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Recently, the discovery of antimicrobial peptides (AMPs) as
excellent candidates for overcoming antibiotic resistance has
attracted significant attention. AMPs are short peptides active
against bacteria, cancer cells, and viruses. It has been shown
that the SARS-CoV-2 nucleocapsid protein (N—P) undergoes
liquid-liquid phase separation in the presence of RNA, resulting
in biocondensate formation. These biocondensates are crucial
for viral replication as they concentrate the viral RNA with the
host cell’s protein machinery required for viral protein expres-
sion. Thus, N—P biocondensates are promising targets to block
or slow down viral RNA transcription and consequently virion
assembly. We investigated the ability of three AMPs to interfere

In late 2019, the SARS-CoV-2 pandemic started, causing millions
of deaths worldwide." The SARS-CoV-2 is a single-stranded RNA
virus whose genetic material is protected by the nucleocapsid
protein (NP, Figure 1A).” The N—P is overexpressed in infected
cells and plays a key role in virion assembly.?* N—P has been
shown to undergo liquid-liquid phase separation (LLPS)“*
forming biocondensates in which the viral RNA and host cell
protein machinery necessary for its transcription are concen-
trated, promoting the formation of new viruses.® Therefore,
targeting N—P/RNA biocondensates is a promising strategy to
slow down or block viral replication.
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with  N—P/RNA condensates. Using microscopy techniques,
supported by biophysical characterization, we found that the
AMP LL-Ill partitions into the condensate, leading to clustering.
Instead, the AMP CrACP1 partitions into the droplets without
affecting their morphology but reducing their dynamics.
Conversely, GKY20 leads to the formation of fibrillar structures
after partitioning. It can be expected that such morphological
transformation severely impairs the normal functionality of the
N—P droplets and thus virion assembly. These results could
pave the way for the development of a new class of AMP-based
antiviral agents targeting biocondensates.

Antimicrobial peptides (AMPs) are short peptides that act
against pathogens including bacteria, cancer cells, and
viruses.”® Effective AMPs are characterized by a broad spectrum
of antimicrobial activities, high pathogen specificity, and low
toxicity. In addition, AMPs have been found to be involved in a
variety of biological functions, including immune regulation,
angiogenesis, wound healing, and antitumor activity.®"'” Many
AMPs act by perturbing the membrane lipid matrix, but some
of them can translocate into the cytoplasm, targeting intra-
cellular components such as proteins, nucleic acids, and
organelles.® AMPs with antiviral activity are mostly associated
with viral assembly, adsorption, and entry processes, in addition
to their ability to target the nucleic acids of viruses."” Some
designed synthetic peptides have been reported to inhibit
SARS-CoV-2 infection by targeting certain viral proteins and,
thus, blocking virus entry into the host cell,"™" as exemplified by
the binding of in silico-designed AABP—D25Y to the S-protein.'?
Given the high mutation rate of the viral genome, peptide
resistance can easily develop."”? Therefore, complementary
approaches are needed. One alternative is to use AMPs to
target biocondensates of viral proteins and RNAs, whose
partitioning is controlled by the physicochemical properties of
the peptides rather than by specific binding to viral proteins.

Here we investigated the ability of three AMPs, LL-III,
GKY20, and CrACP1 (Figure 1B), to interfere with the conden-
sates formed by the N—P and polyU (800 kDa), the latter serving
as a model for the viral RNA. These peptides exert their function
through different action mechanisms. LL-IIl is extracted from
the venom of the bee Lasioglossum laticeps and is active against
bacteria and cancer cells."®'”" LL-lIl translocates across the
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Figure 1. (A) Schematic representation of the N—P from SARS-CoV-2. The sequence is composed of intrinsically disordered regions (IDR) located at the N-, C-
terminus and in the middle (LKR). The orange region of LKR is enriched in S and R residues. The N—P has two folded regions, NTD (pdb: 6Y13)"¥ and CTD (pdb:
7CE0),"" whose structures are shown. (B) Sequences of the antimicrobial peptides used in this study. Light and fluorescence microscopy snapshots and FRAP
recovery plots of Alexa647-labelled N—P of (C) N—P/polyU pure droplets (10 uM/50 nM) and (D) N—P/polyU droplets upon addition of the peptides (100 puM).
The polyU was stained with SYTO62 (in blue), the peptides labelled with FAM (in green) and the N—P with Alexa647 (in red). The merged pictures are the
superimposition of the fluorescence of SYTO62 and FAM. Additional microscopy images are shown in Figs. S1-4. The red shadows in the FRAP plots are the
standard deviations on the recorded intensities. All the experiments were performed at room temperature (25 °C) in 20 mM HEPES buffer, pH 7.4. Scale bars:

20 pm.

membrane of cancer cells, localizing in the nucleoli
biocondensate."” LL-Ill has also been reported to perturb
droplets of LAF-1 as well as the droplet-to-fibril transition of a-
synuclein.'®"® CrACP1 is a plant-derived peptide capable of
killing cancer cells by disrupting their nucleosome,”” a fluid-like
structure involved in the regulation of chromatin phase
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separation.”” Finally, GKY20 is a human thrombin-derived

peptide® which acts against bacteria, destroying the lipid
matrix of their membrane.”® The aim of this study was to test
the effect of these different AMPs on the stability and
morphology of N—P/polyU condensates.
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Figure 2. Circular dichroism (CD) spectra of (A) LL-Il, (B) GKY20, and (C) CrACP1 mixed with N—P (left panel, red lines) and mixed with polyU (right panel, red
line). For comparison, the spectra of N—P, polyU, and the peptides are also shown. The dashed green lines are the spectra obtained from the sum of the
spectra of peptides and N—P (or polyU) recorded separately. All the peptides adopt a random coil conformation, as evidenced by the minimum around

200 nm The spectrum of N—P shows two minima (around 222 nm and 208 nm) and a maximum around 195 nm, suggesting the presence of a helical structure
with contributions from B-sheets and unordered regions. The experiments were performed at 25°C in 20 mM Hepes buffer, pH 7.4.

Figure 1C shows a light microscopy snapshot of N—P mixed
with polyU, showing upm-sized droplets, as previously
reported.” RNA co-localization within the droplets was con-
firmed by confocal fluorescence microscopy (Figure 1C), using
the dye SYTO62 which selectively stains the polyU.”*” We then
evaluated the impact of the three AMPs on the morphology of
N—P/polyU condensates at increasing peptide concentrations
(from 10 uM to 100 uM) using different microscopy techniques
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(Figs. 1D and S1, S2 and S3). Both LL-lll and GKY20 induced the
formation of irregular structures, including droplet association,
with GKY20 showing a more pronounced effect at the lowest
concentration used (Figs. ST and S2). Conversely, CrACP1 had
no effect on the morphology of the N—P/polyU condensates,
even at 100 uM (Figs. 1D and S3). However, the fluorescence
microscopy experiments performed with SYTO62 and FAM-
labelled peptides showed co-localization also of this peptide
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Figure 3. Schematic representation of the ability of AMPs to perturb N—P/polyU droplets. The peptide LL-IIl partitioning within the droplets promotes their
reversible association, resulting in highly viscous condensate clusters. GKY20, on the other hand, induces irreversible formation of solid-like aggregates
containing fibrillar structures. CrACP1 partitions into the condensates without affecting their morphology, but significantly slows down their dynamics.

with polyU within the droplets, as did LL-Ill and GKY20
(Figure 1D). Additional co-localization experiments of the FAM-
labelled peptides with Alexa647-labelled N—P revealed that
they are located in the same entities (Figure S4).

We then explored the effect of the three peptides on the
dynamics of the N-—P/polyU droplets by following the
fluorescence recovery after photobleaching (FRAP) of Alexa647-
labelled N—P. In the absence of the peptides (Figure 1C), a slow
recovery of the fluorescence (from approx. 51+2 % to approx.
84+4 % after 200 s) was observed after bleaching the Alexa-
N—P within the droplets, indicating relatively slow diffusion of
the protein in and out the condensate. Interestingly, a similar
observation was reported earlier and attributed to the
formation of immobilized N—P/RNA complexes which represent
the first step of nucleocapsid assembly. Surprisingly, no
significant fluorescence recovery was observed in the presence
of LL-IIl and GKY20 (Figure 1D), revealing that N—P diffusion
was strongly hindered. Conversely, the signal partially recovered
(from approx. 27+5 % to approx. 54+6 % after 200 s,
Figure 1D) in the presence of CrACP1, albeit to a much lower
extent than for the neat N—P/polyU droplet phase. These results
indicate that although the peptide CrACP1 does not cause
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morphological changes of the condensate, its incorporation
into the condensate leads to a marked increase in the viscosity
and thus to a significant reduction in the mobility of the N—P,
which affects the dynamics within the droplets. The representa-
tive time-dependent behavior of photo-bleached N—P/polyU
droplets in the absence and in the presence of the peptides is
shown in Figure S5.

To gain more insight into the nature of the binding
mechanism in the different droplet structures, we took micro-
scopy images of the condensates (with and without peptides)
after addition of 1,6-hexanediol and KCl, which serve as agents
capable of modulating hydrophobic and electrostatic interac-
tions (by charge screening), respectively (Figures S6, S7). In the
absence of peptides, the addition of 1,6-hexanediol and KCI
lead to partial dissolution of the N—P/polyU droplets due to a
weakening of intermolecular interactions, as previously
reported.” The SARS CoV-2 N—P is a highly basic protein, the
surface of both NTD and CTD displaying highly positively
charged regions, next to some negatively charged and neutral
patches, which facilitate binding to nucleic acids. A similar
result was observed for the LL-lll-induced structures, indicating
that clustering of N—P/polyU droplets in the presence of LL-Ill is

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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reversible. Conversely, neither 1,6-hexanediol nor salt could
dissolve the aggregate structures induced by GKY20, revealing
that it induces irreversible formation of solid-like aggregates.
Conversely, both agents could dissolve the droplets containing
CrACP1, indicating that the observed structures are still fluid-
like droplets like those of neat N—P/polyU, albeit with greatly
reduced dynamics induced by partitioning of the peptide.

At this stage, it was unclear whether the effects of the AMPs
on N—P/polyU droplets are due to preferential interaction with
one of the interacting partners or with both components.
Consequently, we performed binding studies by recording
anisotropy changes of FAM-labeled peptides upon addition of
N—P or polyU in neat buffer and KCl-containing medium
(Figures S8 and S9) in a concentration range where no phase
separation occurs. The binding constants, K, (in M™") deter-
mined for the pairwise interactions are summarized in Table 1.
All the peptides bind to N-P in the absence of salt (K,
~10° M™"). The addition of 0.5 M KCl lead to a 10-fold decrease
of K, for LL-IlI, while for GKY20 and CrACP1, the addition of KCI
completely hampered the interaction. Further, both LL-IIl and
GKY20 interact strongly with the RNA (K, ~ 10’M™"), and a
1000-fold decrease in K, was observed in the KCl-containing
buffer. Instead, CrACP1 was shown to be unable to interact with
polyU. It can therefore be concluded that LL-IIl and GKY20
establish interactions with both partners, N—P and polyU, while
the slightly negatively charged CrACP1 only interacts with N—P.

To delve further into the nature of these interactions and
establish whether the peptides can phase separate when mixed
with N—P or polyU only, we performed corresponding light
microscopy experiments (Figure S10). We found that N—P can
also form droplets without RNA, albeit with a weaker tendency,
as previously reported.” However, with polyU, the number of
droplets was higher (Figure 1C), revealing that the RNA
promotes phase separation.***’ The addition of LL-Ill and
CrACP1 did not affect the droplet phase of N—P significantly,
while GKY20 promoted droplet formation, suggesting direct
interaction with N—P. When LL-IIl was mixed with polyU, liquid
droplet formation took place as well, but no clustering of
droplets as observed when N—P was also present, signifying
that droplet condensation requires the interaction of the
peptide with both N—P and polyU. Conversely, GKY20 and
polyU formed the same aggregates as observed for the N—P/
polyU system (Figure 1D), suggesting that the peptide-RNA
interaction is the main driving force. Although LL-IIl and GKY20
show comparable net positive charges and affinities towards
polyU, their impact on droplet formation is different, GKY20

being able to induce marked droplet aggregation with RNA
alone. A comparison of their sequences (Figure 1B) shows that
LL-Ill has similar residue types of the C-terminal region of
GKY20, suggesting that the different behavior of the peptides is
due to the N-terminal region of GKY20 which provides more
hydrophobic residues. As a test, we recorded microscopy
images of polyU with a peptide consisting of the last 10
residues of GKY20 (named C-GKY20) only (Figure S11). Only
condensate formation was observed, and no aggregates were
formed, suggesting that the N-terminal region with its hydro-
phobic residues is important for the aggregation propensity.
CrACP1 had no discernible effect on polyU and did not form
droplets, as expected due to the negligible interaction strength
between the two molecules.

To further investigate the differences among the peptides
in their interaction with N—P and polyU, we used circular
dichroism (CD) spectroscopy, which allowed us to assess their
conformation in the complexes. Figure 2 depicts the CD spectra
of the three peptides recorded in the presence of N-P and
polyU. The CD spectra of the peptides, N-P, and polyU alone
are also reported. In accordance with the literature, the CD
spectrum of N—P shows the features of an essentially a-helical
structure with the presence of some other secondary structure
elements (B-sheets and unordered structures).”® Instead, all the
AMPs adopt a random coil-like structure. For the N—P/peptide
and polyU/peptide complexes with LL-Ill and CrACP1, we did
not observe any significant conformational changes. The CD
spectra of the peptides mixed with N—P (or polyU) showed the
same features as those obtained from the sum of the spectra of
peptides and N—P (or polyU) recorded separately. The inter-
action of GKY20 with N—P also occurred without visible
conformational changes. Only for GKY20-polyU did we observe
a CD spectrum that is indicative of the presence of B-sheet
structures, suggesting that the observed aggregates are formed
by fibril-like structures. To confirm this, we performed an atomic
force microscopy (AFM) experiment of GKY20 mixed with polyU
(inset of Figure 2B, right, and Figure S12). The AFM image
clearly shows the presence of fibrillar structures with diameters
of about 10-20 nm, most of which being strongly entangled in
large aggregates.

In summary, we found that AMPs are able to markedly
interfere with condensates formed by the SARS-CoV-2 N-protein
and RNA (Figure 3), depending on the characteristics of the
peptides, i.e., their sequence and amino acid types, which
control their partitioning into the droplets and the morpho-
logical transformation of the condensates. The AMP LL-IlI

Table 1. Binding constants, K., for the interaction between the antimicrobial peptides and N—P or polyU in neat buffer and in the presence of KClI.

N-Protein PolyU
Peptide K, / M~" Buffer K, /M~ 0.5 M KCI K, / M~" Buffer K, /M~ 0.5 M KCI
LL-1lI (29404)-10° (5.2+1.8)-10* (6.4+0.9) - 107 (9.945.3)-10*
GKY20 (404+06)-10° N.D. (8.1£1.1)-10 (41+2.1)-10*
CrACP1 (9.1£23)-10* N.D. N.D. N.D.

N.D.=not determinable.
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partitions into the N—P/polyU droplets, promotes their associa-
tion and reduces the dynamics of the N—P markedly. Instead,
GKY20, through its additional hydrophobic N-terminal region,
induces irreversible formation of solid-like fibrillar structures.
CrACP1 partitions into the droplets without affecting their
morphology, modulating their viscosity and dynamics, only.
Further studies are desirable to decipher the role played by a
given sequence (e.g. using scrambled sequences) and to
understand the molecular determinants responsible for their
partitioning within the condensates and the observed morpho-
logical transformations. The disturbance of such biomolecular
condensates, which can, for example, lead to amyloid species
(e.g., of FUS, PrP, a-synuclein, p53),”*" is a common hallmark
of many diseases and hence represents a potential target for
new treatments.”*” |t has been pointed out that such
condensates may be selectively disrupted by small-molecule
drugs, suggesting a novel therapeutic route for cancers where
dysregulated condensates contribute to the oncogenic state.*”
In recent decades, the discovery of AMPs as an excellent
candidate to overcome antibiotic resistance has received
significant attention. Here we have shown that AMPs can also
modulate the droplet formation of the viral N-P protein.
Alteration of droplet morphology and dynamics is expected to
interfere with the normal functionality of the N—P bioconden-
sate, thereby blocking or slowing down RNA transcription and
consequently virion assembly. These results could pave the way
for the development of a new class of AMP-based antiviral
compounds targeting biocondensates.
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