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ABSTRACT: The genome of entomopathogenic fungus Tolypo-
cladium inflatum Gams encodes 43 putative biosynthetic gene
clusters for specialized metabolites, although genotype—phenotype
linkages have been reported only for the cyclosporins and
fumonisins. T. inflatum was cultured in defined minimal media,
supplemented with or without one of nine different amino acids.
Acquisition of LC-MS/MS data for molecular networking and
manual analysis facilitated annotation of putative known and
unknown metabolites. These data led us to target a family of
peptaibols and guided the isolation and purification of
tolypocladamide H (1), which showed modest antibacterial
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activity and toxicity to mammalian cells at micromolar concentrations. HRMS/MS, NMR, and advanced Marfey’s analysis were
used to assign the structure of 1 as a peptaibol containing 4-[ (E)-2-butenyl]-4-methyl-L-threonine (Bmt), a hallmark structural motif
of the cyclosporins. LC-MS detection of homologous tolypocladamide metabolites and phylogenomic analyses of peptaibol
biosynthetic genes in other cultured Tolypocladium species allowed assignment of a putative tolypocladamide nonribosomal peptide

synthetase gene.

he diverse fungal genus Tolypocladium (Ascomycota,

Sodariomycetes, Hypocreales) is associated with hosts
from three kingdoms of life, comprising filamentous species
that are foliar or wood endophytes, parasites of other fungi
(mycoparasites) and lichens, and pathogens of animals,
especially insects.' Related to this ecological diversity,
Tolypocladium and other hypocrealean fungi are prolific
producers of biologically active compounds, the majority of
which are products of nonribosomal peptides synthetases
(NRPS) and polyketide synthases (PKS), with their associated
pathways.” T. inflatum is a pathogen of beetle larvae that can
live as a saprotroph in soil during the asexual phase of its
lifestyle and is best known for its production of the
immunosuppressant cyclosporins,” > NRPS-encoded cyclic
peptides. T. inflatum is readily cultured in the laboratory,
and valine supplementation of culture media has been used to
increase production of cyclosporin A.®” Despite harboring 43
putative specialized metabolite biosynthetic gene clusters
(BGCs), only a handful of natural products have been
reported from T. inflatum,*~"> and only the peptidic
cyclosporins'®'® and polyketidic fumonisins'®
linked to their corresponding BGCs. T. inflatum natural
products include peptaibiotics, such as the efrapeptins™'® and
closely related tolypins,'” which are nonribosomal linear
peptides characterized by the presence of alpha-amino
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isobutyric acid (Aib) and various other nonproteinogenic
amino acids. The N-terminus of peptaibiotics is usually
acylated with a fatty acid moiety, and peptaibols additionally
contain an amino alcohol residue on the C-terminus. To date,
Tolypocladium species are known to produce peptaibiotics
comprising 11 residues (LP237-F5, -F7, and -F8,'%"
dakwaabakains A—E*°), 16 residues (efrapeptins™'®*'), and
22 residues (gichigaminszo). These membrane-active metabo-
lites often possess antimicrobial and cancer cytotoxic proper-
ties and are also well known from mycoparasitic fungi.*”

We investigated the metabolome of genome-sequenced
Tolypocladium inflatum NRRL 8044 in laboratory culture as
part of a larger study to define ecological 3patterns of specialized
metabolite biosynthetic gene evolution.”” In the current study,
an approach using variable amino acid supplementation of a
defined minimal culture medium induced differential patterns
of specialized metabolite production by T. inflatum mycelium.
The resultant distinct metabolome of valine-supplemented
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Figure 1. Principal component analysis of extracts of cultured T. inflatum. (A) PCA plot of LC-MS data for extracts of T. inflatum cultured in
triplicate on 10 different defined media (SM), each supplemented with one of nine amino acids (e.g., SM-Val, in red) or not (SM—, in orange). (B)
Plot of mass feature loadings for principal components 1 and 2, with the [M + 2H]** ion for tolypocladamide H (1), found in SM-Val isolates,

labeled with precursor mass and retention time.
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Figure 2. Collision-induced dissociation (CID) gTOF MS-MS spectrum of tolypocladamide H (1), with b- and y-type ions labeled, and the planar

structure of 1, with predicted b- and y-type fragments.

cultures was selected for further investigation and led to
characterization of tolypocladamide H (1), one member of a
new series of 11-mer lipopeptaibols (Senadeera et al.**). Our
linkage of this molecular family to an 11-module NRPS gene is
based on LC-MS detection of structurally similar, yet variable
length, lipopeptaibols from other cultured Tolypocladium
species, in concert with comparison of candidate NRPS
genes across these genome-sequenced species.
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B RESULTS AND DISCUSSION

In a study designed to induce differential expression of
secondary metabolites, the entomopathogenic fungus Tolypo-
cladium inflatum NRRL 8044 was cultured in triplicate on a
defined minimal medium (SM) that was either supplemented
with one of nine different amino acids or not (SM-—),
representing 10 culture conditions. Half of the tissue from each
of the 33 separate cultures was taken for chemical extraction
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Table 1. "H (800 MHz) and *C (200 MHz) NMR Data for Tolypocladamide H (1) in MeOD-d,

unit position 8¢, type Sy, mult (J in Hz)
N-Dc-Aib-1 1 175.0, C
2 577, C
3 2697, CH, 1.53, s
4 23.5, CH, 149, s
NH b
i 1765, C
2 363, CH, 238, m
2.34, m
3 26.6, CH, 1.66, obs
4’ 30.3, CH, 1.35, obs
s’ 30.4, CH, 1.31, obs
6 304, CH, 1.31, obs
7’ 304, CH, 1.31, obs
8/ 33.0, CH, 1.29, obs
9 26.6, CH, 1.32, obs
10’ 144, CH, 0.894, obs
L-Pro-2 1 176.2, C
64.8, CH 449, t (8.1)
3 29.9, CH, 2.39, obs
1.77 dq (15.7, 7.7)
4 27.0, CH, 201, m
49.9, CH, 3.90, ddd (10.9, 6.7, 4.3)
348, m
Bmt-3 1 1742, C
2 9.8, CH 434,d (42)
3 76.0, CH 3.80, dd (8.5, 4.2)
4 37.8, CH 1.61, m
S 36.2, CH, 2.48, obs
1.92, dt (13.8, 8.6)
6 130.0, CH 541, dt (13.1, 6.8)
7 127.9, CH 549, dq (13.1, 6.4)
8 182, CH, 1.66, d (6.4)
4 15.8, CH, 0.84, d (6.8)
NH b
OH b
Aib-4 1780, C
2 582, C
3 272, CH, 1.60, s
4 24.0, CH, 151, s
NH b
L-Gln-5 1 177.1, C
2 62.4, CH 4.05, obs
3 274, CH, 215, m
4 327, CH, 241, m
S 175.6, C

unit position 8¢, type Sy, mult (J in Hz)
5-NH, b
NH 7.69, d (8)
L-Gln-6 1 1772, C
2 57.2, CH 4.09, t (7.7)
3 274, CH, 2.16, m
4 32.5, CH, 235, m
5 1752, C
5-NH, b
NH b
Aib-7 1772, C
57.8, C
3 27.1, CH, 1.526, s
23.4, CH, 1.46, s
NH b
Aib-8 178.5, C
578, C
3 27.0, CH, 1.533, s
4 23.5, CH, 1.50, s
NH 7.71,s
L-Gln-9 1 175.4, C
2 56.9, CH 4.02, obs
3 28.0, CH, 222, m
4 332, CH, 2.59, m
2.45, m
5 177.5, C
5-NH, b
NH 7.84, d (5.6)
L-Val-10 1 173.9, C
2 56.9, CH 4.05, obs
3 31.1, CH 2.24, obs
4 19.8, CH, 1.06, d (6.7)
5 19.7, CH, 1.00, d (6.8)
NH b
L-Leuol-11 1 50.7, CH 4.04, obs
2 40.6, CH, 1.53, obs
1.33, obs
3 25.6, CH 171, m
4 21.8, CH, 0.897, obs
5 23.9, CH, 0.91, obs
6 65.8, CH, 3.51, obs
NH 7.25, d (9.0)
OH b

“Values determined by analysis of HMBC correlations. bSignals not
detected.

and LC-MS/MS profiling, while the other half was used for
RNA extraction and sequencing.”” The 33 fungal extracts were
each prefractionated by RP,4 solid phase extraction to produce
Al and A2 fractions, eluted in 50% and 100% MeOH,
respectively, for profiling by LC-MS/MS. The A2 fractions
consistently yielded a rich spectrum of distinct metabolites, in
contrast to the sparse profiles for the Al fractions. Thus,
metabolomic analyses were performed using LC-MS/MS data
for A2 fractions only.

Principal component analysis (PCA) of the LC-MS/MS
data for chemical extracts of the fungal cultures under
investigation revealed significant differences in metabolite
production between media conditions. PC1 and PC2 each
accounted for greater than 14% of the variance. Extracts of T.
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inflatum grown in SM-Val grouped separately to extracts of
cultures from the other media (Figure 1A). An unknown mass
feature with m/z 681.8 and retention time 14.4 min was the
greatest driver of separation of the SM-Val isolates (Figure
1B).

The mass peak at m/z 681.8 could be attributed to the
doubly charged ion for a putative peptaibol of molecular mass
1361.5 Da, based on multiple diagnostic losses in its MS/MS
spectrum of 85 mass units corresponding to Aib,”* and a mass
peak at m/z 118 for a reduced C-terminal leucinol (Leuol) or
isoleucinol (Ileol). Notably, the doubly charged ion at m/z
681.8 for this putative peptaibol was only abundant in the SM-
Val cultures, while mass features (e.g., m/z 653, 695, 659, 660,
688) with similar fragmentation patterns and retention times

https://doi.org/10.1021/acs.jnatprod.2c00153
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were readily apparent in the LC-MS data acquired for all T.
inflatum culture conditions. High-resolution MS/MS data
confirmed the putative structural class and permitted assign-
ment of amino acid composition and sequence for this suite of
related peptaibols, named tolypocladamides, which were
elucidated in a similar time frame to those reported by
Senadeera et al.** Specifically, an HRESI(+)MS ion at m/z
1361.8773 ([M + H]*) for tolypocladamide H (1) yielded a
molecular formula of C¢¢H, ;4N 4,04, indicating 16 degrees of
unsaturation. Manual assignment of peaks in the HRMS/MS
spectrum for 1 delineated a comprehensive series of b- and y-
type ions (Figure 2) that revealed a characteristic N-terminal
sequence of decanoyl-Aib-Pro, two adjacent Gln residues in
mid sequence, multiple Aib residues, and a C-terminal Leuol.
Notably, b/y ions did not correspond to the most intense
peaks in the MS/MS spectrum for 1, which were instead
readily interpretable as internal b-type ion fragments after an
initial loss of the N-terminal fatty acyl moiety and first amino
acid residue (Aib-1) (Figure 2, Table S3). This lipopeptaibol
framework is akin to that of the three LP-237 peptaibols
reported from T. geodes'®'**® and dakwaabakains A—E from
Tolypocladium sp. SupS-1, which were isolated alongside LP-
237-F7.>° Two points of difference in the structure of 1 were
evident at the amino acid-3 (AA-3) and AA-10 positions.
Tolypocladamide H (1) comprises Val-10, in contrast to Ala-
10 in the LP-237 peptaibols and Leu-10 in the dakwaabakains.
AA-3 is an aromatic amino acid (Phe or Tyr) in the LP-237
peptaibols and dakwaabakains B—E and a Leu in dakwaabakain
A. None of these three residues could be assigned to AA-3in 1
from the MS/MS data. Instead, considering the molecular
formula of CgH, N 4,04 for 1, AA-3 could be assigned a
formula of CoH sNO,, which accounts for two degrees of
unsaturation and a side chain comprising C;H,;O.

In order to determine the structure of AA-3 and confirm the
MS/MS-predicted structure using NMR, tolypocladamide H
(1) was purified from cultures of the T. inflatum simA
knockout mutant."> Use of this mutant strain facilitated
purification of 1, in the absence of cyclosporins, for acquisition
of NMR data in DMSO-dg and MeOD-d, at 600 and 800 MHz
and for assignment of chiral amino acid configurations using
advanced Marfey’s analysis.”” The MeOD-d, NMR data are
discussed here since these data were acquired at higher field on
a greater amount of material and are complementary to those
presented by Senadeera et al.”* The "H NMR spectrum for 1
exhibited chemical shifts typical for a peptidic metabolite,
including exchangeable NH signals (6y 7.25-8.10), a-H
multiplets (5 4.02—4.49), and numerous methyl doublets (5,
0.84—1.66, Table 1), together with broad signals in the
methylene envelope (8 1.25—1.40). Notably, the presence of
multiple methyl singlets (6 1.46—1.60) was consistent with
the expected Aib moieties. Additionally, a coupled pair of

O
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deshielded methine "H signals (8 5.42, 5.49) were consistent
with an olefin in an alkyl chain (Figure S1). Given the absence
of an olefin in the proposed MS-based structure, it could be
assumed that the latter olefin signals originated from the
unassigned side chain (C;H;;0) for the AA-3 residue. In the
COSY spectrum (Figure S2), the olefinic signal at 5y 5.49 (5¢
127.9, CH-7) was correlated only to an obscured methyl
doublet at 8y 1.66 (H;-8), while the olefinic signal 5y 5.42 (6
130.1, CH-6) exhibited correlations to signals for diaster-
eotopic methylene protons at 5y 2.48 and 1.92 (H,-S), which
enabled further delineation of the AA-3 spin system. In
particular, the signal at 8y 1.92 was correlated to a methine at
8y 1.62 (H-4), which in turn was coupled to a methyl doublet
at 8 0.84 (H;-4') as well as a deshielded methine at &;; 3.80
(H-3). Finally, correlation of the latter methine to the a-H
signal at oy 4.34 completed the spin system of a 2-butenyl-4-
methylthreonine (Bmt) residue. NMR analysis also enabled
assignment of a C-terminal Leuol, rather than an isobaric Ileol
or other moiety. The remaining amino acids assigned from
mass data were consistent with the NMR data (Table 1).
The configurations of the amino acid residues in 1 were
assigned using the advanced Marfey’s reagent L-FDLA” to
derivatize the natural product hydrolysate and amino acid
standards, which evinced all L-configurations for canonical
chiral residues, Pro, Gln (as Glu),”® Val, and Leuol. These
assignments were consistent with the absence of epimerization
domains in the proposed parent NRPS. In the absence of
authentic Bmt standards, the hydrolysate of 1 was also
derivatized with p-FDLA, which together with the L-FDLA
derivative, provided two retention times for two pairs of
enantiomers”’ from which a 28 configuration for Bmt could be
inferred. Homo- and heteronuclear coupling constants
obtained from 'H NMR and HETLOC spectra for 1 in
MeOD-d, permitted partial J-based configurational analysis.
Taken together, the small coupling constants for *Jy,_ 5 (4
Hz), 2]H2—C3 (=3 Hz), 2]1—13—(:2 (1 Hz), and 3]Hz—c4 (2 Hz)
indicated a threo relative configuration for C-2 and C-3
(Figure $6).”” These measurements were further supported by
correlations in the DMSO-ds ROESY spectrum (Figure S11)
between the Bmt 2-NH (8y 7.74) and 3-OH (6y 4.72),
between H-3 (6 3.67) and H-4 (5, 1.48), and between H-2
(6y 4.15) and H-3. The HETLOC-derived heteronuclear
combined with homonuclear coupling constants (Ji3_p4 = 8.5
Hz) for 1 in MeOD-d, were not definitive for assignment of
the relative configuration between C-3 and C-4 (Figure S6).
However, in the DMSO-dg '"H NMR spectrum for 1 (Figure
S7, Table S1), a large Jiy;_ps (11.5 Hz) could be deduced from
the H-3 multiplet (6 3.67). Despite some evidence for
rotation of the Bmt side chain, prominent ROESY correlations
between H-2/H;-4’ and H-3/H;-4', but not 3-OH/H;-4/,
together with ROESY correlations between 3-OH/H-5 (84
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Figure 3. Planar structure of tolypocladamide H (1) showing key COSY and HMBC correlations.

A B C mop7’
TPAR07215
Tolypocladium_paradoxum Y YTYhTeel D e @
T . MOD1 Aibabc
No peptaibiotics observed
AlaP
. . . - Bmtc
Tolypocladium_ophioglossoides
ve —-ophios & MoD8 Gly?
100 < Lxxab.e
_ O MOD4 Phec
Tolypocladium_capitatum Serab
Vxxab.e
TGEO05327 MOD3
o8B o> woos /7« oe - 653 §088woos G888 oo
= Tolypocladium_geodes Dec-Aib-Pro- Phe/ In-GIn-Aib-Aib-GIn-Gln-Lxxol
MOD10 -«
Lxx
TINF05969 _
) TN o )
: Tolypocladium_inflat i ib/-GIn-GIn-Aib-Aib
ypocladium_intlatum Dec/-Aib/-Pro-Bmt/-Aib/-GIn-GIn-Aib-Aib-GIn-Vxx/-Leol MOD11
Oc Phe Vxx Lxx ~ Asnb
]
. . TNUB03228 Glnbe
e Tolypocladium_nubicola :_-cu LCDS Lnbie
(@)
No peptaibiotics observed LObD Vxxerbe
100 TTUN04604 — ~
d 100 . ‘Mo )<(MoDs. WoDs) 0011
Tolypocladium_tundrense Decanoyl/-Aib-Pro-Phe-Aib-GIn-GIn-Aib-Aib-GIn-Vxx/-Lxxol
100 Decenoyl Lxx P
. . TCYL04471 o - )
Tolypocladium_cylindrosporum wo03) oo (408 038 oo 0BRD-rov) T Probe
Dec-Aib-Pro-Phe — Aib-GIn-GIn-Aib-Aib-GIn-Leu-Vxxol/ (@)
Lxxol
Endophyte Clade

Figure 4. Evolution of tolypocladamides in Tolypocladium. (A) Phylogeny of Tolypocladium created from 686 single-copy orthologous clusters.
Branches are color-coded to ecology (red: insect-associated, blue: mycoparasitic, brown: soil-dwelling, green: endophytic). (B) Representations of
the adenylation domains of TINF05969 and TINF05969 homologues, with amino acid sequences of their observed products. Sequence predictions
are based on ions observed in MS/MS spectra (Tables S3—S6). A-Domains are color-coded to their respective clade. (C) Phylogeny of peptaibol
adenylation domains, with tolypocladamide clades highlighted, and their annotated amino acids listed. “References 34, 35. PReference 35. “This

study.

1.79) and H-3/H-S (8y 2.36), as well as H-4/3-OH, were
consistent with a 4R configuration. An E double-bond
geometry was indicated by the relatively large olefinic coupling
constant (Jis_p7 = 13 Hz) and the deshielded chemical shift of
the terminal methyl (H;-8, 6c 18.2). The assigned
(2S,3R,4R,6E)-Bmt is consistent with the configuration
reported for NMeBmt and Bmt residues in the cyclo-
sporins’’~*” and is also consistent with the assignments
made for Bmt-containing tolypocladamides A—E.”* Tolypo-
cladamide H (1) is most closely related to tolypocladamide
E,** comprising Val-10 in place of Leu-10 in the latter.
Specialized metabolite gene annotation and prediction has
identified 656 genes clustered within 43 BGCs in the T.
inflatum genome. These include 19 NRPS (or “NRPS-like”, by
AntiSMASH), 13 PKS, four terpenes, three hybrid NRPS/
PKS, and four clusters that included both an NRPS and a
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PKS.”® Three of the NRPS genes are predicted to encode
peptaibiotics,"**> and adenylation domains of these modules
were the focus of phylogenomic analyses. These candidate
tolypocladamide NRPS genes were examined in the context of
a phylogeny of 706 adenylation domains constructed
previously using an A-domain-specific hidden Markov model
created from known fungal A-domains.”> Known non-peptai-
biotic large NRPS A-domains cluster into distinct clades,
including the cyclosporin and destruxin clades. Predicted
peptaibiotic adenylation domains clustered in three distinct
clades (Figure 4, Figure S14).*> A-Domains from clade 1 are
known to activate Aib, Ala, Gly, Ile, Leu, Ser, and Val; clade 2
A-domains are known to activate Asp, Glu, Ile, Leu, and Val;
and clade 3 is highly conserved for peptaibiotic A-domains
incorporating Pro. Only one T. inflatum NRPS (TINF05969)
contained 11 A-domains, including one from module 2 in
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peptaibiotic clade 3. The phylogenetically informed A-domain
predictions were consistent with the sequence of residues in
the tolypocladamide H (1) structure assigned from HRMS/
MS (Figure 2) and 2D NMR data (Figure 3, Figures S2—S4).
For example, module 2 predicts Pro, the second amino acid,
and modules 4, 7, and 8 include Aib predictions, the fourth,
seventh, and eight amino acid residues of tolypocladamide H
(1). In total, the 11-module NRPS uses a decanoic acid (Dec)
starter unit to produce this 11-residue lipopeptaibol. A-
Domain collinearity and phylogeny of TINF05969 are
consistent with the amino acid sequence and terminal Val-
Leuol of 1, as well as with other detected tolypocladamide
congeners having a terminal Leu-Leuol. These congeners
included a tolypocladamide with m/z 1389 and putative
sequence DecAib-Pro-Bmt-Aib-Gln-Gln-Aib-Aib-Gln-Leu-
Leuol, which is potentially identical to tolypocladamide B,
and m/z 1375 (DecAib-Pro-Bmt-Aib-GIn-Gln-Aib-Aib-Gln-
Leu-Leuol), which is potentially identical to tolypocladamide
F.>* An additional congener with m/z 1348 has a putative
sequence of OcAib-Pro-Bmt-Aib-Gln-Gln-Aib-Aib-Gln-Leu/
Ile-Leuol/Ileol. All the residues incorporated in observed
metabolites were consistent with A-domain phylogeny except
for the unusual Bmt residue, not previously observed in any
linear peptide natural product. This discovery expands the list
of residues known to be accepted by A-domains in clade 1.
TINF05969, identified above as the candidate NRPS for the
tolypocladamides, contains A-domains that are homologous
(bootstrap value >99) with A-domains of NRPSs from T.
nubicola (TNUB_03228), T. cylindrosporum (TCYL_04471),
T. tundrense (TTUN_04604), T. paradoxum (TPAR_07215),
and T. geodes (TGEO_05327) (Figure 4). Notably, there is
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variation in the number of modules encoded for these NRPSs,
and the A-domain phylogeny allows us to identify orthologous
domains and which domains were duplicated or deleted,
depending on the NRPS (Figure 4B). With these other
Tolypocladium species in culture, we were able to analyze
corresponding LC-MS/MS data for evidence of congeners in
the tolypocladamide molecular family. Despite the low relative
abundance of b/y ions for these peptaibols, GNPS molecular
networking provided a tolypocladamide subnetwork that
supported the presence of tolypocladamides in four out of
six Tolypocladium species investigated (Figure 5). The
variation in the number of tolypocladamide NRPS modules
was accompanied by a corresponding difference in the number
of residues in the tolypocladamide products observed in the
four species, as determined by sequencing by MS/MS,
providing further evidence for the collinearity of the peptide
and the NRPS modules (Figure 4). Whereas T. inflatum and T.
tundrense each have an 11-module NRPS and produce 11-
residue peptaibols, T. geodes possesses a 10-module NRPS,
owing to the loss of module four, and produces 10-residue
peptaibols, while T. cylindrosporum possesses a 12-module
NRPS, owing to the duplication of module three, but the
additional module appears to be skipped or not functional®**®
and produces 11-residue peptaibols. The putative sequences
determined by MS/MS for the peptaibol products from T.
tundrense (Table S5) and T. cylindrosporum (Table S6) exhibit
collinearity with the sequences predicted by the adenylation
domain phylogeny. Putative tolypocladamide products de-
tected from T. geodes possess a Gln-10 in place of a Val/Leu-10
(Figure 4, Table S4), further expanding the amino acids
activated by A-domains within clade 1. It is also noteworthy
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that the T. geodes metabolites are represented as a distinct
cluster of mass features in the tolypocladamide subnetwork
using standard GNPS molecular networking parameters
(Figure S).

Tolypocladamides display specific phylogenetic and eco-
logical distributions across the genus Tolypocladium. Tolypo-
cladamide peptaibols and NRPS genes homologous to
TINF05969 are restricted to T. paradoxum and species of
the T. inflatum subclade comprising T. cylindrosporum, T.
geodes, T. inflatum, T. nubicola, and T. tundrense. All of these
fungi are known to be either pathogens of soil or wood-
inhabiting immature stages of insects or soil-borne fungi."*”
Conversely, tolypocladamide peptides were not detected in,
and homologues to TINF05969 were absent from the genomes
of, mycoparasites T. capitatum and T. ophioglossoides and all
species isolated as endophytes of plants and lichens (Figure 4,
Table S7). This restricted phylogenetic and ecological
distribution is suggestive of a role in insect pathogenicity or
the soil environment and informs future biological assays and
activity screens.

Tolypocladamide H (1) was screened for antimicrobial and
cytotoxic activity and showed weak to moderate activity against
both. Out of a panel of six bacterial and two fungal pathogens,
strains with modest susceptibility were Enterococcus faecium
ATCC BAA-2317 (MIC 16 M [22 pg/mL], linezolid: 89 uM
[30 ug/mL]) and 8 uM (11 pg/mL) for Staphylococcus aureus
ATCC 25923 (ampicillin: 1.4 ugM [0.5 pg/mL]). In cancer
cytotoxicity assays, tolypocladamide H (1) was approximately
1000-fold less cytotoxic to human HeLa cervical (ECg, = 30
uM) and MCE-7 breast (ECsy = 107 uM) cancer cells than
mitochondrial ATPase inhibitor’®*’ leucinostatin A (ECs, =
21 and 13 nM, respectively, Figure S15). Comparative analysis
of the cytotoxic potential of 1, leucinostatin A, and cyclosporin
A against normal human umbilical vein endothelial cells
(HUVECs) also revealed a distinct bioactivity profile.
Tolypocladamide H (1) induced a concentration-dependent
decrease in HUVEC viability (ECy, = 8 uM), with full efficacy,
whereas the relative ECy, of leucinostatin A was <1 gM. In
contrast, the calcineurin inhibitor cyclosporin A was nontoxic
at the maximum concentration tested (10 #M). The modest
activity observed for 1 against some Gram-positive bacteria
and mammalian cells is consistent with previous observations
for peptaibols containing Gln residues, which have been
associated with the ability of these peptaibols to form pores in
the outer membranes of cells and the tendency to exhibit
nonspecific cytotoxicity.*’

B CONCLUSION

Characterization of the molecular structure and production of
tolypocladamides across Tolypocladium species has provided
insight on the ecological patterns of peptide synthetase gene
evolution in these Hypocrealean fungi. We propose that 11-
residue peptaibols reported from the genus Togy ocladium,
including the LP237 series,”® the dakwaabakains,” and now
the tolypocladamides,”® form a biosynthetically related
molecular family as products of homologous NRPS genes.
Tolypocladamide H and homologues of the NRPS
TINF05969 are restricted in their phylogenetic distribution
within Tolypocladium to known insect pathogens and closely
related soil-inhabiting species. Importantly, the peptaibols were
not detected and the linked NRPS homologues were absent
from mycoparasitic and endophytic species of the genus.
Previously, Bmt has only been reported in cyclosporins and, in
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that case, is attributed to the Sim G PKS in tandem with
cytochrome P450 Sim I and aminotransferase Sim J, which are
clustered with the SimA NRPS in the cyclosporin biosynthetic
gene cluster.” Interestingly, there are two homologues of the
Sim G PKS in the T. inflatum genome, and further work is
needed to determine the biosynthetic source of Bmt in the
tolypocladamides, which constitute the first instance of a Bmt
residue in a linear peptidic natural product. This unique
polyketide motif at AA-3 is accompanied by residues that are
otherwise typical of peptaibol natural products, of which there
are numerous examples from hypocrealean fungi. A notable
comparison can be made to the structural motif encompassed
by the 10-residue peptaibiotic leucinostatin A*® and its 9- and
10-residue congeners reviewed by Stubbing et al,*' which
possess a Pro or 4-methyl-Pro residue followed by an AHMOD
(2-amino-6-hydroxy-4-methyl-8-oxodecanoate) residue, near
the N-terminus, akin to the Pro-Bmt motif in the
tolypocladamides. Both AHMOD and Bmt have linear side
chains of PKS origin, with hydroxy and methyl substituents,
and both are only known from hypocrealean fungi. Nonethe-
less, independent origins of this unique structural motif are
indicated because the peptide synthetases encoding Bmt- and
AHMOD-containing peptaibiotics fall in distinct clades,
presenting an interesting instance of convergent evolution in
specialized metabolite structure.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotation was
measured on a JASCO P-1010 polarimeter. NMR spectra were
acquired on either a Bruker AVANCE III 800 equipped with a TXI 5
mm cryoprobe at 300 K or a Bruker AVANCE III 600 equipped with
a 1.7 mm inverse detection triple resonance (H—C/N/D) cryoprobe
at 300 K. NMR spectra were calibrated to residual protonated
methanol-d, (8 3.31, 8¢ 49.15) or to residual protonated DMSO-dj
(84 2.50, 8¢ 39.52). The isolation of compound 1 was performed on a
Shimadzu HPLC system equipped with two LC-20AD pumps and an
SPD-M20A photodiode array detector. Low-resolution LC-MS/MS
data were acquired on an ABSCIEX 3200 QTrap in tandem with a
Shimadzu HPLC system. Accurate mass (HRTOFMS, ES*) measure-
ments were acquired on an ABSciex TripleTOF 5600 or an Agilent
6545 TOF mass spectrometer. High-resolution LC-MS/MS and
Marfey’s analyses were conducted on an Agilent 1260 Infinity II LC
system with detection by an Agilent 6545 TOF mass spectrometer
from m/z 100 to 3000. General reagents were from TCI-America,
Sigma-Aldrich Corp., and VWR International.

Fungal Laboratory Culture and Tissue Harvest. Cultures of
Tolypocladium inflatum NRRL 8044 were first grown on potato
dextrose agar (PDA, IBI, Dubuque, IA, USA) to create inoculum for
future culture experiments. Selective media (for 1 L: 30 g fructose, 10
g (NH,),S0,, 0.75 g KH,PO,, 1.03 g MgSO,-7H,0, 0.13 CaCl,
2H,0, 1 mL trace element solution [2.2 g ZnSO,-7H,0, 0.09 ¢
MnCl,-4H,0, 0.0145 g Na,Mo0O,-2H,0, 0.04 g CuSO,-5H,0, 2.5 g
FeSO,7H,0, 1 mL H,S0,], 6 g/L amino acid mixed separately in
100 mL of dH,O and sterilized with a syringe filter) were
supplemented with different amino acids to induce differential
expression of secondary metabolites in T. inflatum. Amino acids
used in the study were valine (ThermoFisher ACROS Organics, Geel,
Belgium), leucine (MP Biomedicals, Santa Ana, CA, USA), proline
(MP Biomedicals), aminoisobutyric acid, tryptophan (Alfa Aesar by
ThermoFisher Scientific, Tewksbury, MA, USA), phenylalanine
(ThermoFisher ACROS Organics), glutamine (ThermoFisher Fisher
Scientific, Pittsburgh, PA, USA), glycine (ThermoFisher ACROS
Organics), threonine (ThermoFisher ACROS Organics), and a final
condition that included the base medium without addition of any
amino acid (SM—). The protocol for media preparation was altered
from Lee et al*
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Agar culture plugs of T. inflatum (1 mm) from PDA were used to
inoculate cellophane-covered agar plates (60 mm) of each culture
medium in triplicate and left to grow at 20 °C for 11 days. After
removing the tissue from cellophane and discarding the inoculation
plug, each culture sample was flash frozen in liquid nitrogen and
stored at —20 °C for chemical extraction.

Strain Information and Construction of Adenylation
Domain Phylogeny. The fungal strains used in this study were
Tolypocladium cylindrosporum CBS 718.70, Tolypocladium geodes CBS
723.70, Tolypocladium inflatum NRRL 8044 simA knockout, and
Tolypocladium tundrense CBS 569.84. Tolypocladium strains were
grown on PDA plates overlaid with cellophane. After 1 to 2 weeks, the
mycelium was collected into 1.5 mL microcentrifuge tubes, flash
frozen with liquid nitrogen, and lyophilized. The lyophilized
mycelium was ground in 1.5 mL tubes under liquid nitrogen, and
DNA was extracted according to Quandt et al.** Genomic DNA was
sheared to approximately 300 bp via a Biorupter (Diagenode,
Denville, NJ, USA) and prepared for Illumina sequencing with the
New England BioLabs for Illumina library preparation kit (Ipswich,
MA, USA), following the manufacturer’s protocols. Sequencing was
performed with paired-end 150mers on an Illumina HiSeq 3000 at the
Center for Quantitative Life Sciences at Oregon State University
(Corvallis, OR, USA). Adapter reads were removed from raw reads
with Skewer.** The FASTX toolkit was used to remove reads with
bases below q20,"* and de novo assembly was performed with
Velvet v. 1.2.10, incorporating both paired and single reads.*” Several
hash lengths were used for assembly, and the assemblies with the
fewest number of contigs and highest N50 score were selected as
reference genomes. RNA was extracted from Tolypocladium isolates
grown on PDA and OA (oatmeal agar) according to Bushley et al'*
and assembled using default settings in Trinity."” The Maker
annotation pipeline was used for gene model predictions* with the
following inputs: genome assembly, Trinity assembly of RNA,
additional EST evidence from Cordyceps militaris, Beauveria bassiana,
Metarhizium robertsii, and Trichoderma virens, protein homology
evidence from Fusarium graminearum, Nectria hematococca, Tr. ressei,
Tr. virens, M. robertsii, T. inflatum, C. militaris, and B. bassiana, a
custom repeat library for RepeatMasker,*® transposable element
proteins from RepeatScout,51 the AUGUSTUS>? model trained on F.
graminearum, and custom ab initio gene prediction models HMM
created for both GeneMark for each species and a SNAP HMM™®
trained on Fusarium graminearum. An initial secondary metabolite
specific annotation was performed using Antibiotic Secondary
Metabolite Analysis Shell (AntiSMASH)>* and Secondary Metabolite
Unique Region Finder (SMURF).>® Genomes for these species are
deposited in GenBank under the accession numbers JALHBUOO-
0000000, JALHBV000000000, JALHBWO000000000, JALHBXO00-
0000000, JALHBY000000000, JALHBZ000000000, JALHCAOO-
0000000, JALHCA000000000, JALHCCO000000000, JALHCCO00-
0000000, JALHCCO000000000, JALHCCO000000000,
JALHCG000000000, and JALHCHO000000000.

Twenty-eight hypocrealean genomes were analyzed in FastOrtho
for single-copy orthologous clusters (OCs).*® A hidden Markov
model (HMM)*” was constructed for each of the single-copy OCs
with HMMBuild2 and used to mine orthologous protein sequences
from each of the Tolypocladium genomes.”® Tolypocladium clusters
were then merged with clusters previously generated for Hypocreales
with Sordariomycetes outgroup taxa (Table S8). Default MUSCLE
settings were used to align clusters, and 686 final single-copy clusters
were selected based on 100% representation of species sampled.*”
Superaligner.pl, a custom lab script, was used to concatenate aligned
clusters by species.”” The GAMMA model of rate heterogeneity and
the AUTO option for the substitution matrix were implemented in
RAXML v. 7.2.6°" for a maximum likelihood analysis with 100
bootstrap replicates.

To provide evidence for phenotype—genotype linkage of
tolypocladamides to an NRPS, an NRPS adenylation domain
phylogeny was produced by mining the T. inflatum genome for
putative adenylation domains (A-domains) using an A-domain-
specific HMM created from previously known fungal A-domains.'*
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Predicted large NRPSs (five domains or greater) were used to create a
peptaibiotic-targeted adenylation domain phylogeny. Additional A-
domains from the Tolypocladium genomes that met this criterion were
added to the data set to produce a final data set of putative
peptaibiotic A-domains.”® These A-domains were aligned using
MUSCLE v. 3.8.31 with the Gamma model of rate heterogeneity,
and the WAG substitution matrix was used with 100 bootstrap
replications in RAXML v. 7.2.6°" as described above. The identified
11-module NRPS TINF0569 was mapped to the Tolypocladium
species tree, and peptaibiotic A-domain clade membership and amino
acid prediction, determined by phylogenomic analyses, were
compared to the chemical sequence of tolypocladamide H and its
analogues for collinearity (Figure 4).

Chemical Extraction and LC-MS Analysis. The frozen tissue
sections from each culture sample stored for LC-MS/MS were rinsed
in 10 mL of deionized water, sonicated for 5 min in MeOH—H,O
(1:1), extracted for 1 h at 35 °C, and filtered through cellulose filter
paper, 11 ym (Whatman). Extracts were fractionated on 100 mg
RP g-solid phase extraction cartridges (Agilent, Bond Elut) into two
fractions, eluting with 50% MeOH-H,O (Al), and 100% MeOH
(A2).

Fractions were dissolved in MeOH—H,O (4:1, 2 mg/mL), and 2
HL of these samples was injected on a Shimadzu dual LC-20AD
HPLC system using a Phenomenex Synergi 4 4 Hydro-RP 150 X 4.60
mm column and a 20 min mobile phase linear gradient from 20:80 to
100:0 CH3;CN + 0.1% formic acid in H,O + 0.1% formic acid,
followed by 14 min at 100% CH;CN + 0.1% formic acid, flowing at
0.7 mL/min. Mass detection was performed on an ABSciex 3200
QTrap mass spectrometer with ESI+ conditions and a duty cycle
consisting of an enhanced MS survey scan from m/z 100 to 1500 and
five dependent enhanced product ion scans for ions with m/z greater
than 500. PCA of LC-MS data was performed in MarkerView 1.2
using peaks with m/z > 200, retention time 4—18 min, and 0.01 Da
minimum spectral peak width. Peaks were aligned with 1 min t
tolerance and 100 ppm mass tolerance.

Low- and high-resolution MS/MS spectra for individual com-
pounds were analyzed manually for assignment of putative planar
structures after online database searches of molecular mass and
predicted molecular formulas for dereplication of known natural
products reported in the literature. MS/MS data were also uploaded
to GNPS, the UCSD Global Natural Products Social Molecular
Networking Platform, and searched across the public GNPS library of
mass data for known metabolites.”” These searches, together with
GNPS molecular networks created using all LC-MS/MS data for all
culture conditions, provided additional confirmation of putative
structures of metabolites, revealed their relationships with known
compounds, and showed metabolite clusters shared between fungal
species and/or media conditions or common to particular ecologies.
mzML data files and metadata were uploaded to the MassIVE data
repository (MassIVE ID: MSV000088827). HPLC purification and
acquisition of "H NMR data for comparison with reported literature,
as well as purchase of commercially available authentic standards,
were used to validate known compounds, including cyclosporins and
leucinostatins.

Isolation of Tolypocladamides. T. inflatum NRRL 8044 SimA
knockout strain'® was grown in 6 L of SM— broth supplemented with
0.6% (w/v) L-Val, shaken at 90 rpm at 20 °C for 14 days. The
mycelium was filtered through three 6 in. milk disk filters (KenAg),
lyophilized, ground using a mortar and pestle, and extracted in MeOH
(5 X 450 mL). After each round of extraction, the MeOH supernatant
was filtered and concentrated in vacuo. The extract (11.2 g) was
resuspended in 200 mL of MeOH, and centrifuged (3500 rpm, 4 °C,
S min) in 50 mL centrifuge tubes, and the supernatant was poured off
and concentrated on Celite in vacuo. The resulting sample was
separated in multiple rounds using a Teledyne ISCO Combiflash Rf
purification system with an RP,5 Gold RediSep column (30 g), using a
flow rate of 35 mL/min and a gradient mobile phase of MeOH—H,O
(15:85), eluted for S min, followed by a linear gradient to 100%
MeOH over 13 min and holding at 100% MeOH for 17 min. Five
fractions were collected and concentrated in vacuo. The fraction with
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tr 16.5—21 min was defatted with a 1:1 hexanes—MeOH partition,
and the MeOH fraction was separated by HPLC using a Phenomenex
Synergi 4 u Max (Cy,) 250 X 10 mm 80 A column, with an isocratic
mobile phase of 67:33 MeCN + 0.1% FA—H,O + 0.1% FA. A fraction
with t; 13—17.5 min was collected and further separated using a
Phenomenex Kinetex 2.6 ¢ RP; 250 X 10 mm 100 A column, with an
isocratic mobile phase of 64:36 MeCN + 0.1% FA—H,0+ 0.1% FA,
to yield tolypocladamide H (1, 1.8 mg).

Tolypocladamide H (1): white solid; [a]*, —14.0 (¢ 1.0, MeOH);
'H and 2D NMR data, see Tables 1 and S1 and the Supporting
Information figures; HRTOFMS (ES+) m/z 1361.8773 [M + H]*
(caled for CegH; ;7N 1,06, 1361.8767).

Absolute Configuration of Tolypocladamide H (1). The
absolute configurations of canonical amino acid and amino alcohol
residues in 1 were determined using the advanced Marfey’s method.””
Compound 1 (175 pg) was hydrolyzed by refluxing in 6 N HCl at 110
°C for 24 h and concentrated in vacuo, and the hydrolysate was
redissolved in H,0 (100 uL). To this solution was added 1 M
NaHCO; (40 uL) followed by 1% (w/v) L-FDLA in acetone (200
uL). After stirring at 37 °C for 1 h, the reaction was quenched by
addition of 1 N HCI (40 uL) and diluted with MeOH (1.6 mL). An
aliquot (1.5 L) was analyzed by LC-HRMS using an Agilent Zorbax
SB-C3 column, 3.0 X 250 mm, with a flow rate of 0.4 mL/min and
linear gradient from 40:60 MeCN + 0.1% FA—H,O + 0.1% FA to
60:40 MeCN + 0.1% FA—H,O + 0.1% FA over 20 min. The absolute
configurations of residues were determined by comparison with the
retention times of authentic amino acid and amino alcohol standards
derivatized with the advanced Marfey’s reagent as previously
described”” Due to the hydrolysis of the amide group in Gln
residues to a carboxylic acid and ammonia,® authentic standards of
Glu were used to determine the configuration of Gln residues.
Additionally, a Gln standard (100 ug) was hydrolyzed using the
hydrolysis conditions above to demonstrate its transformation to Glu.
The retention times for advanced Marfey’s reagent-derivatized amino
acid and amino alcohol standards (min) were as follows: L-Gln (6.7),
p-Gln (7.1), L-Glu (8.0), p-Glu (8.8), L-Leuol (16.3), p-Leuol (22.1),
L-Pro (9.9), p-Pro (11.7), 1-Val (13.1), p-Val (18.3). The retention
times for the acid hydrolysate of (1) (min) were as follows: L-Glu
(8.0), L-Leuol (16.3), L-Pro (9.9), L-Val (13.1).

For assignment of the Bmt residue, an additional aliquot (175 ug)
of 1 was hydrolyzed as above and derivatized with p-FDLA. The
retention times for the L- and D-FDLA derivatives of Bmt in the
natural product hydrolysate were 17.9 (25,3S) and 27.6 min,
respectively.

Biological Activity Testing. Tolypocladamide H (1) was
screened for antimicrobial activity against a panel of priority
pathogens (World Health Organization) that included six strains of
bacteria (positive control): Acinetobacter baumannii American Type
Culture Collection (ATCC) BAA-160S (amikacin), Escherichia coli
ATCC BAA-2523 (ciprofloxacin), Enterococcus faecium ATCC BAA-
2317 (linezolid), Klebsiella pneumoniae ATCC BAA-2344 (tetracy-
cline), Pseudomonas aeruginosa ATCC BAA-9027 (ciprofloxacin), and
Staphylococcus aureus ATCC 700698 (vancomycin) and two strains of
fungi: Candida albicans ATCC MYA-574 (caspofungin) and
Cryptococcus neoformans ATCC 90112 (fluconazole). Strains were
grown in culture tubes (37 °C with shaking at 225 rpm) in 3 mL of
media, chosen according to the ATCC recommendation for each
respective strain. After incubation for 3—8 h, the cultures were back-
diluted to an optical density corresponding to 10° cfu/mlL, dispensed
into 384-well microtiter plates, and incubated in triplicate with
tolypocladamide H (1) at 10 pM, alongside the positive controls
indicated. The DMSO solvent vehicle was used as a negative control.
Minimum inhibitory concentration values for 1 were obtained against
Enterococcus faecium ATCC BAA-2317 (linezolid MIC: 89 uM [30
pug/mL]) and Staphylococcus aureus ATCC 25923 (ampicillin MIC:
1.4 uM [0.5 pg/mL]) by culturing the strains as above and incubating
each in triplicate in a 384-well microtiter plate with a dilution series of
1, together with the respective controls.

The cytotoxic potential of tolypocladamide H (1) was assessed
against primary human endothelial cells and two human cancer cell
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types. For these studies, HUVECs were purchased from Life
Technologies (Carlsbad, CA, USA; lot #2363542), expanded and
maintained for a limited number of passages in medium 200PRF
supplemented with low serum growth supplement (Life Technolo-
gies). Human HeLa cervical cancer cells and human MCF-7 breast
cancer cells were purchased from ATCC and maintained in minimum
essential medium (MEM) with Earl’s salts and L-glutamine (Corning
Life Sciences, NY, USA) supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin. Leucinostatin A (#76600-38-9) was
obtained from BOC Sciences; lapatinib (#SML2259) and cyclosporin
A (#C3662) were purchased from Millipore-Sigma. Compounds were
reconstituted in 100% DMSO and stored at —20 °C until the day of
treatment; final concentrations never exceeded 0.1% DMSO. For
viability assays, cells were seeded into 96-well white-wall plates at
densities of 5000 cells/well for HUVECs, 2000 cells/well for HeLa
cells, and 3000 cells/well for MCE-7 cells. After 18 h, cells were
treated at the concentrations indicated for 72 h. Cell viability was
assessed at the end of treatment using a CellTiter-Glo luminescent
cell viability assay (#G7572; Promega Corp., Madison, WI, USA)
using a multimode microplate reader. The viability of vehicle-treated
cells was defined as 100% in all studies. Concentration—response
relationships were analyzed using GraphPad Prism software version
9.0.0 (GraphPad Software Inc,, San Diego, CA, USA), and ECq,
values derived using nonlinear regression analysis fit to a logistic
equation.
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