytotoxicity [115]
* Abbreviation: HSV-1, herpes simplex virus type 1.

10.3. The Peptide gBh1m Corresponding to the N-terminal Domain of the Coiled-Coil Structure of
gB and Modified with Poly(ethylene glycol) and Cholesterol Inhibits HSV-1 Infection

The Galdiero laboratory started with a peptide (gBh1m) based on the N-terminal
region of the coiled coil that may be able to arrest gB in its pre-fusogenic state [119],
and modified it by conjugating 12-mer or 24-mer poly(ethylene glycol) and cholesterol
to either end of the peptide [115]. The peptide gBh1m-Cys-PEG24-Chol modified at the
C-terminus appeared to be the most effective among the reagents with different molecular
arrangements, having an IC50 of approximately 8 µM, when the peptide was added to
the culture at the time of infection. This peptide also had the highest “selectivity index”,
defined as the ratio of the 50% cytotoxic concentration (CC50) to the IC50.

The relatively high concentrations of the peptides designed against herpesvirus fusion
compared to those for HIV-1 and coronaviruses is most likely related to the rather complex
structure of the Class III fusion protein of herpesviruses [113,114,122].

11. Filoviruses
11.1. The Ebola Virus Membrane Protein GP1 Is Cleaved in Endosomes and the Cleaved Form
GPcl Binds the Cholesterol Transporter Niemann-Pick C1

Filoviruses are filamentous, enveloped, negative-strand RNA viruses, and include
Marburg and Ebola viruses [2]. Ebola virus attaches to the TIM and TAM family of
phosphatidylserine receptors that interact with this lipid in the viral membrane, and lectins
that bind the viral glycoprotein GP [123,124]. The latter comprises GP1, the receptor-
binding subunit, and GP2, the fusion subunit. Following internalization of the virus by
macropinocytosis, and possibly by clathrin- or caveolin-mediated endocytosis [123,125],
GP1 is cleaved by cathepsins B and L in endosomes, and the cleaved form (GPcl) binds the
endosomal cholesterol transporter protein, Niemann-Pick C1. This interaction, however,
does not appear to be sufficient to induce membrane fusion [124]. In a cell–cell fusion
model, mildly acidic pH was found not to be the trigger for membrane fusion [126].
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11.2. Conjugation of the HIV-1 Tat Peptide to an Ebola Virus CHR Peptide Mediates Endosome
Localization and Enhances Antiviral Activity

Fusion of the Ebola virus with cellular membranes is likely to be facilitated by con-
formational changes of GP2, resulting in the six-helix bundle structure involving the
heptad repeats near the N-terminus (NHR) and that near the C-terminus (CHR) of the
protein. Since C-peptides corresponding to the CHR have very low antiviral activity,
Miller et al. [127] attached the peptide to the arginine-rich (hence, positively charged)
sequence from the HIV-1 Tat protein. This conjugate (Tat-Ebo) specifically inhibited viral
entry mediated by the GP protein (with an IC50 of about 30 µM) and Ebola virus infection
(with an IC50 of about 20 µM), possibly resulting from the accumulation of the peptide
conjugate in endosomes (Table 9).

Table 9. Peptide inhibitors of filovirus fusion *.

Peptide Target Experimental
System Reference

Tat-Ebo EV GP2 protein Pseudo-virus and
virus infection [127]

RVFV-6 EV GP2 protein, EV membrane Virus infection [128]
Pep-3.2 EV GPcl EV-GP pseudo-virus [129]
Pep-3.3 EV GPcl EV-GP pseudo-virus [129]

* Abbreviation: EV, Ebola virus type; GPcl, cleaved GP protein of Ebola virus.

11.3. Peptides Can Have Inhibitory Effects across Virus Families

A peptide (RVFV-6) based on the stem region of the Rift Valley fever virus fusion
glycoprotein, Gc, inhibits not only infection by this virus, but also Ebola virus infection
in Vero E6 cells, with an IC50 of 11 µM [128]. The peptide is thought to interact with both
the viral and cellular membranes, and then binds specifically to the Gc that undergoes a
conformational change at low pH in the endosomes. C-peptides conjugated to cholesterol
inhibit Ebola virus glycoprotein-mediated infection of pseudo-typed vesicular stomatitis
virus, with an IC50 of about 6 µM, and reduce infection by three orders of magnitude
at 40 µM. The observation that these peptides also inhibit fusion by vesicular stomatitis
virus glycoprotein G protein indicate that the action of the peptides is not specific to Ebola
virus fusion.

11.4. Cyclic Peptides That Bind GPcl Can Inhibit Infection by a Pseudotyped Virus

Li et al. [129] used docking and molecular dynamic simulations to design cyclic
peptides that could bind the cleaved Ebola virus protein GPcl at the site that interacts with
the Niemann-Pick C1 protein, based on the crystal structure of the two interacting proteins.
The most effective of these peptides is Pep-3.3, which inhibits infection by GP-pseudo-typed
HIV-1 at an IC50 of 5.1 µM.

Despite the very high mortality rate of Ebola virus infection, it is disappointing that
the experimental peptides have not progressed to clinical trials, or emergency use.

12. Protein Design Methods to Target Protein Interfaces

Peptide-mediated interactions between proteins is a common mechanism, accounting
for up to 40% of the protein interactions in cells [130]. More broadly and in the context of
protein–protein interfaces, peptides represent an important tool to modulate interactions
as there is a growing perception that traditional low molecular weight, drug-like chemical
compounds are not well suited to target protein interfaces, given their size [131]. Peptides
present a number of advantages that make them the more natural candidates to target
protein interfaces [132], with over 60 peptide therapeutics on the market, and several
hundred in preclinical and clinical development [133].
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Computational approaches can aid in the discovery and design of peptide ligands to
target protein interfaces. These will be briefly presented in this section, together with a
more detailed description of a method published earlier [134]. This method was applied
to the S spike protein of SARS-CoV-2 to derive a repository of peptides to target the
interaction with the human angiotensin-converting enzyme 2 receptor. The repository
is termed the PepI-Covid19 database (http://bioinsilico.org/pepicovid19, accessed on
1 December 2021) [135]. There are two basic approaches to design peptides, depending on
the information required:

(1) Methods based on the primary structure of proteins, i.e., the sequences; and
(2) Those based on the three-dimensional structure of the proteins.

13. Sequence-Based Methods
13.1. Relying on the Primary Sequence of Proteins, Synthesized Peptides Can Mimic the Key
Contacts between Interacting Proteins and Inhibit Their Normal Functions

These methods rely on the primary sequence of proteins to design peptides. A com-
mon approach relies on the mimicry of one of the partners in a given protein–protein
interaction. The idea behind this is rather simple and involves the identification of short
stretches of residues on either of the interacting protein partners that, once synthesized as
peptides, will act as a surrogate by mimicking the key contacts between partners, and there-
fore impinging upon the normal interaction of the full proteins. This approach presents a
number of limitations where perhaps the most important is to assume that the isolated pep-
tide will retain the same conformation as when it is part of the protein. Additionally, given
the fact that the only information used is the sequence, the uncertainty with regards to the
context and specific location of the putative interacting peptides is very high. Nonetheless,
this method has been pursued and used successfully to identify peptides to modulate,
among others, the interactions between protein kinases and their substrates [136,137], the
inhibition of beta-APP-cleaving enzyme-1, an important target in Alzheimer’s disease [138],
the inhibition of G-protein-coupled receptors [139], the inhibition of integrins using deriva-
tives and constrained (cyclic) peptides presenting the conserved Arg-Gly-Asp motif or the
interactions between viral interleukin-6 and the gp130 receptor [140], among others [141]
(see the review by Rubinstein and Niv [142] for more details). Examples were presented
earlier in this review where the peptides were derived from particular regions of the pro-
teins, like Enfuvirtide derived from the CHR domain of gp41, which inhibits the fusion
of HIV and the host cell plasma membrane [23,24,143]. Using the sequence method, we
designed a peptide that competes with and disrupts the aggregation of β-amyloids [144].

13.2. Large-Scale Peptide Screening, Utilizing Phage-Display, mRNA or DNA-Encoded Libraries,
Can Generate Inhibitory Molecules following Large-Scale Screening

The discovery of inhibitory peptides can also be approached using large-scale peptide
screening. This approach is slightly different and relies on the high-throughput synthesis
of peptide libraries that are subsequently used to probe the protein of interest. Peptide
libraries can be constructed using phage-display [145], mRNA [146] or DNA-encoded
libraries [147], bead-based libraries [148,149] or peptide arrays [150]. The sequences sam-
pled by these libraries can be totally random or biased toward a specific size and/or
amino acid composition, depending on the information available. Their diversity ranges
from 108 to 1013 combinations; so, the downstream processing of screening is important
to identify binders through affinity selection and mass spectrometry [151]. Indeed, the
necessity of a scalable downstream assay to assess the bioactivity of the peptides is a central
and, often, the most difficult and challenging aspect of designing therapeutic peptides.
The size of the peptides in these libraries is often predetermined and can result in the
discovery of not only the recapitulation of variants of native ligands, but also, and more
importantly, the discovery of novel sequences that are not similar to the native ligands
and/or interface regions. Examples of large-scale screening identifying protein–protein
inhibitors include the targeting of the interaction between p53-MDM2 and MDMX com-

http://bioinsilico.org/pepicovid19
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plexes [151], 14-3-3-mediated interactions [152] and protein kinase B-Akt interactions [153].
Finally, the advent of “omics” technologies, and more precisely genomics, transcriptomics
and peptidomics, has allowed for the discovery of novel peptide sequences to modulate
protein interactions [154,155]. Instead of relying on the discovery of peptides based on de
novo synthesis, these approaches identify potential peptide ligands from the mining of
sequences from natural repertoires. While these methods do not require the generation of
libraries of variants, they share with the de novo discovery methods the same challenges
of high-throughput synthesis and downstream screening.

Clearly, sequence-based identification of peptides is a very useful method in generat-
ing inhibitory molecules to a first approximation.

14. Structure-Based Methods
14.1. The Precise Structural Information of the Target Protein or Protein Complex Can Be Used in
Modeling and Designing Inhibitory Peptides

The structure of proteins and/or protein complexes provides extremely valuable
information for the design of peptides. On the one hand, the structure of a protein complex
defines very precisely the structural features of the protein interface(s). On the other hand,
it allows for the identification of the structural determinants and dominant secondary struc-
ture elements, e.g., α-helix, driving the interactions between partners. This information is
then included in the modeling and designing of the peptides. The main positive aspect
of these methods is, therefore, the precise structural information of the target protein or
protein complex that can be fed into the modeling and designing process of the peptides.
The negative aspect is, of course, the fact that obtaining the three-dimensional structure of
proteins or protein complexes is far from trivial; thus, the range of applicability of these
methods is restricted.

14.2. Chemical Modifications of the Peptides, including Carbon-Stapling and Peptide Cyclization,
Can Preserve Their Structural Integrity

Analogous to the sequence-based method that relies on the use of residue stretches
to identify decoys of the protein interfaces, the structure of the protein complex enables
the precise designation of the regions of the protein sequence that can play an impor-
tant role in the interaction. Once the region of interest is identified, the peptide can be
synthesized, and the inhibitory properties assessed. More important, however, as the
structure of the fragment is known, it is possible to design chemical modifications, includ-
ing carbon-stapling [156] or peptide cyclization [157], to ensure the structural integrity
of isolated peptides, as it is not guaranteed that the conformation of the fragment will
be preserved once isolated from the protein, i.e., as a peptide. Some examples are the
stapling of the α-helix central to the interaction between NoxA and MCL-1 [158], and the
cyclic peptide derived from a loop region mediating the interaction between the human
14-4-3-zeta protein and the virulence factor exoenzyme S of Pseudomonas aeruginosa [159].
Finally, the structure of the complex also facilitates the identification of the regions that con-
tribute the most to the interactions, either at the residue level (so-called hot spots) [160] or
stretches [161], with information that can be used to guide the selection of putative binders.

In terms of targeting protein interfaces using structure-based-designed peptides, there
is a wide range of methodologies. Among those are the de novo methods. Such approaches
include the design of peptides by iterative growth from an initial position [162] or guiding
the growth of the peptide from disemboweled interface residues [163]. Other approaches
have been proposed to design peptides based on the linking of fixed elements in the
interface with residues [164], property-guided searches [165], ‘docking and linking’ of
fragments [166] or optimization [167], including a fast and enhanced search based on ant
colony heuristic optimization [168]. A different set of approaches relies on the docking of
peptides to a given interface in a dock-and-fold manner [169,170].
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15. PiPRED: A Knowledge- and Structure-Based Method
15.1. The Natural Behavior of Peptide Sequences Can Be Utilized to Design Bioactive Peptides

A different take on modeling and design of peptides based on structure, compared
to the de novo approaches described above, is the one utilizing the natural repertoires
of peptide conformations, also known as the “knowledge-based” Method. There are
advantages of the knowledge-based methods compared to de novo methods: they are less
computing intensive, exploiting the natural repertoire of peptide sequences, which has
been proven to increase the probability of identifying bioactive peptides [171], as well as
not being conformationally biased, and being sequence independent; i.e., there is no need
for initial sequence information upon which to model and design peptides.

15.2. The Entire Peptide–Protein Interface Is Systematically Explored during Modeling in a
Knowledge-Based Approach to Find the Optimal Conformations

PiPreD is an example of a knowledge-based approach to modeling and designing
peptides [134]. It relies on a library of structural fragments: iMotifs-DB, extracted from the
structure of protein–protein or protein–peptide complexes. Besides exploiting the natural
repertoire of structural motifs, PiPreD incorporates native elements of the interface with
the targets by using disembodied interface residues, called “anchor residues”. During
the modeling stage, the entire interface is systematically and comprehensively explored
to find suitable conformations in iMotifs-DB, maximizing the number of anchor residues
surrogated by modelled peptides. The modeling stage is totally unbiased, and, therefore,
neither the preferred conformation of the peptides nor specific regions or the interface
are predetermined. PiPreD has been applied successfully to derive peptides to target
RAS-mediated interactions [172] and the Fn14-TWEAK complex [173], and to generate a
repertoire of peptide inhibitors of the spike protein, S, of SARS-CoV-2 (vide infra). PiPreD
can be downloaded from http://www.bioinsilico.org/PIPRED or accessed as a web-server
at http://galaxy.interactomix.com/tool_runner?tool_id=interactomix_pipred accessed on
1 December 2021).

The PiPreD approach is likely to be applied successfully to the design of peptide
inhibitors of viral fusion proteins.

16. PePI-Covid19 Database: A Repertoire of Peptides to Target SARS-CoV-2 Binding
to ACE2
16.1. Macromolecules such as the Soluble ACE2 Receptor for SARS-CoV-2, Computationally
Modified ACE2, Mini-Proteins and Aptamers Can Inhibit Viral Infection

The interaction between S and its cellular receptor, ACE2, is key in the infectious cell
entry of SARS-CoV-2 [174,175]. The receptor-binding domain (RBD) of the spike protein
recognizes the ACE2 receptor with a high affinity; therefore, blocking this interaction
is a therapeutic avenue to fight the disease. Indeed, several recent studies have shown
that targeting the RBD with soluble ACE2 [176], including computationally modified
ACE2 [177], mini-proteins [178], neutralizing antibodies [179–181], nanobodies [182] and
aptamers [183,184], can prevent infection. In the same manner, peptides can also contribute
to the armory of reagents to fight SARS-CoV-2, as shown by the discovery of potent fusion
inhibitors [49], or peptides derived from the N-terminus region of ACE2 [185].

16.2. The PePI-Covid19 Database Was Established Based on the PiPreD Method to Design
Peptides That Target the Receptor-Binding Region of the S Protein

The PePI-Covid19 database [135] represents yet one more effort in the direction of
finding novel peptides to block a key process in the invasion of cells by SARS-CoV-2. Since
the start of the COVID-19 pandemic, several structures of protein complexes involving
ACE2 and RBD [175,186], as well as monoclonal antibodies [179,180] and nanobodies [182]
have become available. We leveraged the structural data to design peptides to target the
interaction between the RBD of SARS-CoV-2 and ACE2, and SARS-CoV and ACE2, as
contrasting examples, as well as the dimerization surface of ACE2 monomers. The peptides
were modelled using the PiPreD method described above, and they recapitulate stretches
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of residues present in the native interface, plus novel and highly diverse conformations
surrogating key interactions at the interface. These peptides are freely available through
a dedicated web-based repository, the PepI-Covid19 database (http://bioinsilico.org/
pepicovid19, accessed on 1 December 2021), providing convenient access to this wealth of
information to the scientific community with the view of maximizing its potential impact
in the development of novel therapeutic and diagnostic agents. These peptides are being
tested currently in our laboratories.

The PePI-Covid19 database provides a range of peptides that may inhibit SARS-CoV-2
binding to its cellular receptor.

17. Concluding Remarks

One of the common mechanisms employed by certain viral fusion proteins, the
formation of the six-helix bundle, has been exploited in the development of numerous
peptide inhibitors that interfere with the formation of this structure. The localization of the
peptide inhibitors in the vicinity of the fusion reaction by the addition of a lipid moiety
to the peptide appears to further enhance the inhibitory activity. Lipid conjugation may
also facilitate the co-endocytosis of the peptides and viruses whose fusion takes place after
endocytosis. Computational approaches are used in the design of peptides to target protein
interfaces involved in viral membrane fusion. Peptide design methods are based either on
the primary structure of proteins or the three-dimensional structure of the proteins. It will
be of great interest to apply these methods to develop inhibitors of the fusion of SARS-CoV-
2 with cellular membranes. Indeed, peptides can complement existing strategies in the
quest for finding novel therapeutic agents to fight COVID-19, including those exploiting the
use of more traditional drug entities (i.e., small chemicals) or macro drugs (e.g., monoclonal
antibodies, nanobodies or mini proteins). The peptides may have to be further modified
to confer resistance to peptidases and to prolong the availability of these inhibitors in the
circulation and the lungs. Future research should also be directed towards the delivery of
the therapeutic peptides to the sites of viral infection. Many viral infections are transmitted
via the respiratory route, including SARS-CoV-2 and the influenza virus. Thus, the delivery
by inhalation of free peptides or peptides anchored in liposomal membranes may be an
efficient method to reach sites of initial infection [187].
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124. Fénéant, L.; Szymańska-de Wijs, K.M.; Nelson, E.A.; White, J.M. An exploration of conditions proposed to trigger the Ebola virus

glycoprotein for fusion. PLoS ONE 2019, 14, e0219312. [CrossRef]
125. Jain, S.; Martynova, E.; Rizvanov, A.; Khaiboullina, S.; Baranwal, M. Structural and functional aspects of Ebola virus proteins.

Pathogens 2021, 10, 1330. [CrossRef]
126. Markosyan, R.M.; Miao, C.; Zheng, Y.M.; Melikyan, G.B.; Liu, S.L.; Cohen, F.S. Induction of cell-cell fusion by Ebola virus

glycoprotein: Low pH is not a trigger. PLoS Pathog. 2016, 12, e1005373. [CrossRef]
127. Miller, E.H.; Harrison, J.S.; Radoshitzky, S.R.; Higgins, C.D.; Chi, X.; Dong, L.; Kuhn, J.H.; Bavari, S.; Lai, J.R.; Chandran, K.

Inhibition of Ebola virus entry by a C-peptide targeted to endosomes. J. Biol. Chem. 2011, 286, 15854–15861. [CrossRef]
128. Koehler, J.W.; Smith, J.M.; Ripoll, D.R.; Spik, K.W.; Taylor, S.L.; Badger, C.V.; Grant, R.J.; Ogg, M.M.; Wallqvist, A.; Guttieri, M.C.; et al.

A fusion-inhibiting peptide against Rift Valley fever virus inhibits multiple, diverse viruses. PLoS Negl. Trop. Dis. 2013, 7, e2430.
[CrossRef]

129. Li, Q.; Ma, L.; Yi, D.; Wang, H.; Wang, J.; Zhang, Y.; Guo, Y.; Li, X.; Zhou, J.; Shi, Y.; et al. Novel cyclo-peptides inhibit Ebola
pseudotyped virus entry by targeting primed GP protein. Antivir. Res. 2018, 155, 1–11. [CrossRef]

130. Petsalaki, E.; Russell, R.B. Peptide-mediated interactions in biological systems: New discoveries and applications. Curr. Opin.
Biotechnol. 2008, 19, 344–350. [CrossRef]

131. Valkov, E.; Sharpe, T.; Marsh, M.; Greive, S.; Hyvonen, M. Targeting protein-protein interactions and fragment-based drug
discovery. Top. Curr. Chem. 2012, 317, 145–179.

132. Mullard, A. Protein-protein interaction inhibitors get into the groove. Nat. Rev. Drug Discov. 2012, 11, 173–175. [CrossRef]
[PubMed]

133. Lau, J.L.; Dunn, M.K. Therapeutic peptides: Historical perspectives, current development trends, and future directions. Bioorg.
Med. Chem. 2018, 26, 2700–2707. [CrossRef] [PubMed]

134. Oliva, B.; Fernandez-Fuentes, N. Knowledge-based modeling of peptides at protein interfaces: PiPreD. Bioinformatics 2015, 31,
1405–1410. [CrossRef]

135. Molina, R.; Oliva, B.; Fernandez-Fuentes, N. A collection of designed peptides to target SARS-Cov-2-ACE2 interaction: PepI-
Covid19 database. bioRxiv 2020. [CrossRef]

136. Mack, E.; Ziv, E.; Reuveni, H.; Kalman, R.; Niv, M.Y.; Jorns, A.; Lenzen, S.; Shafrir, E. Prevention of insulin resistance and beta-cell
loss by abrogating PKCepsilon-induced serine phosphorylation of muscle IRS-1 in Psammomys obesus. Diabetes. Metab. Res. Rev.
2008, 24, 577–584. [CrossRef] [PubMed]

137. Wexler, I.D.; Niv, M.Y.; Reuveni, H. Sequence-based protein kinase inhibition: Applications for drug development. BioTechniques
2005, 39, S575–S576. [CrossRef]

http://doi.org/10.1016/j.antiviral.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28232248
http://doi.org/10.1371/journal.pntd.0000721
http://www.ncbi.nlm.nih.gov/pubmed/20582308
http://doi.org/10.1038/s41579-020-00448-w
http://doi.org/10.1016/j.sbi.2019.12.004
http://www.ncbi.nlm.nih.gov/pubmed/31935542
http://doi.org/10.1016/j.ijbiomac.2020.06.134
http://www.ncbi.nlm.nih.gov/pubmed/32569683
http://doi.org/10.1128/JVI.01700-10
http://doi.org/10.1128/JVI.79.11.7042-7049.2005
http://www.ncbi.nlm.nih.gov/pubmed/15890943
http://doi.org/10.1128/JVI.80.5.2216-2224.2006
http://doi.org/10.1099/vir.0.81794-0
http://doi.org/10.1016/j.peptides.2008.04.022
http://doi.org/10.1128/JVI.01682-20
http://doi.org/10.1126/sciadv.abc1726
http://doi.org/10.1016/j.coviro.2012.02.015
http://doi.org/10.1371/journal.pone.0219312
http://doi.org/10.3390/pathogens10101330
http://doi.org/10.1371/journal.ppat.1005373
http://doi.org/10.1074/jbc.M110.207084
http://doi.org/10.1371/journal.pntd.0002430
http://doi.org/10.1016/j.antiviral.2018.04.020
http://doi.org/10.1016/j.copbio.2008.06.004
http://doi.org/10.1038/nrd3680
http://www.ncbi.nlm.nih.gov/pubmed/22378255
http://doi.org/10.1016/j.bmc.2017.06.052
http://www.ncbi.nlm.nih.gov/pubmed/28720325
http://doi.org/10.1093/bioinformatics/btu838
http://doi.org/10.1101/2020.04.28.051789
http://doi.org/10.1002/dmrr.881
http://www.ncbi.nlm.nih.gov/pubmed/18613220
http://doi.org/10.2144/000112045


Pathogens 2021, 10, 1599 26 of 27

138. Yeon, S.W.; Jeon, Y.J.; Hwang, E.M.; Kim, T.Y. Effects of peptides derived from BACE1 catalytic domain on APP processing.
Peptides 2007, 28, 838–844. [CrossRef] [PubMed]

139. Muratspahic, E.; Freissmuth, M.; Gruber, C.W. Nature-derived peptides: A growing niche for GPCR ligand discovery. Trends
Pharmacol. Sci. 2019, 40, 309–326. [CrossRef]

140. Sudarman, E.; Bollati-Fogolín, M.; Hafner, M.; Müller, W.; Scheller, J.; Rose-John, S.; Eichler, J. Synthetic mimetics of the gp130
binding site for viral interleukin-6 as inhibitors of the vIL-6–gp130 Interaction. Chem. Biol. Drug Des. 2008, 71, 494–500. [CrossRef]

141. Goodman, S.L.; Holzemann, G.; Sulyok, G.A.; Kessler, H. Nanomolar small molecule inhibitors for αvβ6, αvβ5, and αvβ3
integrins. J. Med. Chem. 2002, 45, 1045–1051. [CrossRef]

142. Rubinstein, M.; Niv, M.Y. Peptidic modulators of protein-protein interactions: Progress and challenges in computational design.
Biopolymers 2009, 91, 505–513. [CrossRef] [PubMed]

143. Jenny-Avital, E.R. Enfuvirtide, an HIV-1 fusion inhibitor. N. Engl. J. Med. 2003, 349, 1770–1771.
144. Garcia-Garcia, J.; Valls-Comamala, V.; Guney, E.; Andreu, D.; Munoz, F.J.; Fernandez-Fuentes, N.; Oliva, B. iFrag: A protein-protein

interface prediction server based on sequence fragments. J. Mol. Biol. 2017, 429, 382–389. [CrossRef]
145. Clackson, T.; Wells, J.A. In vitro selection from protein and peptide libraries. Trends Biotechnol. 1994, 12, 173–184. [CrossRef]
146. Wilson, D.S.; Keefe, A.D.; Szostak, J.W. The use of mRNA display to select high-affinity protein-binding peptides. Proc. Natl.

Acad. Sci. USA 2001, 98, 3750–3755. [CrossRef] [PubMed]
147. Zhao, G.; Huang, Y.; Zhou, Y.; Li, Y.; Li, X. Future challenges with DNA-encoded chemical libraries in the drug discovery domain.

Expert Opin. Drug Discov. 2019, 14, 735–753. [CrossRef] [PubMed]
148. Huang, L.C.; Pan, X.; Yang, H.; Wan, L.K.; Stewart-Jones, G.; Dorrell, L.; Ogg, G. Linking genotype to phenotype on beads: High

throughput selection of peptides with biological function. Sci. Rep. 2013, 3, 3030. [CrossRef]
149. Lam, K.S.; Lebl, M.; Krchnak, V. The “one-bead-one-compound” combinatorial library method. Chem. Rev. 1997, 97, 411–448.

[CrossRef]
150. Szymczak, L.C.; Kuo, H.Y.; Mrksich, M. Peptide arrays: Development and application. Anal. Chem. 2018, 90, 266–282. [CrossRef]
151. Quartararo, A.J.; Gates, Z.P.; Somsen, B.A.; Hartrampf, N.; Ye, X.; Shimada, A.; Kajihara, Y.; Ottmann, C.; Pentelute, B.L.

Ultra-large chemical libraries for the discovery of high-affinity peptide binders. Nat. Comm. 2020, 11, 3183. [CrossRef]
152. Stevers, L.M.; Sijbesma, E.; Botta, M.; MacKintosh, C.; Obsil, T.; Landrieu, I.; Cau, Y.; Wilson, A.J.; Karawajczyk, A.; Eickhoff, J.; et al.

Modulators of 14-3-3 protein-protein interactions. J. Med. Chem. 2018, 61, 3755–3778. [CrossRef]
153. Litman, P.; Ohne, O.; Ben-Yaakov, S.; Shemesh-Darvish, L.; Yechezkel, T.; Salitra, Y.; Rubnov, S.; Cohen, I.; Senderowitz, H.;

Kidron, D.; et al. A novel substrate mimetic inhibitor of PKB/Akt inhibits prostate cancer tumor growth in mice by blocking the
PKB pathway. Biochemistry 2007, 46, 4716–4724. [CrossRef]

154. Chassagnon, I.R.; McCarthy, C.A.; Chin, Y.K.; Pineda, S.S.; Keramidas, A.; Mobli, M.; Pham, V.; De Silva, T.M.; Lynch, J.W.;
Widdop, R.E.; et al. Potent neuroprotection after stroke afforded by a double-knot spider-venom peptide that inhibits acid-sensing
ion channel 1a. Proc. Natl. Acad. Sci. USA 2017, 114, 3750–3755. [CrossRef]

155. Cafe-Mendes, C.C.; Ferro, E.S.; Britto, L.R.; Martins-de-Souza, D. Using mass spectrometry-based peptidomics to understand the
brain and disorders such as Parkinson’s disease and schizophrenia. Curr. Top. Med. Chem. 2014, 14, 369–381. [CrossRef]

156. Blackwell, H.E.; Grubbs, R.H. Highly efficient synthesis of covalently cross-linked peptide helices by ring-closing metathesis.
Angew. Chem. Int. Ed. Engl. 1998, 37, 3281–3284. [CrossRef]

157. Davies, J.S. The cyclization of peptides and depsipeptides. J. Pept. Sci. 2003, 9, 471–501. [CrossRef] [PubMed]
158. Czabotar, P.E.; Lee, E.F.; van Delft, M.F.; Day, C.L.; Smith, B.J.; Huang, D.C.; Fairlie, W.D.; Hinds, M.G.; Colman, P.M. Structural

insights into the degradation of Mcl-1 induced by BH3 domains. Proc. Natl. Acad. Sci. USA 2007, 104, 6217–6222. [CrossRef]
[PubMed]

159. Glas, A.; Bier, D.; Hahne, G.; Rademacher, C.; Ottmann, C.; Grossmann, T.N. Constrained peptides with target-adapted cross-links
as inhibitors of a pathogenic protein-protein interaction. Angew. Chem. Int. Ed. Engl. 2014, 53, 2489–2493. [CrossRef]

160. Assi, S.A.; Tanaka, T.; Rabbitts, T.H.; Fernandez-Fuentes, N. PCRPi: Presaging Critical Residues in Protein interfaces, a new
computational tool to chart hot spots in protein interfaces. Nucl. Acids Res. 2010, 38, e86. [CrossRef]

161. London, N.; Raveh, B.; Movshovitz-Attias, D.; Schueler-Furman, O. Can self-inhibitory peptides be derived from the interfaces of
globular protein-protein interactions? Proteins 2010, 78, 3140–3149. [CrossRef]

162. Moon, J.B.; Howe, W.J. Computer design of bioactive molecules: A method for receptor-based de novo ligand design. Proteins
1991, 11, 314–328. [CrossRef] [PubMed]

163. King, C.A.; Bradley, P. Structure-based prediction of protein-peptide specificity in Rosetta. Proteins 2010, 78, 3437–3449. [CrossRef]
[PubMed]

164. Frenkel, D.; Clark, D.E.; Li, J.; Murray, C.W.; Robson, B.; Waszkowycz, B.; Westhead, D.R. PRO_LIGAND: An approach to de novo
molecular design. 4. Application to the design of peptides. J. Comput.-Aided Mol. Des. 1995, 9, 213–225. [CrossRef] [PubMed]

165. Teixido, M.; Belda, I.; Rosello, X.; Gonzalez, S.; Fabre, M.; Llor, X.; Bacardit, J.; Garrell, J.M.; Vilaro, S.; Albericio, F.; et al.
Development of a genetic algorithm to design and identify peptides that can cross the blood-brain barrier. QSAR Comb. Sci. 2003,
22, 745–753. [CrossRef]

166. Diharce, J.; Cueto, M.; Beltramo, M.; Aucagne, V.; Bonnet, P. In silico peptide ligation: Iterative residue docking and linking as a
new approach to predict protein-peptide interactions. Molecules 2019, 24, 1351. [CrossRef]

http://doi.org/10.1016/j.peptides.2007.01.006
http://www.ncbi.nlm.nih.gov/pubmed/17293005
http://doi.org/10.1016/j.tips.2019.03.004
http://doi.org/10.1111/j.1747-0285.2008.00649.x
http://doi.org/10.1021/jm0102598
http://doi.org/10.1002/bip.21164
http://www.ncbi.nlm.nih.gov/pubmed/19226619
http://doi.org/10.1016/j.jmb.2016.11.034
http://doi.org/10.1016/0167-7799(94)90079-5
http://doi.org/10.1073/pnas.061028198
http://www.ncbi.nlm.nih.gov/pubmed/11274392
http://doi.org/10.1080/17460441.2019.1614559
http://www.ncbi.nlm.nih.gov/pubmed/31111767
http://doi.org/10.1038/srep03030
http://doi.org/10.1021/cr9600114
http://doi.org/10.1021/acs.analchem.7b04380
http://doi.org/10.1038/s41467-020-16920-3
http://doi.org/10.1021/acs.jmedchem.7b00574
http://doi.org/10.1021/bi061928s
http://doi.org/10.1073/pnas.1614728114
http://doi.org/10.2174/1568026613666131204120747
http://doi.org/10.1002/(SICI)1521-3773(19981217)37:23&lt;3281::AID-ANIE3281&gt;3.0.CO;2-V
http://doi.org/10.1002/psc.491
http://www.ncbi.nlm.nih.gov/pubmed/12952390
http://doi.org/10.1073/pnas.0701297104
http://www.ncbi.nlm.nih.gov/pubmed/17389404
http://doi.org/10.1002/anie.201310082
http://doi.org/10.1093/nar/gkp1158
http://doi.org/10.1002/prot.22785
http://doi.org/10.1002/prot.340110409
http://www.ncbi.nlm.nih.gov/pubmed/1758885
http://doi.org/10.1002/prot.22851
http://www.ncbi.nlm.nih.gov/pubmed/20954182
http://doi.org/10.1007/BF00124453
http://www.ncbi.nlm.nih.gov/pubmed/7561974
http://doi.org/10.1002/qsar.200320004
http://doi.org/10.3390/molecules24071351


Pathogens 2021, 10, 1599 27 of 27

167. Roberts, K.E.; Cushing, P.R.; Boisguerin, P.; Madden, D.R.; Donald, B.R. Computational design of a PDZ domain peptide inhibitor
that rescues CFTR activity. PLoS Comput. Biol. 2012, 8, e1002477. [CrossRef] [PubMed]

168. Zaidman, D.; Wolfson, H.J. PinaColada: Peptide-inhibitor ant colony ad-hoc design algorithm. Bioinformatics 2016, 32, 2289–2296.
[CrossRef] [PubMed]

169. Raveh, B.; London, N.; Schueler-Furman, O. Sub-angstrom modeling of complexes between flexible peptides and globular
proteins. Proteins 2010, 78, 2029–2040. [CrossRef]

170. Donsky, E.; Wolfson, H.J. PepCrawler: A fast RRT-based algorithm for high-resolution refinement and binding affinity estimation
of peptide inhibitors. Bioinformatics 2011, 27, 2836–2842. [CrossRef]

171. Watt, P.M. Screening for peptide drugs from the natural repertoire of biodiverse protein folds. Nat. Biotechnol. 2006, 24, 177–183.
[CrossRef]

172. Cruz-Migoni, A.; Fuentes-Fernandez, N.; Rabbitts, T.H. Peptides: Minimal drug surrogates to interrogate and interfere with
protein function. MedChemComm 2013, 4, 1218–1221. [CrossRef]

173. Badia-Villanueva, M.; Defaus, S.; Foj, R.; Andreu, D.; Oliva, B.; Sierra, A.; Fernandez-Fuentes, N. Evaluation of computationally
designed peptides against TWEAK, a cytokine of the tumour necrosis factor ligand family. Int. J. Mol. Sci. 2021, 22, 1066.
[CrossRef] [PubMed]

174. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kruger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.;
Nitsche, A.; et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor.
Cell 2020, 181, 271–280. [CrossRef]

175. Yan, R.; Zhang, Y.; Li, Y.; Xia, L.; Guo, Y.; Zhou, Q. Structural basis for the recognition of SARS-CoV-2 by full-length human ACE2.
Science 2020, 367, 1444–1448. [CrossRef]

176. Monteil, V.; Kwon, H.; Prado, P.; Hagelkruys, A.; Wimmer, R.A.; Stahl, M.; Leopoldi, A.; Garreta, E.; Hurtado Del Pozo, C.;
Prosper, F.; et al. Inhibition of SARS-CoV-2 infections in engineered human tissues using clinical-grade soluble human ACE2. Cell
2020, 181, 905–913. [CrossRef]

177. Chan, K.K.; Dorosky, D.; Sharma, P.; Abbasi, S.A.; Dye, J.M.; Kranz, D.M.; Herbert, A.S.; Procko, E. Engineering human ACE2 to
optimize binding to the spike protein of SARS coronavirus 2. Science 2020, 369, 1261–1265. [CrossRef]

178. Cao, L.; Goreshnik, I.; Coventry, B.; Case, J.B.; Miller, L.; Kozodoy, L.; Chen, R.E.; Carter, L.; Walls, A.C.; Park, Y.J.; et al. De novo
design of picomolar SARS-CoV-2 miniprotein inhibitors. Science 2020, 370, 426–431. [CrossRef]

179. Barnes, C.O.; Jette, C.A.; Abernathy, M.E.; Dam, K.A.; Esswein, S.R.; Gristick, H.B.; Malyutin, A.G.; Sharaf, N.G.; Huey-Tubman,
K.E.; Lee, Y.E.; et al. SARS-CoV-2 neutralizing antibody structures inform therapeutic strategies. Nature 2020, 588, 682–687.
[CrossRef]

180. Shi, R.; Shan, C.; Duan, X.; Chen, Z.; Liu, P.; Song, J.; Song, T.; Bi, X.; Han, C.; Wu, L.; et al. A human neutralizing antibody targets
the receptor-binding site of SARS-CoV-2. Nature 2020, 584, 120–124. [CrossRef] [PubMed]

181. Zhou, D.; Duyvesteyn, H.M.E.; Chen, C.P.; Huang, C.G.; Chen, T.H.; Shih, S.R.; Lin, Y.C.; Cheng, C.Y.; Cheng, S.H.; Huang, Y.C.;
et al. Structural basis for the neutralization of SARS-CoV-2 by an antibody from a convalescent patient. Nat. Struct. Mol. Biol.
2020, 27, 950–958. [CrossRef] [PubMed]

182. Schoof, M.; Faust, B.; Saunders, R.A.; Sangwan, S.; Rezelj, V.; Hoppe, N.; Boone, M.; Billesbolle, C.B.; Puchades, C.; Azumaya, C.M.; et al.
An ultrapotent synthetic nanobody neutralizes SARS-CoV-2 by stabilizing inactive Spike. Science 2020, 370, 1473–1479. [CrossRef]

183. Song, Y.; Song, J.; Wei, X.; Huang, M.; Sun, M.; Zhu, L.; Lin, B.; Shen, H.; Zhu, Z.; Yang, C. Discovery of aptamers targeting the
receptor-binding domain of the SARS-CoV-2 spike glycoprotein. Anal. Chem. 2020, 92, 9895–9900. [CrossRef] [PubMed]

184. Liu, X.; Wang, Y.L.; Wu, J.; Qi, J.; Zeng, Z.; Wan, Q.; Chen, Z.; Manandhar, P.; Cavener, V.S.; Boyle, N.R.; et al. Neutralizing
aptamers block S/RBD-ACE2 interactions and prevent host cell Infection. Angew. Chem. Int. Ed. Engl. 2021, 60, 10273–10278.
[CrossRef] [PubMed]

185. Han, Y.; Kral, P. Computational design of ACE2-based peptide inhibitors of SARS-CoV-2. ACS Nano 2020, 14, 5143–5147.
[CrossRef] [PubMed]

186. Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 spike
receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215–220. [CrossRef]

187. Konduri, K.S.; Pattisapu, R.; Pattisapu, J.; Konduri, G.G.; Zwetchkenbaum, J.; Roy, B.; Barman, M.; Frazier, A.; Hurst, B.L.;
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