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Abstract
In a bioprospection for new antivirals, we tested nonribosomally biosynthesized

polypeptide antibiotics in MDCK Il cells for their actions on influenza A and B viruses
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(IAV/IBV). Only tolypin, a mixture of closely related 16-residue peptaibiotics from the

Funding information fungus Tolypocladium inflatum |E 1897, showed promising activity. It was selected for
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further investigation and structural characterization by ultrahigh performance liquid
chromatography coupled to high-resolution mass spectrometry (UHPLC-HR-MS/MS)
and ultrahigh performance liquid chromatography coupled to in-source collision-
induced dissociation tandem mass spectrometry (UHPLC-isCID-HR-MS/MS), reveal-
ing 12 partially co-eluting individual peptides that were fully sequenced. Since tolypin-
related efrapeptins are potent inhibitors of F1/F,-ATPase, we screened tolypin for its
toxicity against MDCK Il cells and larvae of the greater wax moth Galleria mellonella.
We found that a nontoxic concentration of tolypin (1 pg/mL) reduced the titer of two
IBV strains by 4-5 log values, and that of an H3N2 strain by 1-2 log values, but the

H1N1pdm strain was not affected. The higher concentrations of tolypin were
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in-source collision-induced dissociation; Iva, L-isovaline; MDCK II, Madin-Darby canine kidney cells Il; MOI, multiplicity of infection; Nle, norleucine; NRPS, nonribosomal peptide synthetase;
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1 | INTRODUCTION

Influenza A (IAV) and B (IBV) viruses cause severe contagious
infections and pose a major risk to human health. Annual influenza
epidemics result in up to 5 million severe infections and
300,000-650,000 deaths.™ Vaccination is the most effective strategy
to prevent influenza but only two drug classes have been approved
worldwide for the treatment of patients and they have limited efficacy
due to the rapid evolution of resistance. Further options for the
treatment or prevention of acute infections are urgently needed. In
particular, the identification of compounds targeting host factors
instead of viral enzymes could reduce the risk of emerging resistance.

Bioresources derived from bacteria and fungi often include
nonribosomal peptides (NRPs) with antiviral properties.m NRPs are
synthesized directly without ribosomes or messenger RNA and are rich
in nonproteinogenic amino acids such as a-aminoisobutyric acid (Aib)
because the nonribosomal peptide synthetase (NRPS) enzyme is more
versatile than the ribosome complex (for remarks on the origin of
nonribosomal building blocks see Supporting Information). NRPs often
possess antimicrobial activity and are therefore known as peptide
antibiotics, peptaibols, or peptaibiotics.m Peptaibols such as peptaivirins,
trichokonins, and trichorzins show potent activity against plant viruses
such as tobacco mosaic virus (TMV) and cucumber mosaic virus
(CMV).4-9! Trichokonins are 20-residue peptaibols from Trichoderma
pseudokoningii SMF2 that induce local and systemic defense responses
in tobacco (Nicotiana tabacum cv. Samsun) against TMV infection,
increasing the production of pathogenesis-related reactive oxygen
species and phenolic compounds, the activity of pathogenesis-related
enzymes, and the expression of plant defense genes.[“’é’] The antiviral
effect of trichokonins thus appears to target the host defense systems
rather than viruses.

Treatment with peptaibiotics such as alamethicin F-50, trichtotoxin
A-40, and paracelsin induces the formation of voltage-gated ion
channels in lipid bilayers, leading to antibacterial and hemolytic
effects.l’~*% Similarly, the antiprotozoal and anthelmintic properties of
antiamoebin involve the formation of ion channels in membranes.*4-¢!
Pore formation in membranes was also observed for melittin, a 26-
amino acid ribosomally synthesized peptide found in the venom of the
European honey bee (Apis mellifera), which induces various effects on
lipid bilayer membranes, including vesicle deformation, artificial pore

cytostatic to MDCK I cells, shifted their metabolism from oxidative phosphorylation
to glycolysis, and induced paralysis in G. mellonella, supporting the inhibition of F,/F,-
ATPase as the mode of action. Our results lay the foundations for future work to
investigate the interplay between viral replication and cellular energy metabolism, as

well as the development of drugs that target host factors.

cellular energy metabolism, influenza virus, microheterogeneity, Tolypocladium, UHPLC-HR-

formation, disruption, and ultimately lysis.l'”! Besides its antimicrobial
and hemolytic activity, melittin acts against non- and enveloped viruses
in vitro, most probably due to virus surface interaction.[*®

Tolypin is a mixture of NRPs originally isolated from species of the
fungal genus Tolypocladium. The tolypin-related peptaibiotic efrapeptin
is a potent inhibitor of the F, catalytic domain of the mitochondrial F1F,
adenosine triphosphate (ATP) synthase (Supporting Information S1:
Figure 51).°' This membrane-bound complex comprises a globular F4
catalytic domain and a membrane-bound F, proton-translocating
domain connected by central and peripheral stalks. It couples the
transmembrane proton-motive force to the synthesis of ATP from ADP
and P. Approximately 90% of ATP is generated in this manner.?%
Inhibition of glycolysis and oxidative phosphorylation (OXPHOS) path-
way suppressed the replication of the IAV subtype SC35M, providing
another potential antiviral strategy.m] Following structural characteri-
zation, tolypins C-G were found to be identical to efrapeptins C-G from
the soil-borne Tolypocladium strains Tolypocladium inflatum IMI 202309,
T. inflatum ARSEF #616 (= ATCC 18981 = CCF 962), and Tolypocladium
geodes ARSEF #2684. These linear, cationic peptaibiotics contain several
nonproteinogenic amino acids, including a high proportion of Aib and
L-isovaline, as well as N-terminal acetyl-L-pipecolic acid (AcPip) and
the unusual, amide-bound C-terminal residue (S)-2-amino-1-(1,5-
(PIHPPE).2%

The intraspecific and interspecific diversity of efrapeptins has been

diazabicyclo[4.3.0]non-5-ene-5-ylium)-4-methylpentane

studied in 44 strains of nine Tolypocladium species.?? The amino acid
composition of the tolypin batch we used in the current study (see
Table 3 further below) has been reported previously after derivatization
with o-phthaldialdehyde (OPA)-1-thio-B-p-glucose, leucine enantiomers
(o/L-Leu, o/L-lle, o/L-allo-lle, o/L-Nle) could be separated on a Cyg high-
performance liquid chromatography (HPLC) column. Using this
approach, the L-amino acids Gly, Ala, BAla (one residue each), Leu
(two residues), and Aib (several residues) were detected, whereas lle and
allo-lle were not.2%! However, p/L-lva and pb/L-Pip were not included in
this analysis. Pip and Iva in tolypin hydrolysates were also assigned the
L-configuration in a more recent study.?”!

The inhibitory effects of tolypin include potent insecticidal,
antifungal, and antiviral properties. Organic extracts and fractions of
Tolypocladium spp. have broad insecticidal properties, killing larvae and
adults in the orders Lepidoptera, Diptera, Hemiptera, Coleoptera, and
Blattodea. Inhibition has been reported against mitochondrial fractions of
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Metarhizium anisopliae and Tolypocladium niveum.?* For taxonomic
considerations - Tolypocladium inflatum vs. Tolypocladium niveum - see
Supporting Information. Efrapeptins D, F, and G have also been applied to
BHK-21 cells infected with Newcastle disease virus (NDV) and vesicular
stomatitis virus (VSV), resulting in the suppression of syncytium formation
and a reduced cytopathic effect (CPE) caused by blocking the expression
of viral glycoproteins on the cell surface.’>! Here we describe the detailed
characterization of tolypin to determine its activity against influenza
viruses. For the first time, we determined the structural heterogeneity of
the tolypin peptides by UHPLC-HR-MS/MS and ultrahigh performance
liguid chromatography coupled to in-source collision-induced dissociation
tandem mass spectrometry (UHPLC-isCID-HR-MS/MS). Many electron
transport chain inhibitors are highly toxic, so we first assessed the toxicity
of tolypin in mammalian cells and in larvae of the greater wax moth
(Galleria mellonella). We also measured the oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) in mammalian cells using
a Seahorse XF flowmeter. Finally, we directly measured the antiviral
effects of tolypin using a subset of IAV and IBV strains. A detailed
understanding of the antiviral properties of tolypin will yield insights into
the dependence of viruses on host energy metabolism and could facilitate
the development of new antiviral drugs that increase our preparedness

for future pandemics.

2 | RESULTS AND DISCUSSION

2.1 | Cytotoxic and antiviral effects
of peptaibiotics

We screened for the cytotoxic effects of alamethicin F-50, anti-
amoebin, paracelsin, trichotoxin A-40, and tolypin by measuring the
viability of MDCK Il cells after exposure to the peptaibiotics for 48 h,
compared with ionomycin as a positive control and dimethyl sulfoxide
(DMSOQ) as a vehicle treatment (negative control). All five peptaibiotics
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were tolerated by the MDCK Il cells at concentrations of 1 and 10 ng/
uL, whereas the highest concentration (100 ng/uL) was highly
cytotoxic, except for trichotoxin A-40 (Figure 1a). The toxicity at high
concentrations was unsurprising, given the pore-forming ability of the
peptaibiotics and the impact on cell homeostasis. For example, the
cytotoxicity of alamethicin in tobacco cells was shown to reflect
membrane permeabilization?®! and that of trichotoxin A-40 in rat mast
cells was shown to involve membrane lysis.[?”)

Next, we assessed the impact of the five peptaibiotics on the
replication of four influenza virus strains by measuring the virus-induced
CPE in MDCK Il cells. We infected the cells with A/Hamburg/05/2009
(HIN1pdm), A/Hessen/1/2003 (H3N2), B/Malaysia/2506/2004 (Malay-
sia/B), or B/Massachusetts/71 (Massachusetts/B) and determined the
cell viability 48 h later. We used the natural broad-range serine protease
inhibitor aprotinin as a control (Figure 1b).?8! Alamethicin F-50 showed
no antiviral activity against HIN1pdm, H3N2 or Malaysia/B, and only low
activity against Massachusetts/B (2.6% protection). Antiamoebin showed
marginal activity against HIN1pdm (0.8% protection), low activity against
H3N2 (3.0% protection), and slightly higher activity against the IBV strains
(11.6% and 8.0% protection against Malaysia/B and Massachusetts/B,
respectively). Paracelsin showed no protective effect against IAV but low
activity against IBV (5.4% and 4.7% protection against Malaysia/B and
Massachusetts/B, respectively). Interestingly, trichotoxin A-40 showed
moderate activity against Malaysia/B (37.8% protection) but no protec-
tion against IAV or Massachusetts/B. Tolypin treatment at 1ng/plL
conferred strong protection against Malaysia/B (56.9%) and Massachu-
setts/B (69.1%) but showed low activity against H3N2 (14.7% protection)
and none against HIN1pdm. Because tolypin treatment resulted in the
strongest antiviral effects, at least against IBV, we investigated the
chemical and biological properties of tolypin in more detail.

The structures of the peptaibiotics exhibit characteristic microheter-
ogeneity (Supporting Information S1: Tables S1 and S2). For example, the
16-residue antiamoebins and tolypins are the shortest peptides used in

this study. However, tolypin is the only peptide mixture containing the
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FIGURE 1 Effects of peptaibiotics on cell viability and antiviral activity. (a) MDCK I cell viability following exposure to peptaibiotics for 48 h. Cell
viability was assessed by measuring adenosine triphosphate (ATP) levels using the CellTiter-Glo assay. Cell viability was normalized to the dimethyl
sulfoxide (DMSO) control, which was set to 100%. The dotted line represents the cut-off value of 25% cytotoxicity in MDCK I cells. (b) Screening
against influenza viruses in MDCK |l cells. The cells were infected (multiplicity of infection [MOI] = 1 for HIN1pdm, H3N2, and Malaysia/B, MOI = 0.01
for Massachusetts/B) for 1 h before treatment with nontoxic concentrations of peptaibiotics, aprotinin (651 ng/uL) or left uninfected and untreated (w/
0). After 48 h, the CellTiter-Glo Assay was used to determine cell viability. Raw luminescence values were baseline-corrected to the virus control (0%)
and normalized to the aprotinin-positive control (100%). Data are means + SD of n = 3 independent measurements (n.d., not detectable).
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crystal structure suggests that efrapeptin/tolypin C interacts with
F1-ATPases mainly via hydrophobic residues.!*” The flexibility around
the BAla-Gly bond may allow the peptide domains to fit into the pocket of
the enzyme for optimal hydrophobic interactions. Additionally, the crystal
structure reveals numerous interactions between efrapeptin/tolypin C
and ATP synthase, contributing to the binding and inhibition. For
example, PHIPPE forms a polar interaction with Tyr358 (Supporting
Information S1: Figure S1). Longer peptides may not fit into the binding
cleft. Therefore, the length, C-terminal residue, and hydrophobicity of the
peptides may play key roles in the mode of action.

2.2 | Structural analysis of tolypin

Tolypin is a mixture of linear cationic peptides with 16 residues and is
dominated by tolypin F, which represents 40% of the total”® For
nonribosomal biosynthesis of tolypin/efrapeptin see Supporting Informa-
tion. These peptides feature a labile bond between an a,a-dialkylamino
acid (Aib, p-Iva, or L-lva) and a heterocyclic secondary amino acid (Pro,
Hyp, MePro, or Pip), which is preferentially cleaved during fast atom

bombardment mass spectrometry (MS)?”!

and positive electrospray
ionization (*ESI)-MS.*Y This generates an N-terminal decapeptide
originating from the b, ion, and the corresponding C-terminal hexapep-
tide Pipt-PIHPPE®®. Analysis of the tolypin mixture by UHPLC-HR-MS/
MS and UHPLC-isCID-HR-MS/MS revealed the presence of at least 12

individual peptides (Table 1 and Figure 2), five of which were identical to

TABLE 1

the corresponding efrapeptins based on low-resolution HPLC-CID-MS"
and chiral gas chromatography coupled to mass spectrometry (GC/MS)
experiments.[2°’3°] The remaining seven tolypins (C1, C2, G1, H, H2, K,
and K1) were found to be minor positional isomers and homologs of the
known efrapeptin/tolypin peptaibiotics (Table 1). Tolypins K and K1 are
the first two efrapeptin-type sequences with the molecular formula
CasH147N1801¢.

A general building scheme can be established in which the
N-terminal tripeptide AcPip*-Aib2-Pip® and the internal tripeptide
Leu®-BAla’-Gly® as well as individual residues Aib'°, Pip?, and Leu*
are highly conserved, whereas other positions allow exchanges with
structurally related amino acids (Table 2).

All 16-residue efrapeptin-type and structurally related peptaibiotics
discovered thus far feature an N-terminal AcPip residue, although we
cannot exclude the possibility that acetylated 3-MePro or 4-MePro
residues may be present at the N-terminus of minor compounds.
Alternatively, one of the internal Pip residues could be replaced with an
isobaric MePro residue. Furthermore, 16-residue sequences with an N-
terminal AcPro group should not be excluded from further considerations
(for further information see structural considerations in the Supporting
Information). Consequently, the analysis of uncommon building blocks
and isobaric amino acids requires sophisticated LC, liquid chromatography
coupled to mass spectrometry, and chiral GC/MS methods for the correct
assignment of the structure and stereochemistry of peptaibiotic
constituents. We have demonstrated the analytical potential of
UHPLC-isCID-HR-MS/MS for the sequencing and structural analysis of
partially co-eluting fungal peptides.

Sequences and relative quantities of individual tolypin peptides.

y type fragment ions

Y15 Y14 Y13 Y12 Y11 Y10 Y9

Cc2* Ac Pip Aib Pip Aib Ala Leu BAla Gly
C1* Ac Pip Aib Pip Aib Ala Leu BAla Gly
Ac Pip Aib Pip Aib Aib Leu BAla Gly
D Ac  Pip Aib Pip Aib Aib Leu BAla  Gly
Ac Pip Aib Pip Iva Aib Leu BAla Gly
Ac  Pip Aib Pip Aib Aib Leu BAla  Gly
G Ac Pip Aib Pip Iva Aib Leu BAla Gly
G1* Ac  Pip Aib Pip Aib Aib Leu BAla  Gly
H* Ac Pip Aib Pip Iva Aib Leu BAla Gly
H2* Ac Pip Aib Pip Iva Aib Leu BAla Gly
K1* Ac Pip Aib Pip Iva Iva Leu BAla Gly
K* Ac Pip Aib Pip Iva Iva Leu BAla Gly
by b, bs b4 bs b b; bg

Ys Y7 Ye Y5 Ya Y3 Y2 Y1 (%)
Aib  Aib Pip Aib Ala Leu Aib PIHPPE <1
Aib  Aib Pip Aib Gly Leu Iva PIHPPE

Aib  Aib Pip Aib Gly Leu Aib PIHPPE 2
Aib  Aib Pip Aib Gly Leu Iva PIHPPE 21
Aib Aib Pip Aib Gly Leu Iva PIHPPE 4
Aib  Aib Pip Aib Ala Leu Iva PIHPPE 40
Aib  Aib Pip Aib Ala Leu Iva PIHPPE 23
Aib  Aib Pip Ilva Ala Leu Iva PIHPPE 2
Ilva Aib Pip Aib Ala Leu Iva PIHPPE 5
Aib  Aib Pip Ilva Ala Leu Iva PIHPPE 2
Aib  Aib Pip Ilva Ala Leu Iva PIHPPE <1
lva Aib Pip Aib Ala Leu Iva PIHPPE <1
by bio b1 b1z bis big bis bis

b type fragment ions

Note: New sequences are marked with an asterisk (*). Amino acid exchange positions are highlighted in bold. Relative abundancies are shown as
percentages. The diagnostic N-terminal and C-terminal fragment ions are shown in Supporting Information S1: Table S3. The diagnostic fragment ions
resulting from the y6 ions are shown in Supporting Information S1: Table S4. Sum formulae, calculated ion masses, and mass deviations from Supporting
Information S1: Tables S1 and S2 can be found in Supporting Information S1: Tables S5-S11. y-type fragment ions.
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FIGURE 2 Ultra-high performance liquid chromatography coupled to high-resolution mass spectrometry (UHPLC-MS/MS) analysis of
tolypin. (a) Overlay of UV/Vis chromatogram (red) and annotated base peak chromatogram (black). (b) Zoom-in from panel (a) in the window
showing 7-14 min. Diagnostic y4 fragments (blue tones) and b1 fragments (red tones) of the mixture. The nomenclature of efrapeptins is based
on literature. Additional information on all components can be found in Supporting Information S1: Tables S3-S11.

TABLE 2 General building scheme of tolypins and efrapeptins.
Position
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
AcPip Aib Pip Aib Aib Leu BAla Gly Aib Aib Pip Aib Gly Leu Iva PIHPPE
Iva Iva Iva Iva Ala Aib
Ala

Note: Conserved residues are highlighted in gray.

2.3 | Insecticidal effect of tolypin against
G. mellonella larvae

The in vivo toxicity of drugs is usually characterized in preclinical rodent
models, but invertebrate species, including larvae of the greater wax
moth G. mellonella, have been introduced more recently to reduce the
use of vertebrates in research.** We tested the insecticidal effects of
tolypin by injecting G. mellonella larvae, comparing the results against
untreated negative controls, vehicle controls injected with 50% DMSO,
and positive controls injected with 96% ethanol to trigger strong
punctate melanization. Treatment with tolypin caused dose-dependent
immediate paralysis from which the larvae did not recover. The effect of

the lowest concentration of 0.1 ng tolypin was indistinguishable from
the DMSO control. However, there was no evidence of melanization
following the injection of tolypin at any concentration, in contrast to the
effect of ethanol, supporting the paralytic rather than the toxic effect of
this peptaibiotic (Supporting Information S1: Figure S3). Our data agree
with earlier studies reporting insecticidal effects in larvae and adults of
various species.®? This may reflect the ability of efrapeptins and
tolypins to inhibit vacuolar-type ATPase (V-ATPase) comparable to the
effects of destruxin B, a well-characterized insecticidal cyclohexadepsi-
petide.[25’33] Destruxin B was also shown to inhibit the replication of
hepatitis B viruses, which may help to explain the effect of tolypin

against influenza viruses.3+°!
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Effect of tolypin against cultured mammalian

Tolypin (up to 10 ng/pL) reduced the viability of MDCK Il cells by
< 25% whereas 100 ng/pL tolypin triggered a highly cytotoxic effect
(Figure 3a). We also used a trypan blue exclusion assay to assess
whether tolypin has a cytostatic effect on MDCK Il cells (Figure 3b).
All cells were grown to confluency before treatment with tolypin,
ionomycin as a positive control, or DMSO as a vehicle control for
48 h, with another set of cells left untreated, followed by the trypan
blue assay to determine the total cell count compared with viable
cells. Tolypin (up to 10 ng/uL) slightly reduced the total cell count
compared with the untreated and DMSO controls but the number of
viable cells was unchanged, indicating the inhibition of cell prolifera-
tion rather than cell death. In contrast, 100 ng/uL tolypin reduced the
total cell count and the number of viable cells. Therefore, further
investigations were conducted using tolypin at concentrations of
0.1, 1, and 10 ng/uL.

To gain insight into the metabolic changes triggered by the
tolypin-dependent inhibition of F1F,-ATP synthase, we analyzed the
OCR and ECAR using the Agilent Seahorse XF96 system to detect
changes in OXPHOS and glycolysis. The cells were tested using a
MitoStress assay 48 h after the treatment (Figure 4a,b). Reagents
were injected in the following order: oligomycin (1.58 ug/ulL),
protonophore carbonyl cyanide-p-trifluoromethoxy phenylhydra-
zone (FCCP, 0.5 pg/pL), a combination of rotenone (0.197 ug/ulL)
and antimycin A (0.548 ug/ul), and finally 2-desoxyglucose (2-DG,
8.2g/L). Basal respiration was significantly reduced following
treatment with tolypin or oligomycin compared with DMSO
controls (Figure 4a.2). Oligomycin reduced the OCR by inhibiting
ATP-synthase-linked respiration in both controls as expected. No
change was observed in the cells pretreated with the ATP synthase
inhibitors oligomycin (1.18 pg/puL) and tolypin (0.1-10 ng/pL)
compared to basal respiration (Figure 4a.2). FCCP causes the

(a) (b)
] g
23 2
=0 °
29 <
33 2
S 8
g 3
Tolypin (ng/pL)

collapse of the inner membrane proton gradient, activating the
electron transport chain, and thus maximizing oxygen consumption.
We found that tolypin and oligomycin triggered a concentration-
dependent lower maximum respiration rate. The resulting respira-
tory capacity was significantly lower for all cells treated with ATP
synthase inhibitors compared with DMSO controls (Figure 4a.3).
Finally, antimycin A and rotenone shut down the electron transport
chain, leaving nonmitochondrial respiration as the only energy
source. Here, pretreatment with the ATP synthase inhibitors
resulted in the inhibition of nonmitochondrial respiration compared
to controls. Finally, 2-DG (which inhibits glycolysis) did not affect
the OCR in samples treated with the ATP synthase inhibitors,
suggesting that the main effect is due to the inhibition of
mitochondrial respiration. Tolypin treatment also increased the
basal ECAR at all concentrations tested (Figure 4b). For treatments
with 0.1 and 1 ng/pL tolypin, no significant changes in the ECAR
were observed after the injection of oligomycin and FCCP,
suggesting that glycolytic reserves were absent and the cells
therefore relied solely on glycolysis.

Next, we measured changes in the OCR and ECAR directly after
the injection of ATP synthase inhibitors (Figure 4c,d). Reagents were
injected in the following order: tolypin (0.1, 1, or 10 ng/ulL) or the
control oligomycin (1.18 pg/uL), FCCP (0.5 ug/uL), a combination of
rotenone (0.197 ug/ulL) and antimycin A (0.548 ug/ulL), and 2-DG
(8.2 g/L). Again, oligomycin and 10 ng/uL tolypin reduced the OCR,
but lower concentrations of tolypin did not immediately affect the
OCR. The same trend was observed for the ECAR, where an increase
was observed following treatment with oligomycin and the highest
concentration of tolypin, whereas 0.1 and 1 ng/pL tolypin had no
effect compared with the controls. Only the highest concentration of
tolypin influenced the maximal respiratory capacity, which was
determined following the application of FCCP. These results indicate
a concentration- and time-dependent effect, probably due to

diffusion and transport processes.

° Tolypin (ng/pL)

mm Total Cells [ Viable Cells

FIGURE 3 Effect of tolypin on MDCK Il cell viability and proliferation. (a) Cell viability in the presence of tolypin after 48 h assessed using
the CellTiter-Glo assay. The cell viability was normalized to the dimethyl sulfoxide (DMSQ) control, which was set to 100%. The dotted line
represents the cut-off value of 25% cytotoxicity. (b) Trypan blue exclusion assay in confluent cells after exposure to tolypin for 48 h. Data are

means = SD of n=3-6 independent measurements.
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FIGURE 4 The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in MDCK Il cells in response to tolypin. (a, b) Cells
were treated for 48 h with different concentrations of tolypin or the control oligomycin (1.18 pg/uL), or (c, d) measurements were taken directly
after injection. We then injected modulators of the respiratory chain and glycolysis: oligomycin (Oligo) 1.58 pg/pL, cyanide-p-trifluoromethoxy
phenylhydrazone (FCCP) 0.5 ug/uL, rotenone (Rot.) 0.197 pg/uL and antimycin A (AA) 0.548 pg/uL, and 2-desoxyglucose (2-DG) 8.2 g/L. Data
are means + SD of n=8-12 independent measurements. Statistical significance was calculated by two-way analysis of variance (ANOVA) for
multiple comparison versus vehicle control (DMSO): **p < 0.01, ***p < 0.001 and ****p < 0.0001 for baseline; **p < 0.01, ##p < 0.001 and

####p) < 0.0001 for maximal respiration.

ATP synthase is required for energy generation, and inhibition
therefore has serious consequences in terms of homeostasis and
metabolism. The MDCK Il cells tolerated up to 10ng/pL tolypin
(Figure 3a). The metabolic switch in MDCK Il cells seems to trigger
only slight cytostatic effects (Figure 3b). A previous study using
human umbilical vein endothelial cells (HUVECs) suggested that
tolypin is unable to cross the cell membrane and therefore only
inhibits nonmitochondrial ATP synthase on the cell surface.’¢! By
using the Seahorse system, we showed that the OXPHOS machinery
is impaired after tolypin treatment and conclude that tolypin does
have a direct impact on mitochondrial ATP synthase (Figure 4),
suggesting that tolypin is taken up into the cell and trafficked to the
mitochondria.

2.5 | Antiviral effect of tolypin

Next, we investigated the antiviral effect of tolypin at concentrations
of 0.1, 1, and 10 ng/pL by measuring the CPE of four viral strains in
MDCK Il cells 48 h postinfection. IBV Malaysia/B and Massachu-
setts/B were inhibited more efficiently by 1 ng/pL than 10 ng/pL
tolypin, probably reflecting the higher cytotoxicity of the larger dose
(Figure 5a). At a concentration of 1 ng/uL, tolypin showed an antiviral
activity of 56.9% against Malaysia/B and 69.1% against Massachu-
setts/B. Marginal antiviral activity against H3N2 was observed at
13.7%, but HIN1pdm was not inhibited by tolypin treatment. To
confirm that the effect on virus replication was due to the inhibition
of F41F,-ATP synthase, we used oligomycin as a control (Figure 5b).
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FIGURE 5 Antiviral activity of tolypin against diverse influenza virus strains in MDCK Il cells. The cells were left untreated (w/o) or were
infected at a multiplicity of infection (MOI) of 1 for HIN1pdm, H3N2, and Malaysia/B, or at an MOI of 0.01 for Massachusetts/B and were

incubated for 1 h before treatment with (a) the indicated concentrations of tolypin or (b) 1.18 pg/uL oligomycin. After 48 h, a CellTiter-Glo assay
was used to determine cell viability. Raw luminescence values were baseline-corrected to the virus control and normalized to the 651 ng/uL
aprotinin positive control set to 100%. Data are means + SD of n = 3 independent measurements.

The inhibition of viral replication by oligomycin showed a similar
trend to tolypin even though the two reagents act on different target
sites of the F{F,-ATP synthase.[37] Again, the effect was strongest
against the IBV strains, weaker against H3N2, and negligible against
H1N1pdm. The antiviral activity of the Malaysia/B and Massachu-
setts/B strains was 55.6% and 50.3%, respectively, whereas the
observed antiviral activity against H3N2 was only 6.9%.

Given the difference in efficacy observed when inhibiting 1AV
and IBV strains, we tested tolypin and oligomycin against four other
strains to determine whether the effect was consistent (Supporting
Information S1: Figure S4). We observed the strong inhibition of two
additional IBV strains (B/Brisbane/60/2008 and B/California/12/
2015). Tolypin and oligomycin showed similar levels of antiviral
activity against Brisbane/B by similar amounts (57.2% and 56.4%,
respectively). Likewise, the reagents similarly also showed an antiviral
activity against California/B (52.5% and 51.2%, respectively). Tolypin
also inhibited both additional IAV strains but was less efficacious. The
antiviral activity against A/swine/Wisconsin/1/67 (Wisconsin/H1N1)
was 14.1% and the against A/Puerto Rico/8/34 (PR8) was 31.7%.

Given the differential efficacy of ATP-synthase inhibitors in the
IAV and IBV backgrounds, we assessed the effect of tolypin and
oligomycin on multicycle viral replication (Figure 6). Samples of
supernatant from the MDCK Il cell cultures were taken at various
time points and the viral titer was determined using a plaque assay.
H1N1pdm multicycle replication was unaffected by the inhibitors
(Figure 6a), whereas H3N2 titers were reduced by 2 log units by
tolypin and oligomycin, but recovered to pretreatment levels after
24 and 32 h, respectively (Figure 6b). This agrees with the 3 log unit
reduction reported for IAV strain SC35M in A549 in human lung
cells after oligomycin treatment.?*! In contrast, the replication of
IBV Malaysia/B and Massachusetts/B was significantly inhibited by
tolypin treatment, resulting in a titer reduction of 4-5log units
compared to viral replication in the untreated control cells
(Figure 6c¢,d).

The inhibition of F{F,-ATP synthase efficiently blocked the
replication of IBV but had a weaker effect against 1AV, and this was
consistent regardless of the specific target site of the inhibitor (Figures 5
and 6). Virus replication is an energy-demanding process involving
stages of viral uptake, intracellular transport, genome replication,
transcription, translation, assembly, genome packaging, and budding.*®!
Influenza typically consumes 1% of the total energetic budget of a
eukaryotic cell during the course of an infection, in part by inducing
metabolic changes such as increasing the rate of glycolysis and
glutaminolysis.?23%4% Given that cells switch completely to glycolysis
following tolypin treatment to meet their energy demands, this may
interfere with virus-induced metabolic reprogramming. Therefore, we
propose that the IAV and IBV strains differ in their ability to redirect
cellular energy resources to virus replication. Although F;F,-ATPase
was originally thought to be present only in the mitochondria, this view
has changed over the last 30 years following the detection of F4F,-
ATPases at the plasma membrane in several cell types, including
hepatocellular carcinoma cells (HepG2), HUVECs, and A549 cells.[*1
Plasma membrane F,F,-ATP synthase is required for influenza virus
production and budding in HEK 293 cells, whereas the mitochondrial
F1F,-ATP synthase is not.*?! The budding of IAV strain WSN from
MDCK I cells can also be suppressed by the depletion of ATP®

2.6 | Quantification of glucose and lactate in cell
supernatant after infection

The treatment of cells with OXPHOS inhibitors such as tolypin forces
the cells to switch to other pathways to meet their energy demands,
including glycolysis. Additionally, infection with influenza viruses
increases the energy demand. We therefore, monitored glucose
consumption and lactate formation in the presence and absence of
tolypin in MDCK Il cells infected with the HIN1pdm or Malaysia/B
strains (and in uninfected controls) over a period of 32 h (Figure 7).
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FIGURE 6 Multicycle replication of influenza virus strains in tolypin-treated MDCK |l cells. The cells were inoculated with (a) HIN1pdm, (b)
H3N2, (c) Malaysia/B, or (d) Massachusetts/B at a multiplicity of infection (MOI) of 0.001 for 1 h before exposure to 1 ng/uL tolypin, 1.18 pug/uL
oligomycin or 325 ng/uL aprotinin (plus controls without further treatment, w/o). Cell supernatants were collected and viral titers presented as
plaque-forming units (PFU)/mL were determined by plaque assay. Data are means + SD of n = 3 independent measurements. Statistical

significance was determined by two-way analysis of variance (ANOVA) for multiple comparison versus the untreated group (*p < 0.1, **p < 0.01,

and ***p < 0.001).

As expected, LC-MS analysis revealed lower glucose levels in
the supernatant of cells treated with 1 ng/uL tolypin compared with
untreated controls (Figure 7a). Infection with HIN1pdm or Malay-
sia/B also led to an increase in glucose consumption, but this was
less pronounced compared with the tolypin treatment. The tolypin-
treated samples that were also infected showed similar increases in
glucose consumption compared with the tolypin-treated control. In
the case of lactate, we observed no differences between infected
samples and controls (Figure 7b). The highest lactate concentrations
were found in tolypin-treated cells infected with Malaysia/B.
Slightly lower lactate concentrations were detected in the tolypin-
treated cells and those infected with HIN1pdm. The metabolic
switch was therefore accompanied by changes in glucose consump-
tion and lactate production but there were no differences between
the virus-infected and control cells (Figure 7). The stability of
H1N1pdm and Malaysia/B at low pH was investigated to ensure
that the inhibition of virus replication was not due to lactate-
dependent pH changes in the medium (Supporting Information S1:
Figure S5). We observed no reduction in the viral titers in the pH

range 5.5-8. The differential inhibition of IAV and IBV replication is
therefore not due to pH stability.

Previous studies investigating metabolic changes in response to
influenza virus infection considered different strains to the ones we
used in our study and focused on later postinfection time points,
which are more likely to reflect the impact of apoptosis than the viral
infection.[°! Importantly, all the previous studies cited above solely
considered IAV strains and no further data are available for IBV
strains. Our data therefore suggest there are differences between
IAV and IBV strains in terms of the capacity to reprogram cellular

metabolism, and this should be investigated in more detail.

3 | CONCLUSION

New lead structures are needed to develop promising therapeutic
options for the treatment of influenza virus infections. Interfering
with the cell's energy metabolism offers novel targets for antiviral

therapies. We have described the chemical characteristics and
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FIGURE 7 Glucose consumption and lactate formation in MDCK Il cells infected with HIN1pdm or Malaysia/B and the effect of treatment
with 1 ng/pL tolypin. Confluent MDCK Il cells were infected or left uninfected and then treated with tolypin or left untreated. At given time
points, supernatants were collected for the measurement of (a) glucose and (b) lactate concentrations by LC-MS/MS. Data are means + SD of

n =3 independent biological replicates, measured in technical triplicates.

antiviral activity of tolypin. The inhibition of ATP synthase by tolypin
reduces OXPHOS activity in MDCK Il cells, forcing a switch to
glycolysis to maintain an energy supply. Tolypin did not inhibit the
replication of HIN1pdm but reduced the titers of several IBV strains
by up to 5log units after 32 h. We present the first example of
UHPLC-isCID-HR-MS/MS data for the characterization of tolypins as
typical 16-residue efrapeptin-type peptaibiotics, confirming the
suitability of this method for the sequencing and structural
elucidation of partially co-eluting fungal peptides. Due to recent
changes in the phylogeny and systematics of the genus Tolypocla-
dium, a reinvestigation of the peptaibiotic profiles (including
efrapeptin-type peptaibiotics) of the currently accepted 48 species
would contribute to progress in chemotaxonomy and facilitate the
detection of novel bioactive natural products. Our results also
highlight the need for further studies to identify specific differences
between IAV and IBV to develop targeted treatments for influenza

virus infections.

4 | EXPERIMENTAL

41 | Chemistry

411 | General

Information about the five peptaibiotics used in this study
is provided in Table 3. Antimycin A, carbonyl cyanide-p-

(FCCP),

(2-DG), ionomycin, permethrin, and rotenone were purchased from

trifluoromethoxyphenylhydrazone 2-desoxy-p-glucose
Sigma-Aldrich/Merck. The serine protease inhibitor aprotinin and
disodium adenosine 5'-triphosphate (ATP) were obtained from Carl
Roth. Oligomycin A was obtained from Cayman Chemicals. LC-MS

grade chemicals and solvents for mass spectrometry were sourced
from VWR International and Thermo Fisher Scientific.

41.2 | Mass spectrometry

Ultrahigh performance liquid chromatography coupled to quadrupole
time-of-flight high- resolution mass spectrometry and MS/MS analysis
was carried out using an Agilent 1290 Infinity LC system coupled to a
QTOF maXis Il mass spectrometer (Bruker Daltonics) equipped with an
ESI source. Samples were loaded onto a Acquity UPLC BEH C18 column
(130 A, 1.7 um, 2.1 x 100 mm) equipped with the appropriate pre-column
(130A, 1.7 um, 2.1 x 5mm) at 45°C and fractions were eluted using a
linear gradient of buffers A (0.1% formic acid in water) and B (0.1% formic
acid in acetonitrile). The following gradient was applied at a flow rate of
0.6 mL/min: Omin/95% A, 0.30min/95% A, 18.00min/4.75% A,
18.10 min/0% A, 22.50 min/0% A, 22.60 min/95% A, 25.00 min/95%
A. Data were acquired in the scan range 50-2000 m/z at 1 Hz. MS/MS
analysis was carried out at 6 Hz and the top five most intense ions in each
full mass spectrum were targeted for collisional induced dissociation (CID)
using N, (Supporting Information S1: Table S12). Precursors were
excluded after two spectra, released after 0.5 min, and reconsidered if the
intensity of an excluded precursor increased by >1.5-fold. Targeted MS/
MS analysis was applied to all y4 ions with in-source CID energy of 20 eV

and collision energy of 48 and 60 eV (combined).

41.3 | LC-MS-based approximation of relative
abundancies

Extracted ion chromatograms (+ 0.02 Da) from diluted samples were
generated for the comparison of peak areas. Independent analysis
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TABLE 3 Peptaibiotics investigated in this study.
Substance Batch No. No. of peptides
Alamethicin F50 #2 (K8/87) 13
Antiamoebin #AAM6K3 9
Paracelsin #HB1 8
Trichotoxin A-40 #151085 6
Tolypin #Jegorov 15089012% 12

2Originally identified as Trichoderma viride.
bOriginally identified as Trichoderma viride.

was applied to the first and second isotope of the ys and bjo
fragments. Used extracted ion chromatograms and resulting peak
areas are given in Supporting Information S1: Table S13. The detector

remained in the linear range.

4.2 | Biological assays

421 | Insecticidal activity of tolypin against
G. mellonella

The in vivo toxicity of drugs is typically assessed using preclinical rodent
models. However, to minimize the use of vertebrates in research,
invertebrate species such as the larvae of the greater wax moth G.
mellonella have recently been introduced. We randomly selected 20 last-
instar G. mellonella larvae (Tropic Shop) per treatment, each individual
weighing 500 = 50 mg. Larvae with signs of melanization were excluded.
Tolypin was dissolved in 50% DMSO at a concentration of 10 ng/uL,
and 5 plL of the solution was injected into the hemocoel through an
anterior proleg using a manual microsyringe pump (World Precision
Instruments) equipped with a Braun Omnican F syringe (1 mL, 30G,
0.3 x 12 mm). Control larvae were untreated or injected with either 5 pL
50% DMSO as a vehicle control or 10 uL 96% ethanol (Carl Roth) to
provoke melanization. The larvae were incubated at 22 + 2°C in the dark
for 11 days. Melanization and mortality were recorded daily. Larvae
were considered dead if we observed signs of punctate or systemic
melanization or prolonged absence of movement (irreversible paralysis).
The rates of survival, pupation, and metamorphosis were evaluated
using GraphPad Prism v9.1.2 (GraphPad Software).

422 | Cell culture

Madin-Darby canine kidney Il (MDCK Il) cells were maintained in
Dulbecco's modified Eagle's medium (DMEM) GlutaMAX supplemen-
ted with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin
(all media and supplements from Thermo Fisher Scientific). The cells
were incubated at 37°C in a 5% CO, atmosphere.
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Length Source
20 Trichoderma arundinaceum CBS 123793 (=NRRL 3199)°
16 Emericellopsis fimetaria CBS 176.60 (=ATCC

16540 = IMI 081600 = MUCL 11495; syn. Stilbella
fimetaria, syn. Emericellopsis synnematicola)

20 Trichoderma reesei CBS 392.92 (=QM 9414 = ATCC
26921)
18 Trichoderma asperellum CBS 361.97 (=NRRL 5242)°
16 Tolypocladium inflatum |E 1897
423 | Cytotoxicity screening in cell culture

Cells were seeded in 96-well plates and incubated at 37°C in a 5%
CO, atmosphere until they reached 90% confluence. They were then
treated with tolypin, ionomycin, or DMSO. The peptaibiotics were
dissolved in DMSO (10 pg/uL stock) and further diluted with DMSO
as required. lonomycin was also dissolved in DMSO (7.47 pg/pL, final
dilution 74.74 ng/pL). The final DMSO concentration was 1% (v/v).
The plates were incubated as above for 48 h and cell viability was
assessed by measuring the ATP content using the CellTiter-Glo
Luminescent Cell Viability assay (Promega) according to the
manufacturer's instructions. Luminescence was recorded using black
96-well plates in a Synergy H4 microplate reader (Biotek/Agilent).
The luminescence readings were normalized to the DMSO control,
which was set to 100% cell viability.

424 | Live and dead cell count assay

Cells were seeded in 24-well plates and incubated as above until
they reached 90% confluence. They were then treated with
tolypin at concentrations of 0.1, 1, and 10ng/plL, 7.47 pg/pulL
ionomycin or 1% DMSO as a vehicle control. The plates were
incubated as above for 48 h and then the cells were detached
using 200 uL TrypLE (Thermo Fisher Scientific) and resuspended
in DMEM. Aliquots of 15 uL were mixed 1:1 with trypan blue
solution (Merck) to give a final trypan blue concentration of 0.2%
before transferring this solution to cell-counting slides and
recording the number of living and dead cells in a BioRad TC20

Automated Cell Counter.

425 | Measurement of OCR and ECAR

The OCR and ECAR of MDCK Il cells were measured in the presence
and absence of tolypin using the XF Cell Mito Stress Kit on a
Seahorse XF96 system (Agilent) according to the manufacturer's
instructions. Briefly, MDCK Il cells were seeded in 96-well XF plates
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(Agilent) and incubated at 37°C in a 5% CO, atmosphere for 24 h.
The cells were then treated with tolypin (0.1, 1, or 10 ng/uL) or the
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control oligomycin (1.18 pg/uL) 48 h before measuring the long-term
effect on OCR and ECAR, or the same reagents and concentrations
were injected via the first port (slot A) to measure the acute impact.
The cells were washed once with 100 uL medium, which was then
replaced with 180 uL of Seahorse assay medium (DMEM containing
25 mM b-glucose, 2 mM L-alanyl-L-glutamine, 1 mM sodium pyruvate,
pH 7.35). We then injected modulators of energy metabolism as
follows: 1.58 pg/uL oligomycin, 0.5 ug/puL FCCP, 0.197 pg/uL rote-
none, 0.548 ug/pL antimycin A, and 8.2 ug/pL 2-DG. Following the
application of each substance and mixing for 3 min, each measure-

ment was recorded for 3 min in triplicate.

42.6 | Viruses

The influenza viruses used in this study were strains A/Hamburg/
05/2009 (H1N1pdm), A/Hessen/1/2003 (H3N2), A/PuertoRico/
8/34 (PR8), A/swine/Wisconsin/1/67 (H1N1), B/Malaysia/2506/
2004 (Malaysia/B), B/Massachusetts/71 (Massachusetts/B),
B/Brisbane/60/2008 (Brisbane/B), and B/California/12/2015
(California/B). The viruses were propagated in MDCK Il cells with
infection medium (DMEM GlutaMAX) supplemented with 0.2%
bovine serum albumin (bovine serum albumin [BSA], Carl Roth),
1% penicillin/streptomycin and 1ug/mL bovine N-tosyl-L-
phenylalanine chloromethyl ketone (TPCK)-treated trypsin (Ther-
mo Fisher Scientific) at a multiplicity of infection (MOI) of
0.001-1. After 48 h, cell supernatants were cleared by centrifu-
gation (2000 x g, 10 min, 4°C) and stored at -80°C.

427 | Screening of antiviral activity in MDCK Il cells

MDCK |II cells were inoculated with selected viruses at a MOI of
0.01, 0.1, or 1 to cause a significant CPE after 48 h. For HIN1pdm,
PR8, H1IN1, H3N2, Malaysia/B, Brisbane/B, and California/B we
used a MOI of 1 and for Massachusetts/B the MOI was 0.01.
Confluent MDCK |l cells were inoculated with the virus in the
infection medium. After incubation for 1h, the cells were
washed twice with phosphate-buffered saline (PBS), followed by
treatment with various concentrations of tolypin (0.1-100 ng/uL) or
651 ng/pL aprotinin (65.11 mg/mL stock in water) as a control in
infection medium supplemented with 1 pg/mL bovine TPCK-treated
trypsin. Aprotinin prevents proteolytic activation and multiplication
of influenza viruses in cell culture and rodents and therefore serves
as a positive control for inhibition of viral replication.?®! After
incubation for 48 h at 37°C in a 5% CO, atmosphere, cell viability
was determined using the CellTiter-Glo assay as described above.
Luminescence values were subtracted from the blank (virus-treated
cells) before normalizing to the aprotinin control, which was set to

100% antiviral activity.

428 | Multicycle replication in MDCK Il cells

MDCK Il cells were seeded in 24-well plates and grown to 100%
confluence. The cells were inoculated with the virus at a MOI of
0.001 in the infection medium. After incubation for 1 h at 37°Cin a
5% CO, atmosphere, the cells were washed twice with PBS,
followed by treatment with tolypin, oligomycin, or aprotinin as a
control in an infection medium supplemented with 1 ug/mL TPCK-
treated trypsin. Supernatants were collected 16, 24, 32, 40, and
48 h postinfection and viral titers were determined by plaque

assay.

429 | Stability of HIN1pdm and Malaysia/B
as a function of pH

To determine the stability of HIN1pdm and Malaysia/B as a function
of pH, virus suspensions were incubated in buffers across a pH range
of 5-7.5 for 30 min. Afterwards, serial dilutions were used to

determine the viral titer by plaque assay.

4210 | Plague assay in MDCK Il cells

MDCK |l cells were seeded in 24-well plates and grown to
confluence. Samples from the multicycle replication experiments
were serially diluted in an infection medium and used to inoculate the
cells. After incubation for 1 h at 37°C in a 5% CO, atmosphere, the
cells were washed twice with PBS and then overlaid with 1.25%
Avicel in MEM (both Thermo Fisher Scientific) supplemented with
0.3% BSA, 1% glutamine, and 1% penicillin/streptomycin. The overlay
medium was removed after 48 h and the cells were washed with PBS,
fixed with 4% paraformaldehyde (Carl Roth) and plaques were
visualized by 0.25% crystal violet staining (Carl Roth). Titers were
calculated from the number of plaques, expressed as plaque-forming
units PFU/mL.

4211 | Quantification of glucose and lactate in the
cell supernatant

MDCK |l cells were infected with viruses as described above.
Supernatant samples (50 uL) were collected 0, 8, 16, 24, and 30h
postinfection and transferred to a second centrifuge tube containing
100 pL 0.1% formic acid in acetonitrile. The solution was centrifuged
(3622 x g, 5 min, 4°C) to pellet the precipitated proteins and 10 uL of
the supernatant was diluted with 990 uL 0.1% formic acid in water
for MS analysis using the QTOF maXis Il instrument as described
above (see Section 4.1.2). Parameters for extracted ion chromato-
grams were extracted ion chromatogram (EIC) 91.0385+0.01 for
lactate and EIC 203.0526 +0.01 for glucose. The results were
analyzed using Compass DataAnalysis v5.3 (Bruker).
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4212 | Statistical analysis

All data are presented as means * standard deviations (SD). Normality
was determined using the Shapiro-Wilks W test before two-way
analysis of variance (ANOVA) for multiple comparisons. If assump-
tions of normality were not met, a Kruskal-Wallis test was applied,
followed by Dunn's post hoc test. The data were visualized using
GraphPad Prism 9.1.2.
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