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Mass-spectrometry-based metabolomics and molecular phylogeny
data were used to identify a metabolically prolific strain of Tolypo-
cladium that was obtained from a deep-water Great Lakes sediment
sample. An investigation of the isolate’s secondary metabolome
resulted in the purification of a 22-mer peptaibol, gichigamin A
(1). This peptidic natural product exhibited an amino acid sequence
including several β-alanines that occurred in a repeating ααβ motif,
causing the compound to adopt a unique right-handed 311 helical
structure. The unusual secondary structure of 1 was confirmed by
spectroscopic approaches including solution NMR, electronic circular
dichroism (ECD), and single-crystal X-ray diffraction analyses. Arti-
ficial and cell-based membrane permeability assays provided evi-
dence that the unusual combination of structural features in
gichigamins conferred on them an ability to penetrate the outer
membranes of mammalian cells. Compound 1 exhibited potent in
vitro cytotoxicity (GI50 0.55± 0.04 μM) and in vivo antitumor effects
in a MIA PaCa-2 xenograft mouse model. While the primary mech-
anism of cytotoxicity for 1 was consistent with ion leakage, we
found that it was also able to directly depolarize mitochondria.
Semisynthetic modification of 1 provided several analogs, including
a C-terminus-linked coumarin derivative (22) that exhibited appre-
ciably increased potency (GI50 5.4 ± 0.1 nM), but lacked ion leakage
capabilities associated with a majority of naturally occurring pep-
taibols such as alamethicin. Compound 22 was found to enter intact
cells and induced cell death in a process that was preceded by
mitochondrial depolarization.
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Natural product chemical research has evolved in many ex-
traordinary ways over the last decade largely due to the

integration of powerful and accessible analytical chemistry (1, 2)
and molecular biology (3, 4) tools. Some of these techniques have
been applied toward the creation of natural product big-data sets
in which genomic, metagenomic, metabolomic, and proteomic
approaches are combined to obtain new insights into nature’s
remarkable chemical bounty (4–8). The predictive capabilities of
these methods have helped guide efforts in several fertile areas of
natural products research including the DNA cross-linking ene-
diynes (9), bioactive cyanobacterial metabolites (10, 11), cytotoxic
pentangular polyphenols (12), and thiopeptide antibiotics (13).
The integration of analytical and molecular approaches is an

effective way to find new natural product analogs that exhibit
enhanced biological activities and improved pharmacological
attributes (e.g., greater potency, better solubility, enhanced
therapeutic index, etc.), but it also has the potential to uncover
compounds with activities that are markedly dissimilar to other
members of the queried chemical class. Nature is well known for
its chemical repurposing capabilities, which allow populations of

organisms to evolve new biological functions from existing molec-
ular scaffolds. The gonanes (perhydrocyclopenta[a]phenanthrenes)
are a classic example of chemical repurposing with members of this
diverse natural-product family acting as hormones (e.g., progester-
one), bile acids (e.g., cholic acid), membrane stabilizers (e.g., cho-
lesterol), toxins (e.g., digitoxin), as well as serving other roles (14).
However, identifying functional outliers from among a group of
chemically related natural products is not trivial; it requires adding
a bioassay search component to the gene- or chemistry-based
search process to detect a metabolite’s biological attributes.
The peptaibols are a class of nonribosomal-peptide-synthetase

(NRPS)-derived metabolites produced by several types of fungi
(15, 16). These compounds have attracted considerable interest
due in large part to their antimicrobial properties and potential
for biocontrol applications. Peptaibols are typically defined as
peptidic natural products that contain 5–20 amino acid residues,
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are rich in nonproteinogenic amino acids including α-amino-
isobutyric acid (Aib) and isovaleric acid (Iva), exhibit a C-terminal
alcohol, and contain an N-terminal acetyl group. The peptaibols
have been intensively studied because of their abilities to form
pores in the outer membranes of cells; these pore-forming capa-
bilities result in most compounds in this class exhibiting non-
specific cytotoxic properties toward bacterial, fungal, and
mammalian cells (15, 17). The effects of peptaibols on mammalian
cells tend to be relatively modest, causing the loss of cell viability
at concentrations in the mid-to-high micromolar range (18–25).
With many hundreds of peptaibols reported, finding new peptai-
bol analogs that possess an alternative mode of biological activity
would be an impracticable prospect if one relied solely on either
chemically driven or genome-based approaches to identify candi-
date molecules. Instead, an exploration that coupled these tech-
niques with a bioassay-guided search tool could conceivably
provide a reasonable opportunity to capture natural products that
are both chemically unique and functionally divergent from the
pool of known structurally analogous metabolites.
In this article, we describe the gichigamins, which are members

of the peptaibol class of natural products. While their initial
detection arose from mass spectrometric and genomic-based
screening, parallel bioassay testing revealed a marked change in
the biological properties of these metabolites. A subtle shift in
the combination of structural features present in the gichigamins
has endowed these peptaibols with both a unique 3D structure
and distinct cell-penetration properties that foster interaction
with intracellular targets. Semisynthetic modifications were
identified that have opened a path to transforming the gichiga-
mins into peptides that are devoid of outer membrane ion
channel-forming properties and set a benchmark within this
metabolite class for mammalian-cell cytotoxicity.

Results and Discussion
Identification of Tolypocladium sp. Sup5-1 (T2) by Laser Ablation
Electrospray Ionization Mass Spectrometry–Principal Component
Analysis. Our prior discovery of the unusual metabolite
maximiscin from the Alaskan-soil-derived Tolypocladium sp.
T1 isolate (26) prompted us to search our laboratory’s col-
lection of >25,000 fungal isolates for additional Tolypocla-
dium sp. specimens that produced rich assortments of natural
products. Principal component analysis (PCA) of laser abla-
tion electrospray ionization mass spectrometry (LAESIMS)

data (Fig. 1) obtained for 61 putative Tolypocladium sp. isolates
identified a single isolate that clustered with the Alaskan Tolypo-
cladium sp. T1. The isolate, which was derived from a deep-water
sediment sample collected from Lake Superior, Michigan (depth
∼152 m), showed high sequence similarity spanning the rRNA
ITS1-5.8S-ITS2 region (i.e., fungal “barcode” region) (26) to
the Alaskan isolate. The fungal isolate has been designated
here as Tolypocladium sp. Sup5-1 (T2). Our interest in pur-
suing further studies of this fungal isolate were reinforced
when bioassay data obtained using the crude organic fungal
extract revealed that the sample exhibited remarkably potent
cytotoxicity against a pancreatic cancer cell line (MIA PaCa-2).

Metabolomics Analysis of Tolypocladium sp. Sup5-1 (T2). To explore
the secondary metabolite capabilities of Tolypocladium sp. T2,
the fungus was grown in several types of broth media. Growth
of the fungus in a modified potato dextrose broth (PDB)
resulted in the generation of numerous new and known mem-
bers of the malettinin family of polyketides [malettinins A (27),
B (28), and F–H (16‒20), respectively] (Fig. 2A). However, the
addition of NaNO3 to the PDB resulted in the suppression of
polyketide biosynthesis and instead led to the production of at
least 15 peptide natural products (1‒15), including the 22-mer
peptaibol, gichigamin A (1), and six analogs [gichigamins B‒G
(2‒7, respectively)] (Fig. 2B). The remaining peptides consisted
of a series of 11-mer lipopeptaibols (8‒13), which were iden-
tified as dakwaabakains A-E (8‒12) and LP237-F7 (13) (25).

Primary Structures of the Tolypocladium sp. T2 Metabolites. The struc-
tures of the peptides (1–12) and polyketides (18–20) (Fig. 2C andD)
were determined by high-resolution multidimensional NMR [1H and
13C NMR, 1H-1H COSY (1H-1H correlation spectroscopy), HSQC
(heteronuclear single quantum correlation), HMBC (hetero-
nuclear multiple bond correlation), TOCSY (total correlation
spectroscopy), and ROESY (rotating frame overhauser effect
spectroscopy)] (SI Appendix, Fig. S3B), electronic circular di-
chroism (ECD) (SI Appendix, Fig. S6), high-resolution (accurate
mass) and collision-induced dissociation mass spectrometry (SI
Appendix, Fig. S4), as well as analysis of Marfey’s reaction
products (29) (SI Appendix, Fig. S5). Gichigamin A (1) and its
structural analogs (2 and 5–7) are particularly long (22-mer) among
peptaibols that have been purified from a natural source (16) (SI
Appendix, Fig. S8B). The gichigamins are rich in the uncommon
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Fig. 1. Identification of Tolypocladium sp. T2 using the LAESIMS-PCA. (A and B) LAESIMS profiles of Tolypocladium sp. T1 (A) and T2 (B). (C) PCA analysis of
the LAESIMS profiles for the pool of 61 selected fungal isolates (red and blue diamonds) investigated in this study.
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residue, β-alanine (BALA), which is otherwise rare among the
peptaibols (16, 18, 30, 31) (SI Appendix, Fig. S8A). It has been
proposed that the introduction of β-amino acids into the peptides

provides increased resistance to hydrolysis and contributes to their
stability in biological systems (32, 33). Additionally, the gichigamins
lack both glutamine (Gln) and glutamic acid (Glu) residues, which
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Fig. 2. Secondary metabolite profiles of Tolypocladium sp. T2. HPLC analysis (PDA scan at 200‒600 nm) of the secondary metabolite profiles of T2 grown in PDB
medium (A) and PDB medium with 2 g/L NaNO3 (B). Isolated compounds are categorized in the dashed boxes according to their regions on the chromatograms.
Structures of the secondary metabolites from T2 are shown in C and D. Additional structural information and detailed renderings of the compounds discussed in
this report are provided in SI Appendix. Amino acid codes for the rare residues: BALA, beta-alanine; J, isovaline; PA, pipecolic acid; U, 2-aminoisobutyric acid.
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are reported to be important for peptaibols to form ion channels
(15, 34) (SI Appendix, Fig. S8A).

Single-Crystal X-Ray Diffraction Analysis of 1. After many attempts,
crystals of 1 were obtained from a concentrated MeOH solution,
which provided an opportunity for single-crystal X-ray diffrac-
tion analysis (see details in SI Appendix). The X-ray crystal dif-
fraction studies were carried out on an in-house macromolecule
diffractometer (Rigaku MicroMac 008HF and Dectris Pilatus
200K detector at 100 K, Cu Kα) due to the weak diffraction of
the small crystals of 1 obtained on a small-molecule diffrac-
tometer (Bruker-AXS APEX CCD on a D8 platform goniome-
ter, Mo Kα). As a consequence of the combined data collection
process, structure determination methods, and structure refinement
procedures, it was realized that the crystal data for compound 1
exhibited many macromolecule-like features, including a pre-
cipitous drop of R and Rfree upon anisotropic refinement that
had stemmed from the relatively large number of atoms in the
unit cell and C-terminal disorder. The 1.1-Å-resolution crystal
structure of 1 (Fig. 3A), which was refined to a final R and Rfree
of 10.98 and 12.06%, respectively, contained two molecules in
the unit cell organized as compacted antiparallel lamellar sheets
(SI Appendix, Table S17). Although a reliable Flack factor was
not available for determining absolute configuration directly, the
unambiguous relative configuration assigned based on the crystal
structure of 1 was consistent with the NMR assignments and the
Marfey analysis. Upon further examination of the secondary
structure of 1, the N-terminal residues Aib2-Phe6 formed a type
IV β-turn in an α-β-motif (35) with the Pro2 carbonyl hydrogen
bonded to the i + 3 and i + 4 amines (Phe5 and Iva6) (Fig. 3B).
Residues 7–20 were determined to form a unique 311-P helix with
the final BALA and Gly-ol arranged in a coil (Fig. 3 A and C).
The 311-P helix was designated as a right-handed helix with a
3-residue repeat and 11 backbone atoms per helix according to
the peptide nomenclature proposed by Bragg et al. (36). Both
the ECD and VCD (vibrational circular dichroism) spectra (SI
Appendix, Figs. S6 and S7) revealed that in solution, the 311-P helix
exhibited spectroscopic features that are similar to a 310 helix (37, 38)
(Fig. 3D). The BALA-rich 311-P helix results from a repeating
α-residue/α-residue/β-residue (ααβ) pattern with the β-residue car-
bon causing distortion to the helical backbone. Consequently, the

311-P helix in the gichigamins is longer by ∼0.5 Å per turn
compared with a canonical 310 helix (39). As a result, the overall
length of 1 was determined to be ∼41.6 Å (40). The gichigamins’
repeating ααβ motif and 311-P helix constitutes an unusual sec-
ondary structural element among naturally occurring peptide.

Genome Analysis of Tolypocladium sp. Sup5-1 (T2).Genomic analysis
of Tolypocladium sp. T2 (see details of genome sequencing and
assembly in ref. 41) using the AntiSMASH secondary-metabolite
gene-cluster search tool (version 3.0.2) (42) (see details of ge-
nome analysis in SI Appendix) revealed an NRPS-PKS (NPT2)
cluster with a 21-module NRPS on contig 75, open-reading
frames 0–6 (Fig. 4 and SI Appendix, Fig. S1 and Table S18).
The 21-module NRPS was unequally split into an NRPS-PKS
gene (ctg75_orf0, 30 kb, encoding one AT module and eight
NRPS modules) and an NRPS gene (ctg75_orf3, 42 kb, encoding
13 NRPS modules), which were separated by an ABC trans-
porter and a small hypothetical gene. Substrate prediction, uti-
lizing the Stachelhaus et al. (43) and NRPSPredictor 2.0 (44)
methods, revealed high similarities between the genomically
derived peptaibol structure prediction (based on bioinformatics
analysis; see SI Appendix, Table S16) and the experimentally
determined structures of gichigamins A–G (1–7). Specifically,
positions 2, 3, 4, 7, 9, 12, 18, and 19 were accurately predicted
between both Stachelhaus and NRPSPredictor-2.0 algorithms
with 100% agreement on the proline positions and volumetric
agreement with D-isovaline and 2-aminoisobutyric acid positions.
Substrate prediction indicated that this cluster was the only
reasonable candidate gene cluster for the production of gichi-
gamins A–G (1–7) in the Tolypocladium sp. T2 genome.
A plausible biosynthetic pathway was subsequently proposed for

gichigamin A (1, SI Appendix, Fig. S1). The initiating AT module
of the NRPS-PKS gene (ctg75_orf0) incorporated an acetate
group followed by chain elongation with each NRPS module from
ctg75_orf0 and ctg75_orf3 resulting in the 21-residue peptaibol
product 3. Gichigamin A (1) formation was terminated by linkage
of 2-aminoethanol to the carboxyl terminus of the peptide. We
speculate that the 2-aminoethanol is a reaction product of a
separate enzyme system (45). Analogous 21-module NRPS clus-
ters have been reported from the genomes of Tolypocladium sp.
T1 (NPT1) (41) and a recently sequenced Tolypocladium inflatum
(NPTi) (46) (Fig. 4 and SI Appendix, Tables S16 and S18). How-
ever, despite efforts to manipulate the growth media for these
fungi, no metabolite in the expected mass range for the products
of NPT1 and NPTi has been reported from these isolates.

In Vitro Antiproliferative and Cytotoxic Activities of Gichigamins. The
antiproliferative and cytotoxic effects of the purified gichigamins
A–G (1–7), dakwaabakains A-E (8–12), and LP237-F7 (13) were
evaluated against a pancreatic cancer cell line (MIA PaCa-2).
Compounds 1‒7 exhibited a wide range of antiproliferative and
cytotoxic potencies (SI Appendix, Table S19). The concentrations
at which gichigamins inhibited cell proliferation by 50% (GI50)
ranged from 0.23 μM for 2 to 1.58 μM for 4, whereas the con-
centration that induced 50% cytotoxicity (LC50) ranged from
0.81 μM for 1 to >10 μM for 6 and 7. It was observed that re-
placement of an Iva residue with an Aib residue at positions 6, 12,
and/or 19 led to reduced potencies among the gichigamins (1–7).
This structure-activity pattern was repeated in a second pancreatic
cancer cell line (PANC-1; refer to SI Appendix, Table S19).
The 11-mer lipopeptaibols (8‒13) exhibited less activity

(GI50 >1 μM) relative to the gichigamins, which was anticipated
based on published data for related metabolites (15). Alame-
thicin, an archetypical peptaibol, was eightfold less potent than 1
against PANC-1 cells (SI Appendix, Table S19). This agrees with
widely reported cytotoxic properties described for most known
peptaibols (18–25). To provide an overall better understanding
of the antiproliferative and cytotoxic properties of 1, the

41.6 Å

α-β motif unique 311-P-helix

Pro2

Phe5

canonical 310 helix

A

B C D

Fig. 3. Single-crystal X-ray diffraction of gichigamin A (1). (A) The complete
structure of the gichigamin A monomer generated using PyMol. The C-ter-
minal Gly-ol hydroxyl is displayed with the highest occupancy model (73%).
(B) N-terminal α-β-motif of 1. Pro2 is shown coordinating through two hy-
drogen bonds to the i + 3 and i + 4 residues. (C) A perpendicular view of the
unique 311-P-helical structure resulted from the inclusion of BALA residues in
1. The N- and C-termini were removed for clarity. (D) For the purpose of
comparison, a canonical 310 helix is shown that was generated with Φ- and
Ψ-angles of −49° and −29° for poly-Ala dodecamer using the PepMake
1.2 server at pepmake.wishartlab.com/.
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compound was tested in the NCI-60 panel, which revealed that
all cell lines were relatively sensitive to the peptaibol with
average GI50 and LC50 values of 0.15 and 0.88 μM, respectively
(SI Appendix, Table S20). Examination of these results by
COMPARE analysis (47, 48) did not provide any specific indi-
cators for a potential mode of action since there were no notable
differences in potency or efficacy among the queried cell lines.
Combined, these data revealed that the gichigamins were more po-
tent cytotoxic agents than most peptaibols, which provided a strong
indicator that the remarkable structural features of the gichigamins
might have yielded peptaibol analogs with a distinct mode of action.

In Vivo Antitumor Activity of 1. Based on the potent in vitro cy-
totoxicity of 1, the in vivo antitumor effects of 1 were evaluated
in a MIA PaCa-2 xenograft mouse model (Fig. 5). Female
athymic nude (nu/nu) mice were implanted bilaterally with MIA
PaCa-2 tumor fragments that had been propagated in nu/nu
mice. Stocks of 1 were made up at 2 mg/mL in ethanol (EtOH)
and diluted in PBS to a final concentration of 2.6% EtOH im-
mediately before i.p. injection. Statistically significant antitumor
effects were observed 2–6 d after an initial dose of 0.25 mg/kg of
1. However, an average 10% weight loss was observed in animals
in this treatment group on days 2 and 3 that precluded additional
dosing. Lower doses of 0.1 mg/kg were also administered to a
second treatment group on days 0 and 3, which also showed
statistically significant antitumor effects on days 3 and 6 com-
pared with the control group (Fig. 5). This dosing regimen was
associated with minor, <3%, body weight loss throughout the
trial. These results indicate that 1 has significant and potent
antitumor activity in the MIA PaCa-2 xenograft model within a
relatively narrow therapeutic window.

Gichigamin A Penetrates into Cells. The mechanism of cell cyto-
toxicity induced by the peptaibols has been extensively studied
and it has been consistently demonstrated that their abilities to
induce cell death are related to their pore-forming capabilities
(18–25). Considering the increased potencies and unique struc-
tural features of the gichigamins, we first investigated whether
these peptaibols incorporate into membranes to form pores. For
these tests, alamethicin was selected as the positive control due

to its well-established in vitro pore-forming capabilities. Atomic
force microscopy (AFM) (49) revealed that alamethicin induced
deformation of membranes at 10 μM, similar to what has been
described (50). In contrast, membranes treated with 10 μM of 1
were indistinguishable from untreated control membranes (Fig.
6 A–C). To determine if the gichigamins were able to cross lipid
bilayers, an artificial membrane permeability assay (PAMPA)
was performed (51) (Fig. 6D and SI Appendix, Table S21). In
contrast to most peptaibols, 1 was found to readily penetrate the
lipid membrane at concentrations as low as 0.5 μM. The passage
of 1 through the membrane was not accompanied by leakage of
calcein dye, even at concentrations as high as 5 μM. In comparison,

Fig. 5. Antitumor effects of 1 in a pancreatic tumor xenograft model.
Athymic mice were bilaterally implanted with MIA PaCa-2 tumors and treated
with 1 at a dose of 0.1 mg/kg on days 0 and 3 (open triangles) or 0.25 mg/kg
on day 0 (open circles). The results represent the average change in tumor
volume ±SE. *P < 0.05; **P < 0.01; ****P < 0.0001 compared with untreated
control (filled squares) by a two-way ANOVA with a Dunnett’s posthoc test.
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Fig. 4. Comparison of the biosynthetic clusters NPT1, NPT2, and NPTi following analysis by AntiSMASH v3.0.2 (fungismash.secondarymetabolites.org/#!/start).
The numbers and codes appearing in this figure identify the isolates, contigs, and genes discussed in this article. The three putative NRPS-PKS clusters each
contained 21 NRPS modules, as well as the signature of a PKS module [an acyltransferase (AT) and a ketosynthase (KS)].
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application of 1–5 μM alamethicin to the membrane led to the
rapid leakage of calcein, although the compound itself could not
be detected as having crossed the membrane. At 10 μM, ala-
methicin and calcein both crossed the membrane (Fig. 6D),
which is not surprising since this concentration also formed large
holes in the membrane (Fig. 6B). These data demonstrated that 1,
which appeared to have successfully passed through an intact lipid
bilayer, acted in a way that was distinct from alamethicin. These
observations were extended to whole cells using a calcein release
assay (Fig. 6F). PANC-1 cells were incubated (30 min) with non-
fluorescent acetoxymethyl calcein, which was taken up by the live
cells and enzymatically hydrolyzed to form fluorescent calcein be-
fore peptaibol treatment. In corroboration with published results
(52) and our PAMPA assay (Fig. 6D), 5 μM alamethicin caused the
near-immediate release of calcein from the cells, whereas the same
concentration of 1 resulted in no detectable release of calcein from
the cells 1 h after treatment (Fig. 6F). However, as the concen-
tration of 1 was increased to 10 μM, calcein leakage was detected,
indicating that 1 can compromise the plasma membrane, albeit well
beyond the concentrations that initiate cytotoxicity.
To test if 1 was capable of entering intact PANC-1 cells,

single-cell mass-spectrometric analysis (53) was used to monitor
cells before and after treatment with 1 or alamethicin. At a
concentration of 0.5 μM, 1 was readily detected in PANC-1 cells
based on the presence of an ion ([M+2Na]2+ m/z 1,030.6031)
(Fig. 6E), which served as an unequivocal signal for the presence
of the gichigamin. The DNA-staining membrane-penetrating
dye, Hoechst 33342 (1 μM), which was coadministered as a
positive control, was readily detected within the intracellular
environment along with 1. In contrast, alamethicin (0.5−10 μM)
could not be detected within PANC-1 cells, although an intense
signal was observed in the extracellular medium ([M+2Na]2+ m/z
1,004.5470). These results provided compelling evidence that the

gichigamins entered cells at concentrations well below those
required by archetypal peptaibols to compromise cell outer
membranes and indicated that at cytotoxic concentrations, the
gichigamins are able to enter cells whereupon they have the
potential to interact with an intracellular target(s).

Partial Hydrolysis of Gichigamins Reveals Structural Requirements for
Cell Penetration. We hypothesized that the distinct cell penetra-
tion and membrane permeabilization properties of the naturally
occurring gichigamins could result from their unique confor-
mations and that modest changes to one or more amino acid
residues could have profound effects on the biological activities
of these compounds. To probe the combination of structural
features required for potent cytotoxicity, we subjected 1 to par-
tial acid hydrolysis. The resulting products were purified, struc-
turally characterized, and tested for cytotoxicity to gain further
insights into the relationships between the primary and second-
ary structural features of the gichigamins and their biological
properties. Nine major products were obtained (24–32) from the
hydrolysis of 1 (SI Appendix, Fig. S3A) and ECD spectra were
collected and analyzed for each compound (SI Appendix, Fig.
S6). These data revealed that only the three longest hydrolysis
products, 24–26, exhibited Cotton effects (Δ«210:Δ«235 = 3:1)
comparable to the 311-P-helix pattern (MeOH solvent) observed
for 1. Subsequent testing revealed that compounds 24 and 25
retained cytotoxic properties similar to 1 against MIA PaCa-2
and PANC-1 cell lines (SI Appendix, Table S19). Further
truncation of amino acid residues from either end of the gichi-
gamins only served to abolish their cytotoxic effects at concen-
trations of up to 10 μM. Single-cell mass spectrometry comparing
compounds 24 (1 μM) and 26 (1 μM) showed that only 24 was
able to enter PANC-1 cells (SI Appendix, Fig. S10A), demon-
strating a correlation between cell penetration and cytotoxicity
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gichigamin A (1)
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Fig. 6. Membrane permeability assays. (A–C) AFM of supported lipid bilayers treated with (A) vehicle, (B) 10 μM alamethicin, or (C) 10 μM gichigamin A (1).
(Scale bar: 2 μm.) (D) PAMPA assay using Corning Gentest Pre-Coated Plate System. Permeability of gichigamin A (1) and alamethicin was determined using
FPLC-ESIMS and calcein leakage was monitored to determine the integrity of the artificial membrane. (E) Single-cell MS analysis of PANC-1 cells treated with
0.5 μM of 1. (F) Cell-based calcein release assay. PANC-1 cells were preincubated with calcein AM and Hoechst 33342 before treatment of gichigamin A (1) and
alamethicin. Real-time fluorescence was monitored using the Operetta system.
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for the gichigamins. The results of these experiments revealed
that an amalgamation of structural features (i.e., peptaibol
length, sequence/type of amino acid residues, and ability to
adopt an ααβ 311-P-helical secondary structure) were critical for
endowing the gichigamins with their unique cell penetration
capabilities and cytotoxic properties.

Gichigamin A Disrupts Mitochondrial Function. To garner insight
into the potential intracellular target(s) of the gichigamins, we
considered the sequence of distinctive morphological changes
that occurred when cells were treated with these peptaibols.
When PANC-1 cells were treated with 1 at twofold the GI50
value (1.6 μM), long, thin cellular protrusions began to form
∼5 h posttreatment (Fig. 7A). This phenomenon continued until
∼8 h posttreatment, whereupon the cells ballooned and the
protrusions dissipated. This sequence of morphological changes
preceding cell death was decidedly reminiscent of the cellular
transformations induced by propofol, which causes mitochon-

drial depolarization, leading to increased intracellular calcium
levels and restructuring of the actin skeleton (54). Indeed,
TRITC-phalloidin staining of actin showed that 1 (0.5–2 μM)
caused a concentration-dependent reorganization of the actin
cytoskeleton along the cellular periphery (SI Appendix, Fig. S13).
Follow-on microscopy experiments lent support to the supposi-
tion that gichigamins were disrupting mitochondrial function.
Specifically, visualization of mitochondria using MitoTracker
Green FM in cells treated with 1 (0.5 μM) revealed that mito-
chondrial morphology was markedly altered 4 h after treatment
compared with vehicle treated cells (Fig. 7 B and C).
We next measured the effects of 1 on calcium uptake using

purified mitochondria to determine whether the gichigamins
could directly disrupt mitochondrial function. Control experi-
ments showed that vehicle-treated mitochondria were able to
readily uptake eight to nine doses of 5 μM calcium before be-
coming depolarized (Fig. 7 F–I, black traces). In comparison, acute
administration of 1 blocked calcium uptake by the mitochondria

A

F G H I

M

B C D E

J LK

Fig. 7. Effects of 1 and 22 on mitochondrial morphology, function, and colocalization. (A) PANC-1 cells were visualized by bright-field live microscopy 1, 3, 5,
6, 7, and 8 h after the addition of 1.6 μM 1. (B–E) The mitochondria of PANC-1 cells treated with vehicle (B), 0.5 μM 1 (C), or 0.05 μM 22 (D) were visualized
using mitotracker Green FM (green) 4 h after compound addition. (E) Localization of 22 (blue) in the same field as mitochondrial staining in D. (F–L) Ca2+

uptake by purified mitochondria treated with vehicle (black traces), 1 (red traces) at 0.05 μM (F), 0.075 μM (G) or 0.1 μM (H); 0.075 μM alamethicin (I, green
trace); or 22 (blue traces) at 0.005 μM (J), 0.01 μM (K), or 0.02 μM (L). (M) Structures of 22 and 23.
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in a concentration-dependent manner (0.05–0.1 μM). Although
the indiscriminate membrane-disrupting agent alamethicin also
had this effect on purified mitochondria (55) (Fig. 7I), our pre-
vious observations that the compound does not enter cells at up to
10 μM meant that this is not a relevant cytotoxic mechanism for
this classical peptaibol at these concentrations. In comparison, our
data demonstrated that 0.5–1 μM of 1 is sufficient to enter cells
and cause disruption of the mitochondria, leading to calcium re-
lease and actin reorganization. These results suggested that dis-
ruption of mitochondrial structure and function occurred at
concentrations of 1 that elicit cytotoxicity.
Despite the combination of remarkable chemical features and cell

penetrating capabilities of 1, the gichigamins retained several aspects
of chemical commonality with classic peptaibols. Since the calcein
permeability assays could not rule out that the gichigamins were
completely devoid of pore-forming properties, we turned to a series
of patch-clamp electrophysiology experiments to investigate the ef-
fects of gichigamins on ion transport. Treatment of PANC-1 cells
with the total growth inhibitory (TGI) concentration of 1 (1 μM)
resulted in a modest increase to the inward and outward currents
caused by both step and ramp voltage changes within 8 min of
compound addition (Fig. 8A). Further increasing the amount of 1
applied to cells (10 μM) led to the rapid onset of linear leak currents,
which agreed with results for the calcein leakage assay. Similar results
were also observed in the MIA PaCa-2 cell line and are consistent
with the known voltage dependence and pore-forming properties of
the peptaibol alamethicin, which has long been used as a model
compound for studying conductance through voltage-gated ion
channels (56). Therefore, while 1 was clearly able to enter cells at

cytotoxic concentrations without causing visible disruption to mem-
branes in AFM and calcein release studies, the acute ion leakage
initiated in patch-clamp studies, at its minimum cytotoxic concen-
tration, suggested that 1 still retained a certain degree of plasma
membrane-disrupting capacity, which likely contributed in part to its
cytotoxic capabilities.

Semisynthetic Modification of Gichigamins Increases Potency. While
investigating the potential intracellular target(s) of the gichigamins,
we prepared a semisynthetic coumarin-conjugated probe (22) of
1 for fluorescent microscopy studies (Fig. 7M). Although the chem-
ical transformation was successful, we were taken by surprise that the
semisynthetic derivative 22 was roughly 60-fold more potent than
unconjugated gichigamin A (1) and over 700-fold more potent
than a methylated coumarin control 23 (Fig. 7M) in both pan-
creatic cancer cell lines (SI Appendix, Table S19). To evaluate
whether the change in the potency of 1 was specifically due to the
addition of the coumarin group (22), 10 semisynthetic gichigamin
analogs were prepared by adding different ester and carbamate
groups to the C-terminus hydroxy (33–42, SI Appendix, Fig. S3C).
Each of the new products showed increased potency in PANC-
1 cells relative to 1 (SI Appendix, Table S19). The effect was most
highly pronounced when aromatic moieties (e.g., phenyl, biphenyl,
naphthyl, coumarin, anthracene, and anthraquinone) (33–39)
were introduced. In contrast, the coumarin-linked analog of ala-
methicin (43) exhibited only a minor increase in potency in
PANC-1 cells (GI50 6.75 μM for alamethicin and GI50 1.33 μM for
43), which buttressed the finding that the primary and secondary

A B

a

b

d

c

C D

Fig. 8. Effects of 1 and 22 on whole-cell patch-clamp electrophysiology and mitochondrial depolarization in PANC-1 cells. Shown are the effects of (A) 1 μM
of 1 (n = 8) and (B) 0.025 μM of 22 (n = 8) on macroscopic whole-cell ionic currents elicited in individual representative PANC-1 cells. Control families of step-
derived current recordings for A and B are in SI Appendix, Fig. S163 A and B, respectively. (A) Ramps recorded without compound (a), upon application (b),
and after 5-min (c) and 8-min (d) exposure to 1. Acute and 5-min ramps exhibited small additional increases in inward currents. The 5-min ramp showed larger
outward currents compared with the acute ramp. Subsequent rapidly developing linear leak currents (8 min) resulted in cell loss (all studied cells were lost
between 10 and 15 min). (B) Shown are the first 12 ramps recorded over 15-min encompassing control, acute, and 5-min exposure to 22. Not shown for clarity
are stable ramps recorded over the subsequent 30 min before cell loss due to breakdown of recording configuration. Ramps exhibited no changes in
magnitude and voltage-dependent properties, nor did leak currents develop over the 35-min recording. Membrane potential (U) is shown in millivolts on the
left vertical axis, current magnitude (I) is shown in picoampere on the right vertical axis, and time duration (time) of voltage steps and elicited currents is
shown in milliseconds on the horizontal axis. (C and D) PANC-1 cells were treated for 4 h with 1, 22, or alamethicin at the indicated concentrations. The extent
of cell death, as determined by 7-AAD staining (C), and mitochondrial depolarization, as measured by incorporation of mitopotential dye (D), were quantified
by flow cytometry. n = 3–5 independent experiments ±SEM ****p < 0.0001 by two-way ANOVA with Dunnett’s posthoc test compared with vehicle control.
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structural features of the gichigamins were essential to the overall
unique biological activity of this group of peptaibols.
Intrigued by the dramatic increase in potency conferred by

C-terminal modification of the gichigamins, we probed the biological
effects of 22 versus 1. Costaining of PANC-1 cells with 0.05 μMof 22
and MitoTracker Green FM provided a visual indication that 22
entered cells and colocalized with mitochondria (Fig. 7 D and E
and SI Appendix, Fig. S12). Similar to the results observed for 1
(Fig. 7C), 22 caused the mitochondria to appear morphologically
disorganized and diffuse within 4 h of treatment (Fig. 7D), which
is consistent with the ability of the gichigamins to alter mito-
chondrial structure and function. Additionally, 22 was found to
be 10-fold more potent than 1 in its ability to directly depolarize
purified mitochondria. We observed that concentrations of 22 as
low as 5 nM greatly diminished mitochondrial capacity (Fig. 7J),
whereas 0.01–0.02 μM was sufficient to completely inhibit mi-
tochondrial function (Fig. 7 K and L). Entry of 22 into PANC-
1 cells was confirmed by single-cell mass spectrometry; ad-
ministration of 0.05 μM of 22 to PANC-1 cells produced a
strong and unambiguous signal (m/z 1,159.6520 [M+2Na]2+ (SI
Appendix, Fig. S10B), confirming the compound was present in
the intracellular compartment at cytotoxic concentrations.

Semisynthetic Gichigamin Modification Alters the Mechanism of
Cytotoxicity. While 22 behaved similarly to 1 in its ability to
penetrate cells and disrupt mitochondrial morphology, it was
unique in that this intracellular mechanism of action was not
associated with ion leakage. Whole-cell patch-clamp experi-
ments revealed that treatment of both PANC-1 and MIA PaCa-2
cells with the TGI concentration of 22 (25 nM) did not produce
any detectable increase in current magnitude when monitored
for up to 35 min (Fig. 8B). Additionally, no ion leakage was
observed with 22 at concentrations up to 1 μM, indicating that
the structural modification used to generate compound 22
shifted its cytotoxic mechanism of action from acute ion per-
meabilization, which is a hallmark feature of the peptaibols, to one
that could be related to its intracellular effect on mitochondrial
depolarization.
To evaluate the relationship between mitochondrial disruption

and cytotoxicity, a whole-cell mitochondrial depolarization assay
(Muse Mitopotential kit; EMDMillipore) was performed. In this
assay, mitochondrial integrity was monitored by tracking the
accumulation of a cationic, lipophilic dye within inner mito-
chondrial membranes. PANC-1 cells were treated with 0.025–
0.1 μM of 22 for 4 h and the number of live cells containing
depolarized mitochondria was evaluated by flow cytometry.
Concentrations of 0.025–0.1 μM of 22, which elicited cytotoxicity
at 48 h (SI Appendix, Table S19), did not cause a significant in-
crease in cell death within 4 h (Fig. 8C) and instead were asso-
ciated with depolarization of the mitochondrial membrane at
this early time point (Fig. 8D). The rapid accumulation of live
cells with depolarized mitochondria at concentrations of 22 that
eventually cause cytotoxicity suggested that the compound’s
primary mechanism of cytotoxic action is due to its direct effects
on mitochondrial membrane depolarization (MMP). In com-
parison, the TGI of 1 (1 μM) caused significant cytotoxicity
within 4 h. This was identical to the effect of alamethicin at its
cytotoxic concentration of 10 μM and was consistent with ion
leakage being the primary cytotoxic mechanism of 1. Together,
these results demonstrate that 1 and 22 have distinct early effects
on cells at concentrations that eventually lead to cell death, with
22 causing a distinctive accumulation of cells with depolarized
mitochondria before cell death.
The shift in the mechanism of action of 22 compared with 1

can also be inferred from the different concentration-response
NCI-60 cytotoxicity profiles for the two compounds (SI Appen-
dix, Fig. S11). As mentioned above, 1 exhibited similar potencies
and efficacies against all cell lines with no clear indicators for a

potential mode of action emerging from COMPARE analysis,
which is consistent with a primary cytotoxic mechanism of action
due to ion leakage. However, there was comparatively sub-
stantial variability in the potency of 22 against the NCI-60 cell
lines. The data indicated a distinct mechanism of action for 22.
COMPARE analyses with 22 showed highest homology to di-
verse compounds, including actinomycin D, chromomycin A3,
and paclitaxel, which are all substrates for the P-glycoprotein
(Pgp) drug efflux pump (57, 58). Additionally, the most resistant
cell line to 22 in the NCI-60 panel was the Pgp-expressing NCI/
ADR-RES OVCAR-8 derivative. In comparing the cytotoxicity
profile of both 1 and 22, we found that 1 was twofold less potent
in the Pgp-expressing NCI/ADR-RES cell line compared with
parental OVCAR-8 cells, whereas 22 was 36-fold less potent in
the Pgp-expressing line (SI Appendix, Table S20). These data
further support that 22 has an internal mechanism of action,
which can be attenuated by Pgp-efflux while internalization is
not as critical for the cytotoxicity of 1. These results revealed
that the unusual structural features of the gichigamins (e.g., 1
and its natural analogs) introduced a cell-penetration quality
among these natural products and that a simple structural
modification to the natural product (e.g., 22 and other semi-
synthetic analogs) was sufficient to shift this scaffold’s mecha-
nism of cytotoxicity to an exclusively internal mechanism of
action involving mitochondrial disruption.

Conclusions
The use of LAESIMS and PCA enabled us to identify and focus
our chemical studies on a particularly exceptional secondary-
metabolite producer, Tolypocladium sp. Sup5-1 (T2), which
yielded the 22-mer peptaibol, gichigamin A (1) and several
related gichigamin analogs. Although peptaibols had been ex-
tensively studied for their membrane-modifying and antimi-
crobial activities, comparatively little has been reported
concerning their activities against mammalian cells. Chemical
and biological investigations revealed several unique structural
features in 1 (i.e., high content of β-amino acid residues and
unique ααβ-repeat 311-P-helical structure), as well as potent cy-
totoxic activity against pancreatic tumor cell lines. Compared
with other peptaibols, compound 1 readily entered cells and
disrupted mitochondrial structure and function, although it also
retained plasma membrane permeabilizing activities at cytotoxic
concentrations. Semisynthetic modifications of the gichigamins
dramatically improved potency and shifted the bioactivity profile
among this family of natural products by diminishing ion leak-
age, which led to an internal mechanism of action associated
with mitochondrial disruption. These results are important be-
cause this article documents the cell-penetrating capabilities for
a member of peptaibol class of fungal metabolites (59, 60). Cell-
penetrating peptides (CPPs) (61–63) are an important class of
drug transporters that can deliver large-cargo molecules through
cell membranes and thus may be useful in clinical applications.
The unique structural features of gichigamins, which include the
absence of positively charged amino acid residues (e.g., Arg and
Lys) in contrast with common CPPs, provide a template for the
design of cell-penetrating molecules that can carry a payload
across the outer cell membranes of mammalian cells.

Materials and Methods
Details of all experimental methods, reagents, equipment, and protocols are
provided in SI Appendix. This includes descriptions of the approaches used to
solve the structures of the gichigamins and their semisynthetic analogs, in
vitro and in vivo biological assays, single-cell mass spectrometry, LAESIMS-
PCA experiments, and synthetic methods. Tables of NMR data along with
MS, NMR, ECD, and VCD data, as well as accession codes for X-ray and ge-
nomic data, are also provided. Research pertaining to the use of mice was
approved by the University of Texas Health Science Center at San Antonio
(UTHSCSA) Institutional Review Board.
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