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ibol velutibol A from Trichoderma
velutinum: its structural and cytotoxic evaluation†
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Vandana Sharma,dg Fayaz A. Malik,c Inshad A. Khan,ef Anil Kumar,b

Deepika Singh *ad and Ram A. Vishwakarma*a

Velutibol A (1), a new 14-residue peptaibol was isolated from the Himalayan cold habitat fungus

Trichoderma velutinum. The structural characterization was carried out by 1D and 2D NMR studies, and

tandem mass studies, and Marfey's method aided in determining the stereochemistry of the amino acids.

The CD analysis revealed folding of the peptide in a 310-helical conformation. The intramolecular H-

bonding was determined by an NMR-VT experiment. Cytotoxic evaluation was carried out against

a panel of cancer cell lines. The cell cycle assay was carried out on human myeloid leukaemia (HL-60)

cells and revealed the formation of apoptotic bodies and DNA damage in a dose-dependent manner.

Three other peptaibols namely velutibol B (2), velutibol C (3), and velutibol D (4) were also isolated in

trace amounts from the psychotropic fungus and characterized through tandem mass spectroscopy and

Marfey's analysis.
Introduction

Peptaibols belong to the class of non-ribosomal peptides
comprising non-proteinogenic amino acid residues including a-
aminoisobutyric acid (Aib), ethyl norvaline, isovaline, hydrox-
ylproline etc. The N-terminus in these peptides is acetylated and
the C-terminus residue is an amino alcohol.1–7 They commonly
exhibit various biological activities owing to their ion-channel
formation,8–10 and membranolytic11 properties in modifying
biological membranes. This includes activities like cytotoxic,2,12

neuroleptic,13–15 anthelmintic,16 hemolytic,17 anti-tubercular,18

antifungal,19–21,56 and antibacterial20–22 activity and has also
shown signicant effects against various phytopathogens.23,24

Their amino acid length varies from 5–20 amino acids which are
classied into 9 subfamilies (SF1–SF9) depending upon their
sequence, substitution pattern, and structure.8 Among these
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subfamilies, the SF1 (18–20 residues), SF4 (11 or 14 residues),
SF5 (lipopeptaibols) and SF9 (7 residues) group of peptaibols
are produced mainly from fungal genus Trichoderma.25 With
more than 250 species of fungal genus Trichoderma,26,27 the
majority of them are peptaibol producers,28 which include
strains obtained from soil,4,29 and endophytic,30 and marine
sources.31,32 Recently, we have reported lipopeptaibols from
fungus T. velutinum from the soils of Himalayan cold habitat.33

There are almost 1000 peptaibols reported to date.28,34,35 They
display microheterogeneity in character i.e. containing closely
related peptides with limited sequence variation in the natural
mixture.36,37 Herein, we found few 14-residue peptaibols of SF4
group with very little sequence variation. To the best of our
knowledge, there are more than 70 sequences of peptaibols with
14 residues are reported belonging mainly to SF4 group except
bergofungin D8,38 a peptaibol of SF2 group. All the 14 residue
peptaibols of SF4 group contains three Aib-LPro dipeptide
motifs at 4th, 8th and 12th positions with no aromatic amino
acid in the sequence39–44 whereas the SF2 group does not have
the Aib-LPro dipeptide motifs but contains phenylalaninol at C-
terminus.8 These peptaibols with rich Aib motifs have been
reported to fold into a-helix,45 310-helix46,47 and b-bend ribbon
spiral conformation.48 These 14-residue peptaibols are reported
to have antibacterial,38,39 antifungal,39 and amyloid b-peptide
formation inhibitor41 activities.

In our previous report, four lipopeptaibols namely lip-
ovelutibols A–D from fungus T. velutinum were isolated from
soils of Himalayan cold habitat.33 In continuing the exploration
of peptaibiotics from T. velutinum, we herein, report isolation,
structure elucidation, conformational analysis along with
RSC Adv., 2020, 10, 31233–31242 | 31233
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Fig. 1 (a) Structure of velutibol A (1); (b) plausible sequence of velutibol
B–D (2–4).
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cytotoxic and anti-tubercular evaluation of peptaibol velutibol A
(1) (Fig. 1a). As per our knowledge, this study represents the rst
report of 14-residue peptaibol having cytotoxic and weak anti-
tubercular activity. In addition to 1, we herein, also provide
probable structures of three other 14-residue peptaibols namely
velutibol B–D (2–4) as shown in Fig. 1b, isolated in a trace
amount and thus characterized through HRESIMS/MS studies
and Marfey's analysis using LCMS.
Results and discussion

The chromatographic purication of the ethyl acetate extract
was carried out through RP-HPLC, which gave 15 fractions
(Fig. S1, ESI†). The re-purication of fraction-6, 7, 8 and 10 gave
four lipopeptaibols as described previously.33 The Fr-6 and Fr-7
also contained mixtures of peptides with higher m/z values,
which were further puried through RP-HPLC to get the pep-
taibols (1–4) as discussed in the Experimental section (Fig. S2
and S3, ESI†).

The High Resolution Mass Spectroscopy (HRMS) of velutibol
A (1) gave the molecular formula as C69H119N15O16 showing m/z
1414.9031 [M + H]+ (calcd 1414.9032) and 1436.8857 [M + Na]+

(calcd 1436.8851) (Fig. S4, ESI†) indicating eighteen double
bond equivalents. The 1D proton NMR spectrum showed 13 NH
protons in the region ranging at dH 6.5–9.5 ppm, 8 a-H ranging
at dH 3.7–4.5 ppm and presence of acetyl protons at dH 1.9 ppm.
It also showed the presence of 36 protons signals for 12 methyls
in region dH 1.2–1.5 ppm and 24 protons signals corresponding
to 8 methyls at dH 0.7–1.0 ppm. The close observation of 1D
carbon NMR experiments including 13C and DEPT spectra
revealed 69 carbon signals, which were assigned for 15
carbonyls, 6 carbons (a,a-disubstituted carbon), 12 methines
(distinguished in DEPT-90), 15 methylene (including 3 methy-
lene merged in DMSO signal as observed in DEPT-135) and 21
methyl carbons (including signal at dC 23.66 ppm for 2 carbons
and one methyl carbon at dC 25.61 ppm as observed in DEPT-
135) (Table 1) (Fig. S5–S8, ESI†).

The detailed examination of 1D along with 2D experiments
such as COSY, TOCSY, NOESY and HMBC data elucidated the
structure as 1, which comprises 13 amino acids viz. six a-
31234 | RSC Adv., 2020, 10, 31233–31242
aminoisobutyric acids (Aib), two leucines (Leu), one valine (Val),
three prolines (Pro) and one glutamine (Gln) and an amino
alcohol leucinol (Leuol) at the C-terminus. The 14-residue
sequence was found to have acetylation at the N-terminus
(Fig. 2). For instance, the 2D experiments such as COSY and
TOCSY showed three Pro, two Leu, one Leuol, and one Val
moieties in the molecule. The amino acid Gln was recognized by
the presence of correlation between two NHs having broad
singlets at dH 6.95 and 7.48 in COSY and TOCSY experiments
along with the correlations obtained from a-H, b-H2, and g-H2.
The presence of six Aib was revealed by HMBC correlations as
shown in Fig. 2 (Fig. S9–S13, ESI†).

The peptide primary sequence was determined using NOESY
correlations. The NOE experiment revealed acetyl moiety at N-
terminus of Aib-1 i.e. a-H3 (dH 1.90 acetyl)/NH-1 (dH 8.73, Aib-
1). Thus, the sequential assignment was observed through b-
H3 (dH 1.36, Aib-1)/NH-2 (dH 8.93, Gln-2), NH-2/NH-3 (dH 7.88,
Leu-3), NH-4 (dH 7.93, Aib-4)/d-H2-5 (dH 3.68, 3.58, Pro-5), d-H2-5/
NH-5 (dH 7.28, Val-6), b-H-6 (dH 2.18, Val-6)/NH-6 (dH 7.21, Leu-
7), NH-6/NH-7 (dH 7.63, Aib-8), NH-8/d-H2-9 (dH 3.68, 3.58, Pro-
9), a-H-9 (dH 4.13, Pro-9)/NH-9 (dH 7.84, Aib-10), NH-9/NH-10
(dH 7.34, Aib-11), NH-10/NH-11 (dH 7.58, Aib-12), NH-11/d-H2-
13 (dH 3.68, 3.58, Pro-13), d-H2-13/NH-12 (dH 7.15, Leuol).
These observations along with HMBC correlations as shown
in Fig. 2 (Tables S1 and S2, ESI†) gave the primary sequence
of 1 as Ac-Aib-Gln-Leu-Aib-Pro-Val-Leu-Aib-Pro-Aib-Aib-Aib-Pro-
Leuol. The MS/MS studies for [M + H]+at m/z 1414.90 showed
prominent b-ions at m/z 1200.74 (b12), 848.52 (b8) and 454.26
(b4), an indication of easily labile Aib–Pro bond in ESI frag-
mentation, along with other b-ions at 1115.68 (b11), 1030.62
(b10), 763.47 (b7) and 369.22 (b3). Further, MS/MS of 1200.74
(b12) gave daughter ions at 650.39 (b6), 551.31 (b5) and 256.13
(b2). The daughter ion 128.07 (b1) was observed via MS/MS of
848.53 (b8) (Fig. 3). The MS/MS data in combination with the
NOESY and HMBC correlations established the sequence of
compound 1 as Ac-Aib-Gln-Leu-Aib-Pro-Val-Leu-Aib-Pro-Aib-
Aib-Aib-Pro-Leucinol.

The advanced Marfey's method49 was used for the determi-
nation of stereochemistry. Acid hydrolysis of the compound 1
was done and derivatized with 1-uoro-2,4-dinitrophenyl-5-L-
alaninamide (LFDAA). Likewise, both the D- and L-amino acid
standards were derivatized with LFDAA. The amino acid gluta-
mine gets converted into glutamic acid on acid hydrolysis,35

thus LGlu and DGlu was derivatized for stereochemical deter-
mination of Gln. The amino acid standards thus obtained were
compared with L-FDAA derivatives of acid hydrolyzed
compounds using LCMS instrument. The retention times for
standard amino acid-LFDAA derivatives were found to be
LGlu/DGlu (21.0/21.8), LPro/DPro (23.6/24.4), LVal/DVal (26.9/
29.5), LLeu/DLeu (29.8/32.3) and LLeuol/DLeuol (29.4/32.6) and
for the acid hydrolyzed-LFDAA derivatives were 21.0, 23.5, 27.0,
29.4 and 29.8 for LGlu/LGln, LPro, LVal, LLeuol, and LLeu
respectively. Thus, the advanced Marfey's analysis carried out
for 1 indicated the L-form of Glu/Gln, Leu, Val, Pro and Leuol
(Fig. S14, ESI†).

As the compounds velutibol B–D (2–4) were isolated in very
low amounts (0.3–0.1 mg) the structural characterization could
This journal is © The Royal Society of Chemistry 2020
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Table 1 Proton and carbon NMR value of 1 in DMSO-d6

Residue Type 13C (d) 1H (d), (mult. J in Hz) Residue Type 13C (d) 1H (d), (mult. J in Hz)

Ac 1 C]O 171.2 — 5 CH3 21.5 0.79 (m)b

2 CH3 22.9 1.90, (s) 6 CH3 22.8 0.85 (d, 6.8)
Aib-1 1 C]O 176.3 — NH 7.21 (d, 8.4)

2 C 55.9 — Aib-8 1 C]O 172.1
3 CH3 23.6 1.34 (s) 2 C 55.6
4 CH3 26.5 1.36 (s)b 3 CH3 23.7b 1.40 (s)

NH 8.73 (s) 4 CH3 25.6 1.29 (s)
Gln-2 1 C]O 172.6 NH 7.63 (s)

2 CH 55.0 3.96 (m) Pro-9 1 C]O 172.9
3 CH2 25.0 1.97 (m) 2 CH 63.2 4.13 (t, 8.4)
4 CH2 31.1 2.29 (m), 2.18 (m) 3 CH2 28.5 2.20(m), 1.61 (m)
5 C]O 174.5 4 CH2 25.1 1.86 (m), 1.74(m)

NH2 7.48 (br s), 6.95 (br s) 5 CH2 48.1 3.68(m), 3.58 (m)
NH 8.93 (d, 5.2) Aib-10 1 C]O 173.6

Leu-3 1 C]O 171.7 2 C 56.1
2 CH 51.2 4.18 (m) 3 CH3 25.6a 1.36 (s)b

3 CH2 39.1a 1.78 (m), 1.47 (m) 4 CH3 23.6 1.36 (s)b

4 CH 24.2 1.57 (m) NH 7.84 (s)
5 CH3 22.8 0.89 (d, 6.8) Aib-11 1 C]O 175.5
6 CH3 20.7 0.79 (m)b 2 C 56.0

NH 7.88 (d, 8.4) 3 CH3 26.5 1.36 (s)b

Aib-4 1 C]O 173.6 4 CH3 23.6 1.44 (s)
2 C 55.8 NH 7.34 (s)
3 CH3 23.4 1.49 (s) Aib-12 1 C]O 171.6
4 CH3 25.4 1.36 (s)b 2 C 55.7

NH 7.93 (s) 3 CH3 23.7b 1.39 (s)
Pro-5 1 C]O 172.7 4 CH3 25.0 1.36 (s)b

2 CH 63.1 4.23 (m) NH 7.58 (s)
3 CH2 28.7 2.18 (m), 2.08 (m) Pro-13 1 C]O 170.9
4 CH2 25.4a 1.86 (m), 1.74 (m) 2 CH 61.9 4.23 (m)
5 CH2 48.4 3.68 (m), 3.58 (m) 3 CH2 28.1 2.18(m), 2.08 (m)

Val-6 1 C]O 171.4 4 CH2 25.6a 1.86(m), 1.74 (m)
2 CH 60.1 3.85 (t, 8.0) 5 CH2 48.4 3.68(m), 3.58 (m)
3 CH 28.8 2.18 (m) Leuol 1 CH 48.4 3.77 (m)
4 CH3 19.0 0.97 (d, 6.4) 2 CH2 39.3a 1.37 (m)
5 CH3 18.9 0.91 (d, 6.8) 3 CH 23.8 1.67 (m)

NH 7.28 (d, 8.4) 4 CH3 22.8 0.82 (m)b

Leu-7 1 C]O 172.2 5 CH3 20.2 0.79 (m)b

2 CH 51.2 4.29 (m) 6 CH2OH 63.9 3.27(m), 3.18 (m)
3 CH2 39.6a 1.54 (m) NH 7.15 (d, 9.6)
4 CH 24.4 1.67 (m) OH 4.23 (m)

a From DEPT-135. b Signal overlap.

Fig. 2 The key correlation from 2D NMR (COSY, TOCSY, NOESY and
HMBC) of compound 1.
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not be established through NMR. The characterization of velu-
tibol B–D (2–4) was established through tandem mass spec-
trometry utilizing HRMS. The HRMS of 2 and 3 gave the
This journal is © The Royal Society of Chemistry 2020
molecular formula as C69H119N15O16 showing m/z 1414.9060
[M + H]+ and 1414.9022 [M + H]+ respectively (calcd 1414.9032).
The probable primary sequence of these peptides has been
given in Table 2. The compound 2 and 3 have similarm/z values
as that of 1. The sequence of 2 was elucidated by tandem mass
spectroscopy. The MS/MS scan of 1414.903 [M + H]+ which gave
b-ions at m/z 256.13 (b2), 369.21 (b3), 454.27 (b4), 551.31 (b5),
650.38 (b6), 763.47 (b7), 848.52 (b8), 945.57 (b9), 1030.63 (b10),
1115.67 (b11), and 1200.73 (b12). The b1 ion (m/z 128.07) was
found from theMS/MS scan for the peak ofm/z 454.27 (Fig. S20a
and b, ESI†). This gave the sequence as Ac-Aib-Gln-Lxx-Aib-Pro-
Vxx-Lxx-Aib-Pro-Aib-Aib-Aib-Pro-Lxxol. The similar sequence
was observed for compound 3. The daughter ions obtained from
tandem mass spectroscopy of [M + H]+ ion of 3 are given in
Table 2 (Fig. S23a–c, ESI†). The molecular formula for
RSC Adv., 2020, 10, 31233–31242 | 31235
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Fig. 3 MSn studies of compound 1 (a) MS2 atm/z 1414.9059 [M +H]+; (b) MS3 for daughter ion b12 atm/z 1200.7371 (c) MS3 for daughter ion b8 at
m/z 848.526.
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compound 4 was found to be C70H121N15O16 showing m/z
1428.9188 [M + H (calcd 1428.9188). The tandem mass studies
for compound 4 revealed a difference of 14 Da for b1 ion as m/z
of 142.09 corresponding for Ac-Vxx moiety. The daughter ions
obtained from the fragmentation of compound 4 having m/z
1428.9191 [M + H]+ were 468.28 (b4), 862.54 (b8), 1044.65 (b10),
1129.71 (b11), and 1214.75 (b12). Further, MS/MS for m/z
1214.7532 (b12) gave daughter ions as 142.09 (b1), 270.14 (b2),
383.23 (b3), 565.34 (b5), 644.40 (b6), 777.49 (b7) and 969.60 (b9)
31236 | RSC Adv., 2020, 10, 31233–31242
along with other b ions (Fig. S26a and b, ESI†). This gave the
sequence as Ac-Vxx-Gln-Lxx-Aib-Pro-Vxx-Lxx-Aib-Pro-Aib-Aib-
Aib-Pro-Lxxol. These compounds were eluted at different
retention times during purication and subsequently showed
different retention times on further HPLC analysis (Fig. S27,
ESI†), which reected that these compounds were different with
similar m/z values.

The Marfey's analysis of the compounds 2–4 were also carried
at a scale of 20 mg owing to their low quantities. It revealed
This journal is © The Royal Society of Chemistry 2020
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Table 2 Plausible sequence of 2–4 with their respective daughter ions from MS/MS studies

Compounds Sequence m/za tR (min) Respective b-ions

Velutibol B (2) Ac-Aib-Gln-Lxx-Aib-Pro-Vxx-Lxx-Aib-Pro-Aib-
Aib-Aib-Pro-Lxxol

1414.9060, 1436.8882 43.5 1200.73, 1115.67, 1030.63, 945.57,
848.52, 763.47, 650.38,
551.31, 454.27, 369.21, 256.13 and 128.07

Velutibol C (3) Ac-Aib-Gln-Lxx-Aib-Pro-Vxx-Lxx-Aib-Pro-Aib-
Aib-Aib-Pro-Lxxol

1414.9022, 1436.8835 44.3 1200.74, 1115.68, 1030.62, 848.52,
763.47, 650.38,
551.31, 454.27, 369.21, 256.13 and 128.07

Velutibol D (4) Ac-Vxx-Gln-Lxx-Aib-Pro-Vxx-Lxx-Aib-Pro-Aib-
Aib-Aib-Pro-Lxxol

1428.9188, 1450.9013 45.0 1214.75, 1129.71, 1044.65, 959.60,
862.54, 777.49, 644.40,
565.34, 468.28, 383.23, 270.14 and 142.09

a HRMS observed values for [M + H]+ and [M + Na]+, tR ¼ retention time.
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presence of LGln/LGlu, LPro, LVal, LIle, LLeu and LLeuol. The
extracted ion chromatogram (EIC) form/z 368.0, 370.0, 384.0 and
400.0 gave one, two, two and one peaks respectively for
compound 2–4. The respective amino acid derivatives were
found to be in-line with the EIC obtained for compounds 2–4
(Fig. S28–S33, ESI†). The amino acid LIle was distinguished from
L-allo-isoleucine (Lallo-Ile) via using chiral LCMS. The three
peptaibols studied here were found to have LIle in their respec-
tive sequence (Fig. S34, ESI†). Moreover, the compound 2 and 3
having similar primary sequence with same amino acids asserted
that the amino acid Ile and Leu were probably exchanged in
respective position. The close observation of MS/MS for 2
(Fig. S20b, ESI†) gave a m/z 327.20 for fragmentation of
–CH(CH3)2 corresponding to Leu-3 similarly a m/z 341.22 for
fragment –CH2CH3 corresponding to Ile-3 for 3 (Fig. S23b, ESI†).
Thus, combining Marfey's analysis with tandem mass spectral
analysis gave the sequence of 2, 3 and 4 as Ac-Aib-Gln-Leu-Aib-
Pro-Val-Ile-Aib-Pro-Aib-Aib-Aib-Pro-Leuol, Ac-Aib-Gln-Ile-Aib-Pro-
Val-Leu-Aib-Pro-Aib-Aib-Aib-Pro-Leuol and Ac-Val-Gln-Leu/Ile-
Aib-Pro-Val-Leu/Ile-Aib-Pro-Aib-Aib-Aib-Pro-Leuol respectively.

Conformational studies were performed through CD tech-
nique50,51 and NMR-VT (variable temperature).52,53 The CD
spectra of the 1 in methanol were analyzed as shown in Fig. 4.
Fig. 4 CD spectrum of compound 1 in methanol.

This journal is © The Royal Society of Chemistry 2020
The shapes of the CD pattern showed a �ive maxima at 206 nm
and a �ive shoulder at 220 nm (in the vicinity of 222 nm). The
ellipticity ratio R [qT

220]/[qT
206] was found to be 0.23. This clearly

indicated that the compound 1 folds in a 310-helix in methanol
as the value for R was less than 0.50, which is known for the
high propensity of 310-helix.

The NMR-VT examined the manner in which the NH groups
in the peptide behaved as a function of temperature.52,53 1H
NMR of peptaibol 1 was recorded at four different temperatures
i.e. 298 K, 308 K, 318 K, 328 K in DMSO-d6. Out of the thirteen
NH protons in the putative peptide, the chemical shis of NH-1,
NH-2, NH-5 along with amide NH2 of Gln (NH-8 and NH-13)
were sensitive to heating while the other NH groups had
shown very little change in chemical shi values as shown in
Fig. 5. On the basis of these 1H NMR-VT experiment results
(Fig. S35, ESI†), it was evident that NH-3 (Leu-3), NH-4 (Aib-4),
NH-6 (Leu-7), NH-7 (Aib-8), NH-9 (Aib-10), NH-10 (Aib-11), NH-
11 (Aib-12), and NH-12 (Leuol) were involved in intra-
molecular hydrogen bonding in peptaibol 1.
Fig. 5 NMR-VT experiment performed for compound 1 at four
different temperatures i.e. 298 K, 308 K, 318 K and 328 K.

RSC Adv., 2020, 10, 31233–31242 | 31237
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Table 3 Cytotoxic assay of 1 against various cell lines

IC50
a � standard deviation (mM)

A549 LS-180 HL-60 MDA-MB-231

1 23 � 0.8 26 � 1.1 4 � 0.1 7 � 0.2
Paclitaxel (nM) 6.2 � 0.1 2.2 � 0.1 1.8 � 0.1 3.3 � 0.1

a IC50 ¼ half maximal inhibitory concentration. The experiments were
conducted three times and data represented as mean � standard
deviation, with p value less than 0.05 calculated using Student t-test.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 3
/6

/2
02

6 
4:

47
:4

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The cytotoxicity testing of compound 1 was performed against
various cell lines, which includes human lung cancer (A549),
human colon cancer (LS-180), human myeloid leukemia (HL-60)
and human breast cancer (MDA-MB-231) using MTT (3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide). Herein,
paclitaxel was used as positive control for cytotoxic assay. The
MTT assay showed inhibitory activity of compound 1 against
MDA-MD-231 and HL-60 cancer cell lines having IC50 values of 7
mM and 4 mM respectively (Table 3). The IC50 for positive control
was found to be in range of 2.0 to 6.8 nM against four cancer cell
lines tested. Further, the cell-cycle assay was performed on HL-60
cell lines. The compound 1 was treated against HL-60 cells at
concentrations 5, 10, 20 and 30 mM and incubated for 24 h. The
compound 1 showed DNA damage in a dose-dependent manner.
The HL-60 cells, with no treatment, showed non-signicant 2%
apoptotic DNA whereas the cells treated with 1 showed 70%, 85%
Fig. 6 Effect of 1 (a) on cell cycle phase distribution; (b) on the morpho

31238 | RSC Adv., 2020, 10, 31233–31242
and 99% apoptotic DNA population at 10, 20 and 30 mM
concentrations respectively (Fig. 6a). Apoptotic bodies are small
DNA fragments wrapped around the single membrane vesicles
mainly formed when cells undergo apoptosis. These apoptotic
bodies can be visualized under a uorescent microscope by using
DNA staining dyes such as 40,6-diamidino-2-phenylindole (DAPI).
The HL-60 cells were incubated with the compound 1 at different
concentrations (5, 10, 20 and 30 mM) for 24 h. The apoptotic
bodies (indicated by white arrows in Fig. 6b) were seen in cells
treated with tested compound whereas healthy and round nuclei
with no DNA fragmentation was observed with the untreated
cells. Formation of apoptotic bodies increased in a dose-
dependent manner. Similarly, the phase contrast microscopy of
cells treated with 1 showed bled and distorted cells while the
control cells were observed as healthy (Fig. 6c). The % apoptosis
is also represented graphically in Fig. 7.

The compound 1 was also tested for anti-tubercular potential.
TheMinimum Inhibitory Concentration (MIC) of compound 1was
found to be 32 mg mL�1 against Mycobacterium tuberculosis.
Rifampicin was used as a positive control with MIC 0.06 mg mL�1

(Fig. S36, ESI†).

Experimental
Materials

The chemicals used in the study such as Marfey's reagent
(LFDAA), all the standard L and D-amino acids (except Lallo-Ile),
propidium iodide (PI), RPMI-1640, 40,6-diamidino-2-
logy and (c) on the nuclear morphology of HL-60 cells.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Graphical representation of cells undergoing apoptosis after
treatment with compound 1. Columns, mean; bars, SD with ***p <
0.001 versus control.
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phenylindole (DAPI), and 3-(4,5-dimethylthiazole-2-yl)-2,5
diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich, USA. The amino acid Lallo-Ile was purchased
from TCI Chemicals, Japan. The Middlebrook 7H9 broth was
purchased from Difco Laboratories, Detroit, MI, USA, Tween 80
from Himedia, Mumbai, India and albumin dextrose catalase
(ADC) from Becton Dickinson, Sparks, MD, USA. The HPLC
grade solvents such as water, methanol and acetonitrile were
purchased from Merck-India. The HL-60 cancer cell lines were
purchased from ECACC, England. The cells were grown at 37 �C
with 95% humidity in a CO2 incubator (Thermocon Electron
Corporation, Houston, TX) in RPMI-1640 growth medium sup-
plemented with 10% FCS and 1� antibiotic/antimycotic solu-
tion obtained from Gibco, USA. The M. tuberculosis H37Rv
(ATCC 27294) was obtained from American Type Culture
Collection, Manassas, VA, USA. The FT-IR spectroscopy was
carried out in chloroform on PerkinElmer instrument. The
optical rotation of compound 1 was recorded on a Perkin-Elmer
241 polarimeter.
Fungal cultivation

The isolation, microbial identication, characterization and
cultivation for Trichoderma velutinum has been described in
previous reports.33,54
Isolation of compounds (1–4)

The semi-preparative HPLC purication was performed using
reverse-phase (RP) column (Reprosil Gold C18, 10 � 250 mm, 5
mm, Dr Maisch GmbH) on ThermoFinnigan HPLC system. The
purication details were same as provided in the previous
This journal is © The Royal Society of Chemistry 2020
report.33 The Fr-6 on further isolation gives three fractions
(Fig. S2, ESI†), one was lipovelutibol A, the other two being
velutibol A (1) and velutibol B (2) in 3.5 mg and 0.3 mg
respectively. Similarly, Fr-7 gave two fractions, the rst being
lipovelutibol B, and the second fraction (0.4 mg) was re-puried
through-HPLC using RP column (LiChrospher RP18e, 125 � 4
mm, 5 mm, Merck) on Shimadzu HPLC system through
a gradient program comprising 0.1% TFA in water as mobile
phase A and acetonitrile as mobile phase B. The method used
was initiated with 10% B for 5 min then gradually increased to
60% B in next 30 min, kept at 60% B for 10 min, then gradually
decreased to 10% B in 5 min and maintained at 10% B for next
10 min, with an overall run time of 60 min at 1 mL min�1

ow
rate of and observed at 214 nm wavelength. This gave two
fractions as velutibol C (3) (0.2 mg approx.) and velutibol D (4)
(0.1 mg approx.) (Fig. S3, ESI†).

Velutibol A (1). Colourless powder, [a]25D (�) 33 (c 0.03, in
chloroform); UV(methanol) lmax 193 nm; IR (in chloroform):
3366, 2920, 2850, 1658, 1652, 1534, 1414, 1018 cm�1; HRESIMS
m/z 1414.9031 [M + H]+ (calcd for C69H120N15O16, 1414.9032),
1436.8857 [M + Na]+ (calcd for C69H119N15O16Na, 1436.8851).
See Table 1 for 1H and 13C NMR data.

HPLC purity analysis

The HPLC analysis was carried out on Shimadzu HPLC system
coupled with a PDA detector, thermostat and quaternary pump
using a RP column (LiChrospher RP18e, 5 mm, 250 � 4 mm,
Merck). The mobile phase A comprises of 0.1% formic acid in
water and mobile phase B as acetonitrile. The gradient program
was started initially by keeping 10% B for 5 min, gradually
increased from 10–60% B in next 30 min, remain at 60% B for
next 10 min, followed by gradual decrease from 60–10% B in
5 min and nally remained at 10 for next 13 min with an overall
run time of 63 min. It was detected at 214 nm with 1 mL min�1

ow rate.

LCHRMS analysis

The HRMS and tandem mass spectroscopy was carried out on
Agilent HRMS 6450 4HD Q-TOF Mass Spectrometer coupled
with LC system. The instrument was maintained at capillary
voltage 3500 V, source temperature 350 �C, 7.0 L min�1 gas ow
and spray voltage of 4.5 KV with a resolution of 30 000 were used
for HRMS analysis. The tandem mass spectroscopy (MSn) was
performed for the range of 100–2000 amu at fragmentor voltage
at 135.0 V. 20 ions per cycle was selected for precursor ion with
the minimum intensity of 5000 and collision induced dissoci-
ation (CID) at 30 and 40 V.

Amino acid conguration determination (Marfey's analysis).
The Marfey's method was used for amino acid conguration
determination. The compound 1 (approx 0.2 mg) is hydrolysed
in 9 N HCl (0.5 mL) at 110 �C for 18 h. The solution thus ob-
tained was evaporated under vacuum to dryness. It was then
dissolved in water (25 mL) and transferred to 2 mL vial. To this,
1 M solution of sodium bicarbonate (10 mL) and 1% solution of
Marfey's reagent in acetone (50 mL) was added. Themixture thus
obtained was heated at 40 �C under agitation. Aer 1 h, 2 N HCl
RSC Adv., 2020, 10, 31233–31242 | 31239
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(5 mL) was added to quench the reaction. It was dried under
stream of air and reconstituted in methanol (0.2 mL) for further
analysis. This was analysed by Shimadzu triple quad MS
coupled with LC system using a RP column (LiChrospher
RP18e, 5 mm, 250 � 4 mm, Merck). The eluent A comprises of
0.1% formic acid in water and eluent B as acetonitrile was used
through a gradient program of 10–60% B in 30 min, keeping
60% B for 10 min, reduced gradually to 10% B in 1 min and
maintained at 10% B for next 4 min with 0.5 mLmin�1

ow rate
and overall runtime of 45 min. The amino acids (approx. 0.2
mg) was added with water (50 mL), 1 M sodium bicarbonate
solution (20 mL) and 1% solution of Marfey's reagent in acetone
(100 mL) in separate 2 mL vials and heated at 40 �C. Aer 1 h, 2 N
HCl (10 mL) was added to the reaction and was dried using air
stream. Further, it was reconstituted in methanol (1 mL) and
analysed using aforementioned method. This was then
compared with LCMS chromatogram of derivatized compound
1 to establish amino acid conguration. The compound 2, 3 and
4 were analysed similarly on 20 mg scale to ascertain amino acid
conguration. The amino acids LIle and Lallo-Ile were differ-
entiated through a chiral LCMS. These were treated with Mar-
fey's reagent as stated earlier and analysed using column
(Merck, ChiraDex HR, 4.0 � 250 mm) with gradient pro-
gramme. The mobile phase consists of A (0.1% formic acid in
water) and B (acetonitrile), with the gradient initiated at 5% B
and gradually increased to 50% B in 35 min, stayed at 50% B for
next 5 min followed by sharp decrease to 5% B in 2 min and
stayed at the same for next 5 min making a overall run time of
47 min with a ow rate of 0.5 mL min�1. The compounds 2, 3
and 4 previously treated with acid and derivatized with Marfey's
reagent were compared with elution of amino acid standards.

NMR analysis

The 1D and 2D NMR experiments were recorded on a Bruker
400 MHz NMR instrument. The data was recorded in ppm scale
using tetramethylsilane or residual NMR solvent resonance as
a reference. All the 1D and 2D NMR spectra were processed via
MestReNova. The NMR-VT experiment was carried out at Bruker
500 MHz spectrometer coupled with a thermostat. The data was
acquired at four different temperatures i.e. at 298 K, 308 K, 318
K and 328 K.

CD analysis

The circular dichroism (CD) experiment was performed on
a Jasco J-1500 CD spectrophotometer using 2 mm cuvette. The
solution of compound 1 in methanol was prepared at 0.1 mg
mL�1 concentration. The spectrum was recorded from 260 to
180 nm with 50 nmmin�1 scanning speed at a response time of
1 s and 1 nm bandwidth. The data obtained was accumulation
of two scans.

Cytotoxic assay (MTT-assay)

The cytotoxic effect of compound 1 on cancer cells was assayed
by using MTT dye. The HL-60 cell lines were seeded for 4 h in
round bottom 96 well plates. It was then treated with different
concentrations of compound 1 dissolved in DMSO and
31240 | RSC Adv., 2020, 10, 31233–31242
incubated for 48 h. With 3 h earlier to experiment termination,
the MTT dye (20 mL) from the stock solution of 2.5 mg mL�1 was
added to each well. The MTT-formazan crystals thus formed
were dissolved in DMSO (160 mL) and observed at 570 nm. The
untreated control culture was treated with DMSO (<0.2%).

Cell cycle analysis

The cell cycle phase distribution analysis in HL-60 cells was
carried out by propidium iodide (PI) staining. The HL-60 cells
were treated with different concentration (5, 10, 20 and 30 mM)
of 1. Aer 24 h, the cells were centrifuged and collected at 400�
g and washed two times with PBS followed by xing with ice-
cold ethanol (70%). It was incubated overnight at 4 �C. Next
day, cells were centrifuged at 4000 rpm, collected and washed
with PBS followed by incubation with RNase (0.2 mg mL�1) for
90 min at 37 �C. It was then stained with PI (10 mg mL�1) and
kept for 30 min in dark. The analysis of cells were carried out
through ow-cytometer (FACS Calibur, Becton Dickinson) using
list mode on 10 000 events for FL2-A vs. FL2-W. The ModFit
soware was used for the calculation of uorescence intensity
of the sub-G1 cell fraction representing the apoptotic cell
population.

Hoechst staining

HL-60 cells were incubated with compound 1 in a 12 well plate.
Aer 24 h, cells were centrifuged at 400 � g, collected and
washed two times with PBS. The cells were xed using 1 mL
solution of cold acetic acid in methanol (1 : 3) and incubated
overnight at 4 �C. Further, the cells were centrifuged at 400 � g,
collected and re-suspended in xing solution (100 mL). Further,
the cells were spread on a slide and dried for 4–6 h at room
temperature. Slides were then stained with DAPI in PBS con-
taining 0.05% Tween 20 (5 mg mL�1) and incubated for 30 min
followed by washing with water and PBS. The slide covered by
a coverslip was mounted with uid containing 50 mL glycerol
and PBS (1 : 1) and sealed with white nail polish. Nuclei were
observed using microscope (20�) and photographed by
Olympus IX70 microscope. The treated and untreated control
cells were simply photographed using a microscope.

Anti-tubercular assay

The MIC of compound 1 was determined by the micro-broth
dilution method against M. tuberculosis H37Rv.55 The bacterial
cells was grown in Middlebrook 7H9 broth containing glycerol
(0.5%), Tween 80 (0.05%), and ADC (10%) under constant
shaking for 10 to 15 days at 37 �C in 5% CO2. A suspension ofM.
tuberculosis cells was prepared in normal saline solution con-
taining Tween 80 (0.5%). The turbidity of the resulting
suspension was attuned by 1 McFarland (McF) standard (z1.0
� 107 CFU mL�1). The bacterial suspension was further diluted
10 folds with the medium. The compound 1 was serially diluted
in Middlebrook 7H9 to 2-folds in 100 mL per well in 96-well U
bottom microtitre plates. A 100 mL of the diluted suspension
was added to each well resulting in a nal inoculum of 1.0� 106

CFU mL�1 in the well, and the compound 1 was nally in range
from 0.5 mg mL�1 to 128 mg mL�1. The plates were incubated at
This journal is © The Royal Society of Chemistry 2020
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37 �C for seven days in 5% CO2. The Resazurin Microtiter Assay
(REMA) method was used for evaluation of the results. Aer
incubation, resazurin (15 mL, 0.04%) and Tween 80 (12.5 mL,
20%) was added in each well of the plate. The plates were
incubated for 48 h and were read visually to ascertain the MIC
from the minimum concentration of the compound showing no
change in color.
Conclusions

Herein, we report isolation of four 14-residue peptaibols from
a psychrotrophic fungus T. velutinum of the Himalayan cold
habitat. The complete structural characterization of 1 was
established by intensive 1D, 2D NMR, and tandem mass spec-
troscopic studies. Whereas, the probable primary sequence for
compound 2–4 was established using MS/MS studies. The
stereochemical determination by Marfey's analysis revealed L-
form of the amino acids in these putative peptides. The
conformational studies carried out using CD spectroscopy
revealed that compound 1 folds in a 310-helix in methanol. The
variable temperature experiment performed through NMR
showed that NH-3 (Leu-3), NH-4 (Aib-4), NH-6 (Leu-7), NH-7
(Aib-8), NH-9 (Aib-10), NH-10 (Aib-11), NH-11 (Aib-12) and NH-
12 (Leuol) were involved in intramolecular hydrogen bonding
in peptaibol 1. These experiments also gave an insight into its
secondary structure and may correlate to the biological activi-
ties asserted by 1. The cytotoxic assay showed compound 1
having IC50 values of 7 mM and 4 mM against MDA-MD-231 and
HL-60 cancer cells respectively. Further, the cell cycle assay
revealed DNA damage and formation of apoptotic bodies in
a dose-dependent manner against HL-60 cancer cells. The
compound 1 also showed weak MIC of 32 mg mL�1 against M.
tuberculosis.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

VPS, ASP, MK and SS are grateful to CSIR for their Senior
Research Fellowship (SRF). The support of Er. Rajneesh Anand
and Mr Vikram Bhardwaj of Instrumentation Division is greatly
acknowledged. Authors are indebted to Dr Asha Chaubey and
Dr Richa Sharma from Fermentation division for providing the
culture. The manuscript bears Institutional IPR reference
number CSIR-IIIM/IPR/00116.
Notes and references

1 R. D. Sussmuth and A. Mainz, Angew. Chem., Int. Ed., 2017,
56, 3770–3821.

2 D. Liu, H. Lin, P. Proksch, X. Tang, Z. Shao and W. Lin, Org.
Lett., 2015, 17, 1220–1223.

3 W. H. Jiao, Z. Khalil, P. Dewapriya, A. A. Salim, H. W. Lin and
R. J. Capon, J. Nat. Prod., 2018, 81, 976–984.
This journal is © The Royal Society of Chemistry 2020
4 J. F. Daniel and E. R. Filho, Nat. Prod. Rep., 2007, 24, 1128–
1141.

5 R. Mikkola, M. A. Andersson, L. Kredics, P. A. Grigoriev,
N. Sundell and M. S. Salkinoja-Salonen, FEBS J., 2012, 279,
4172–4190.

6 M. Y. Summers, F. Kong, X. Feng, M. M. Siegel, J. E. Janso,
E. I. Graziani and G. T. Carter, J. Nat. Prod., 2007, 70, 391–
396.

7 T. Degenkolb and H. Bruckner, Chem. Biodivers., 2008, 5,
1817–1843.

8 J. K. Chugh and B. A. Wallace, Biochem. Soc. Trans., 2001, 29,
565–570.

9 T. Salditt, C. Li and A. Spaar, Biochim. Biophys. Acta, 2006,
1758, 1483–1498.

10 M. S. P. Q. Sansom, Annu. Rev. Biophys., 1993, 26, 365–421.
11 G. Gabernet, A. T. Müller, J. A. Hiss and G. Schneider, RSC

Med. Chem, 2016, 7, 2232–2245.
12 M. Shi, H. N. Wang, S. T. Xie, Y. Luo, C. Y. Sun, X. L. Chen

and Y. Z. Zhang, Mol. Canc., 2010, 9, 26.
13 M. Ritzau, S. Heinze, K. Dornberger, A. Berg, W. Fleck,

B. Schlegel, A. Hartl and U. Grafe, J. Antibiot., 1997, 50,
722–728.

14 M. Kronen, P. Kleinwachter, B. Schlegel, A. Hartl and
U. Grafe, J. Antibiot., 2001, 54, 175–178.

15 T. V. Ovchinnikova, N. G. Levitskaya, O. G. Voskresenskaya,
Z. A. Yakimenko, A. A. Tagaev, A. Y. Ovchinnikova,
A. N. Murashev and A. A. Kamenskii, Chem. Biodivers.,
2007, 4, 1374–1387.

16 S. Ayers, B. M. Ehrmann, A. F. Adcock, D. J. Kroll,
E. J. Carcache de Blanco, Q. Shen, S. M. Swanson,
J. O. Falkinham III, M. C. Wani, S. M. Mitchell, C. J. Pearce
and N. H. Oberlies, J. Pept. Sci., 2012, 18, 500–510.

17 M. Dathe, C. Kaduk, E. Tachikawa, M. F. Melzig,
H. Wenschuh and M. Bienert, Biochim. Biophys. Acta, 1998,
1370, 175–183.

18 I. Kavianinia, L. Kunalingam, P. W. R. Harris, G. M. Cook
and M. A. Brimble, Org. Lett., 2016, 18, 3878–3881.

19 I. Touati, N. Ruiz, O. Thomas, I. S. Druzhinina, L. Atanasova,
O. Tabbene, S. Elkahoui, R. Benzekri, L. Bouslama,
Y. F. Pouchus and F. Limam, World J. Microbiol.
Biotechnol., 2018, 34, 98.

20 D. Ishiyama, T. Satou, H. Senda, T. Fujimaki, R. Honda and
S. Kanazawa, J. Antibiot., 2000, 53, 728–732.

21 M. Y. Summers, F. Kong, X. Feng, M. M. Siegel, J. E. Janso,
E. I. Graziani and G. T. Carter, J. Nat. Prod., 2007, 70, 391–
396.

22 C. Wilhelm, H. Anke, Y. Flores and O. Sterner, J. Nat. Prod.,
2004, 67, 466–468.

23 A. Otto, A. Laub, L. Wendt, A. Porzel, J. Schmidt, G. Palfner,
J. Becerra, D. Kruger, M. Stadler, L. Wessjohann,
B. Westermann and N. Arnold, J. Nat. Prod., 2016, 79, 929–
938.

24 M. Shi, L. Chen, X. W.Wang, T. Zhang, P. B. Zhao, X. Y. Song,
C. Y. Sun, X. L. Chen, B. C. Zhou and Y. Z. Zhang,
Microbiology, 2012, 158, 166–175.

25 T. Neuhof, R. Dieckmann, I. S. Druzhinina, C. P. Kubicek
and H. von Dohren, Microbiology, 2007, 153, 3417–3437.
RSC Adv., 2020, 10, 31233–31242 | 31241

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05780k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 3
/6

/2
02

6 
4:

47
:4

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
26 J. Bissett, W. Gams, W. Jaklitsch and G. J. Samuels, IMA
Fungus, 2015, 6, 263–295.

27 T. Marik, C. Tyagi, G. Racic, D. Rakk, A. Szekeres,
C. Vagvolgyi and L. Kredics, Microorganisms, 2018, 6, 85.

28 N. K. Neumann, N. Stoppacher, S. Zeilinger, T. Degenkolb,
H. Bruckner and R. Schuhmacher, Chem. Biodivers., 2015,
12, 743–751.

29 J. P. Brito, M. H. Ramada, M. T. de Magalhães, L. P. Silva and
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