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Cancer is currently one of the biggest causes of death in the world. Like somemicroorganisms, cancer cells

also develop resistance to various chemotherapy drugs and are termed multidrug resistant (MDR). In this

regard, there is a need to develop new alternative anticancer agents. Anticancer peptides (ACPs) with

high selectivity and high cell penetration ability are a promising candidate, as well as they are easy to

modify. A cyclohexapeptide called nocardiotide A was isolated from the marine sponge Callyspongia sp.,

which is cytotoxic towards several cancer cells such as MM, 1S, HeLa, and CT26 cells. Previously,

nocardiotide A was synthesized with a very low yield owing to its challenging cyclization process. In this

study, we synthesized [D-Ala]-nocardiotide A as a derivative of nocardiotide A using a combination of

solid phase peptide synthesis (SPPS) and liquid phase peptide synthesis (LPPS). The synthesis was carried

out by selecting a D-alanine residue at the C-terminus to give a desired cyclic peptide product with

a yield of 31% after purification. The purified [D-Ala]-nocardiotide A was characterized using HR-ToF MS

and 1H and 13C-NMR spectroscopy to validate the desired product. The anticancer activity of the peptide

was determined against HeLa cancer cell lines with an IC50 value of 52 mM compared to the parent

nocardiotide A with an IC50 value of 59 mM. In the future, we aim to mutate various L-amino acids in

nocardiotide A to D-amino acids to prepare nocardiotide A derivatives with a higher activity to kill cancer

cells with higher membrane permeation. In addition, the mechanism of action of nocardiotide A and its

derivatives will be evaluated.
Introduction

Cancer is one of the most difficult diseases to treat and is the
cause of high mortality worldwide.1 Unfortunately, nding
chemotherapeutic agents for cancer treatment has been very
challenging because they can have serious side effects such as
anemia, gastrointestinal mucositis, and alopecia.2 In addition,
it has been reported that long-term use of chemotherapeutic
agents results in drug resistance in 50% of cancer cells in
a patient.3,4 Cancer cells become resistant to chemotherapeutics
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due to the inactivation of the drug or efflux pump mechanisms
that expel the drug from cancer cell membranes and prevent it
from entering into the cytoplasm to exert drug activity.5,6

Therefore, the development of new anticancer agents as alter-
natives to the currently available therapies is necessary to
resolve the side-effect problems.7

Anticancer peptides (ACPs) are a promising group of
compounds that have opened new avenues for future cancer
therapies.8,9 ACPs are peptides with 5–50 amino acid residues
with higher anticancer activity compared to small drug mole-
cules because they have high selectivity.8 In addition, ACPs can
be readily modied to increase their activity and selectivity to
lower their side effects. Some ACPs show anticancer activity by
disrupting cell membranes or by forming pores in cell
membranes to induce cancer cell apoptosis; thus, ACPs can
rapidly kill cancer cells viamembrane-targeting mechanisms.5,8

Recently, nocardiotide A has been isolated from a culture
broth of Nocardiopsis sp. from the marine sponge Callyspongia
sp (Fig. 1, Le).10 The isolated nocardiotide A exhibits cytotox-
icity against 1S, HeLa, and CT26 cells with IC50 values of 8, 11,
and 12 mM, respectively.10 Thus, we previously synthesized
nocardiotide A using a combination of the solid-phase and
solution-phase peptide synthesis with the overall yield of
RSC Adv., 2024, 14, 4097–4104 | 4097
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Fig. 1 Chemical structures of nocardiotide A (left) and [D-Ala]-
nocardiotide A (right).
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View Article Online
nocardiotide A synthesis being 16%.11 This synthesis produced
a high enough quantity to conrm nocardiotide A structure as
well as to evaluate its biological activity and mechanism of
action.

Davies had shown that the formation of cyclic peptides can
be improved by having large and small amino acids at the N-
and C-terminus amino acids, respectively.12 The presence of D-
amino acid at the C-terminus could also increase the yield of the
cyclization reaction.12 Therefore, we hypothesized that the
substitution of the L-Ala residue on nocardiotide A to the D-Ala
residue of [D-Ala]-nocardiotide A (Fig. 1, Right) could improve
the cyclization reaction to produce a high synthetic yield of the
peptide. In addition, the biological activity of [D-Ala]-
nocardiotide A can be evaluated and compared to the parent
nocardiotide A. In the future, we would like to evaluate the
effects of different D-amino acids within the molecule on the
cyclization reaction, biological activity, and mechanism of
action.

Here, we synthesized [D-Ala]-nocardiotide A using a combi-
nation of the solid and solution phase methods. The linear
peptide precursor was generated by solid phase peptide
synthesis using 2-chlorotrityl chloride resin and Fmoc chem-
istry. The peptide on the resin was cleaved using mild condi-
tions and the resulting linear peptide precursor was puried
using a reversed-phase column chromatography. The cycliza-
tion of the peptide to produce [D-Ala]-nocardiotide A was
accomplished in a high dilute solution followed by side chain
deprotection and purication using a semi-preparative
reversed-phase (RP) HPLC column. The pure [D-Ala]-
nocardiotide A was characterized by mass spectrometry and
NMR. The activities of both molecules (IC50) were evaluated for
killing HeLa cancer cells, in comparison to positive and nega-
tive controls.
Materials and methods
Reagent for peptide synthesis

All amino acids, coupling reagents, solvents, and resin were
purchased from GL-Biochem, Shanghai, China. They included
2-chlorotrityl chloride resin, 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexauorophosphate (HBTU), 1-hydrox-
ybenzotriazole (HOBt), dichloromethane (DCM), N-[(dimethy-
lamino)-1H-1,2,3-triazolo-4,5-[b]pyridine-1-yl-methelene]-N-
4098 | RSC Adv., 2024, 14, 4097–4104
methylmethanaminium hexauorophosphate N-oxide (HATU),
dimethylformamide (DMF), N,N-diisopropylethylamine
(DIPEA), Fmoc-D-Ala-OH, Fmoc-L-Val-OH, Fmoc-L-Leu-OH,
Fmoc-L-Trp(Boc)-OH, triuoroacetic acid (TFA), tri-
uoroethanol (TFE), piperidine, methanol, and n-hexane. The
peptide synthesis was accomplished using an SPPS tube, rota-
tory suspension mixer, and rotatory evaporator.
Peptide synthesis

Loading of the resin with the rst amino. 2-Chlorotrityl resin
(0.25 g, 0.375 mmol) was placed in a clean SPPS reactor and
swollen in DCM for 30 min. The rst amino acid, Fmoc-D-Ala-
OH (117 mg, 0.375 mmol), was dissolved in 4 mL DCM and
DIEA (127.5 mL, 0.75 mmol); the mixture was added to the resin
followed by shaking for 4 h. To make sure that there were no
active Cl groups on the resin, the remaining active sites were
capped using 5 mL MeOH/DIEA/DCM (3 : 1 : 16) for 15 min in
two cycles. The reaction mixture was washed using DCM three
times and then drained to obtain dry Fmoc-D-Ala resin. The dry
resin was then determined for the amino acid loading and the
resin loading was 0.42 mmol of Fmoc-D-Ala per gram resin.

Fmoc deprotection. The Fmoc protecting group was removed
using 20% (v/v) piperidine in 10 mL DMF for 10 min. The solid
phase resin was then ltered and washed with DCM, DMF, and
DCM, sequentially. To indicate the Fmoc protecting group was
removed, the chloranil test was applied to the resin to produce
a blue color, indicating the presence of free amines.

Amino acid coupling. A solution mixture of Fmoc-amino
acid/HBTU/HOBT/DIEA (3 eq./3 eq./3 eq./6 eq.) in 4 mL DMF
was added to the Fmoc-D-Ala resin. The reaction was shaken for
4 h. The resin was then ltered and washed with DCM, DMF,
and DCM, sequentially. A small amount of resin beads was
analyzed by the chloranil test solution to conrm the
completeness of the amino acid coupling reaction.

Peptide cleavage from the resin. A 5 mL of the cocktail
reagent (AcOH/TFE/DCM = 1 : 1 : 3) was added to the
hexapeptidyl-resin followed by shaking for 2 h. The ltrate was
collected and the resin was washed with 5 mL of the cleavage
reagent and 5 mL of dry DCM. The combined solutions were
concentrated using rotatory evaporation to obtain the crude
protected linear precursor [D-Ala]-nocardiotide A (82.8 mg;
83.4% yield). The white solid of [D-Ala]-nocardiotide A showed
a TOF-ESI-MS m/z of 987.4915 with the calculated m/z for
C52H74N8O11 is [M + H]+ 987.4913.

Peptide cyclization. The crude linear precursor [D-Ala]-
nocardiotide A (20 mg, 0.02 mmol) was dissolved in 50 mL
DCM to produce a solution concentration of 1.25 × 10−3 M.
Then, HBTU (22.81 mg, 0.06 mmol) was added to the solution
followed by 26.15 mmol (1%) of DIEA. The reaction mixture was
stirred for 72 h. The reaction mixture was concentrated using
rotatory evaporation to obtain a crude 20 mg of the protected
cyclic [D-Ala]-nocardiotide A. To remove the remaining Boc
protecting groups, the cyclic peptide product was reacted with
a 5mL deprotection cocktail containing 95% TFA and 5%water.
The brown solution was then concentrated and washed using
dry DCM to remove the TFA residue.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Peptide purication and characterization. The crude [D-Ala]-
nocardiotide A was puried using a semi-preparative C18
column (5 mm, 10 mm × 250 mm, Phenomenex) in HPLC
(Waters 2998, photodiode array detector, LiChrospher 100)
using eluents of 100% H2O as solvent A and 100% acetonitrile
as solvent B. The separation of the main product from its
impurities was performed using a linear gradient of 0% to 80%
solvent B within 60 min with a ow rate of 2.0 mL min−1. The
product was analyzed using an analytical RP-HPLC equipped
with a C18 column (5.0 mm, 4.6 × 250 mm, COSMOSIL) with
solvent A of 99.9% H2O containing 0.1% TFA and solvent B of
99.9% acetonitrile containing 0.1% TFA with a ow rate of 1
mL min−1. The gradient for analytical HPLC separation was
started with 50% of solvent B to 75% of solvent B for 25 min.
Then, the gradient was increased to 100% solvent B at 25.1 min
followed by maintenance at 100% solvent B up to 30 min time
point. Peptides were characterized using UV-vis spectroscopy
(TECAN innite pro 200), mass spectrometry, and 1H-(500 MHz)
and 13C-(125 MHz) nuclear magnetic resonance (NMR) spec-
troscopy (Bruker-Avance).
Biological assay

Reagent for biological assay. Cisplatin (EDQM C2210000),
Antibiotic (Sigma-Aldrich P4333), dimethyl sulfoxide (DMSO)
(Merck D1435), phosphate buffered saline (PBS) (Gibco 18912-
014), PrestoBlueTM Cell Viability Reagent (Thermo Fisher
A13262), Roswell Park Memorial Institute Medium (RPMI)
(Gibco 11875-093), Fetal Bovine Serum (FBS) (Gibco 25200-056),
and trypan blue (Sigma-Aldrich T-8154).

Media preparation. The cells were maintained in a medium
provided by the Roswell Park Memorial Institute (RPMI) that
contained 10% (v/v) Fetal Bovine Serum (FBS) and 50 mL/50 mL
antibiotics. Cisplatin was utilized as a positive control. A
CFSRMC cyclic F5, cyclo(1,6)Ac-Cys-Phe-Ser-Arg-Met-Cys-NH2

(MW = 785.29), was used as a negative control. As a stock
solution, the sample was dissolved to a specic nal concen-
tration as a working solution for the anti-proliferation assay.
PrestoBlueTM Reagent was used to determine the cell viability
level.

Cell preparation. At least, 70% of the HeLa cells used were
conuent. The cells were rinsed twice with 1 mL of PBS aer the
medium was disposed of in a dish. To ensure that the cell layer
was evenly distributed, 1 mL of Trypsin-EDTA solution was
added and incubated for 5 min. The cells will appear to oat
when viewed under an inverted microscope. Then, once the
cells were inside the tube, the media was added to the tube.
Then, the cells were centrifuged at 3000 rpm for 5 min. Aer
discarding the supernatant, the cell pellet was added to the
media inside the tube to resuspend the cells.

Cellular assay. The cells were resuspended inmedia at a nal
cell density of 170 000 cells per mL as determined using trypan
blue exclusion. 196-well plates were used for the cell culture and
the cells were incubated for 24 h or until they were at least 70%
conuent at 37 °C under 5% CO2 gas. Aer 24 h, the peptide was
added to the wells. Aer 96 h, cell viability was determined by
measuring the metabolic conversion of resazurin substrate into
© 2024 The Author(s). Published by the Royal Society of Chemistry
pink uorescent resorun product as a result of the reduction in
the viable cells. The absorbance was read using a multimode
reader at 570 nm. All compounds were tested at eight concen-
trations of 3.91, 7.81, 15.63, 31.25, 62.50, 125.00, 250.00, and
500.00 mg mL−1 in 2% DMSO. Each concentration of the
compound was tested in triplicate experiments; then, IC50

values were calculated by linear regression method using
Microso Excel soware.

Result and discussion
Total synthesis of [D-Ala]-nocardiotide A

[D-Ala]-nocardiotide A was synthesized using a combination of
solid- and solution-phase peptide synthesis methods (Fig. 2).
The synthesis of linear hexapeptide of [D-Ala]-nocardiotide A
was accomplished by Fmoc chemistry in the solid-phase
method while cyclization of the linear peptide was performed
using the solution phase.13 D-Alanine at the C-terminus and L-
tryptophan at N-terminus as small and large amino acids,
respectively, were used to provide advantage on the cyclization
process14 because the presence of D-Ala residue induced a more
favourable conformation cyclization, as reported by Davies
et al.12

The linear hexapeptide was prepared by the solid-phase
peptide synthesis (SPPS) method using Fmoc chemistry
(Fig. 2).15 The rst amino acid, Fmoc-D-Ala-OH, was attached to
2-chlorotrityl chloride resin in DCM and in the presence of basic
DIEA to provide 0.47 mmol D-Ala amino acid per gram resin.
The unreacted sites on the resin were then capped by reacting
them with MeOH : DIEA : DCM (15 : 5 : 85). The Fmoc group was
deprotected using 20% piperidine in DMF to form a free amino
group that was ready for the reaction with the next amino acid.
The second amino acid, Fmoc-L-Val-OH, was then coupled to
the D-Ala using a combination of HBTU and HOBt coupling
reagents in the presence of DIEA. Three and six equivalents of
HBTU/HOBt and DIEA were found to provide an effective
coupling reaction to various types of peptides.15 The success of
the coupling reaction was monitored by a chloranil test. The
elongated peptide was then treated for the attachment of L-Leu,
L-Trp(Boc), L-Ile, and L-Trp(Boc) to produce the desired linear
peptide. The linear peptide was cleaved from the resin using
a mixture of acetic acid and triuroethanol (TFE) to yield
a linear hexapeptide precursor with Boc protecting groups still
attached on the side chains of both Trp residues. The linear
precursor of [D-Ala]-nocardiotide A was obtained with 86.5%
yield based on the loading resin value.

To prepare the linear peptide 8, both Boc protective groups
on the Trp residues of peptide 7were removed by treating it with
95% TFA in water for 15 min. The crude linear peptide 8 was
dried using a rotary evaporator to produce a white powder. The
crude product was puried using reversed-phase ash ODS
column chromatography with methanol : water (7 : 3) as the
eluent. The desired peptide 8 was found to be a single peak at
a retention time of 4.32 min. The amount of pure linear peptide
8 was 15.3 mg or 95.8% yield. The HR-TOF ESI mass spec-
trometry result of peptide 8 showed [M + H]+ with m/z of
787.4507, which was consistent with the calculated [M + H]+ ion
RSC Adv., 2024, 14, 4097–4104 | 4099
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Fig. 2 Solid phase peptide synthesis andmacrocyclization of [D-Ala]-nocardiotide. (a).(1) Fmoc-D-Ala-OH (1 equiv.), DIEA (2 equiv.), 4 mL CH2Cl2,
4 h; (2) MeOH (15 equiv.), DIEA (5 equiv.), CH2Cl2 (80 equiv.), 15 min; (3) 20% piperidine in DMF, 10min. (b). (1) Fmoc-L-Val-OH, (3 equiv.), HBTU (3
equiv.), HOBt (3 equiv.), DIEA (6 equiv.), 4 mLDMF, 4 h; (2) 20% piperidine in DMF, 10min. (c). (1) Fmoc-L-Leu-OH (3 equiv.), HBTU (3 equiv.), HOBt
(3 equiv.), DIEA (6 equiv.), 4 mL DMF, 4 h; (2) 20% piperidine in DMF, 10 min. (d). (1) Fmoc-L-Trp(Boc)-OH (3 equiv.), HBTU (3 equiv.), HOBt (3
equiv.), DIEA (6 equiv.), 4 mL DMF, 4 h; (2) 20% piperidine in DMF, 10 min. (e). (1) Fmoc-L-Ile-OH (3 equiv.), HBTU (3 equiv.), HOBt (3 equiv.), DIEA
(6 equiv)., 4 mL DMF, 4 h; (2) 20% piperidine in DMF, 10 min. (f). (1) Fmoc-L-Trp-OH (3 equiv.), HBTU (3 equiv.), HOBt (3 equiv.), DIEA (6 equiv.),
4 mL DMF, 4 h; (2) 20% piperidine in DMF, 10 min. (g). TFE (1 equiv.), AcOH (1 equiv.), CH2Cl2 (3 equiv.), 1 h. (h). Trifluoroacetic acid (TFA) 95% in
water, 1 h. (i). (1) HBTU (3 equiv.), DIEA (1%), 72 h; (2) TFA 95% in water, 1 h.
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View Article Online
peak at m/z 787.4514 for C42H58N8O7 of compound 8. The
structure of 8 was also conrmed using 1H-NMR and 13C-NMR
(Table 1).

The cyclic [D-Ala]-nocardiotide 9 was synthesized from the
precursor linear hexapeptide 7 by linking the amino group of
the L-Trp with the carboxylic acid of the D-Ala residue. The
peptide was diluted in DCM : DMF (9 : 1) at high dilution (1.25
mM) to avoid the formation of the intermolecular oligomeri-
zation products. A combination of three equivalents of HBTU/
HOBt was employed as a coupling reagent in the presence of
1% DIEA. The reaction was carried out for 72 h at room
temperature. The cyclization process was monitored by silica
thin layer chromatography using 5% iso-propanol:n-hexane as
the eluent. The reaction mixture was then concentrated using
a rotary evaporator. The crude product was puried using semi-
preparative RP-HPLC equipped with C18 column (5 mm, 10 mm
× 250 mm, Phenomenex) using 100% H2O as solvent A as well
4100 | RSC Adv., 2024, 14, 4097–4104
as 100% acetonitrile as solvent B. A linear gradient from 0% to
80% acetonitrile within 60 min was used to purify the desired
product with a ow rate of 2.0 mL min−1 to produce a 31% yield
of [D-Ala]-nocardiotide. The analytical RP-HPLC showed that
both nocardiotide A and [D-Ala]-nocardiotide A have purity of
95.16% and 97.49%, respectively, with the same retention time
at 11.06 min in a C18 column (5.0 mm, 4.6 × 250 mm, COS-
MOSIL) (Fig. 3A and B).

The identities of nocardiotide A and [D-Ala]-nocardiotide A 9
were characterized using HR-TOF ESI mass spectrometry
(Fig. 3C and D) and NMR (Table 1). The HR-TOF ESI spectrum of
[D-Ala]-nocardiotide A showed [M + H]+ atm/z 769.4403, which is
consistent with the calculated molecular [M + H]+ ion peak atm/
z 769.4401 for C42H57N8O6 (Fig. 3D). The product was further
characterized using 1H- and 13C-NMR spectroscopy (Table 1).
The 1H-NMR data of [D-Ala]-nocardiotide A 9 showed six alpha
protons of the peptide with chemical shis of 3.67, 4.08, 4.23,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 1H- and 13C-NMR spectral data of linear D-nocardiotide A, D-nocardiotide A in CD3OD and natural D-nocardiotide A (Ibrahim et al. 2018)

Amino acid

Linear [D-Ala]-nocardiotide A (CD3OD,
500 MHz)

[D-Ala]-nocardiotide A (CD3OD, 500
MHz) Nocardiotide A (CD3OD, 600 MHz)

1H d (ppm)(m, J in Hz) 13C d (ppm) 1H d (ppm)(m, J in Hz) 13C d (ppm) 1H d (ppm)(m, J in Hz) 13C d (ppm)

Alanine
CO 170.1 173.9 173.9
a 3.65 (q, J = 6.6) 48.6 4.29 (q, J = 7.0) 51.0 4.31 (q, J = 7.2) 49.8
b 1.13 (d, J = 6.6) 11.1 1.04 (d, J = 7.0) 19.2 1.17 (d, J = 7.2) 18.05

Valine
CO 171.4 174.8 175.3
a 4.08 (d, J = 7.8) 57.2 4.09 (d, J = 7.5) 60.5 4.22 (d, J = 7.7) 60.7
b 2.77–2.80 (m) 40.5 1.70 (m) 31.8 1.97 (m) 31.8
g 0.82 (d, J = 7.4) 17.8 0.86 (d, J = 3.0) 21.3 0.88 (d, J = 3.1) 19.8
g0 0.84 (d, J = 7.4) 17.7 0.87 (d, J = 3.0) 19.5 0.9 (d, J = 3.1) 19.0

Leucine
CO 170.6 173.1 171.6
a 4.22–4.24 (m) 56.4 3.89 (m) 56.3 3.81 (t, J = 7.3) 53.0
b 1.46 (t, J = 6.55) 48.2 1.60–1.61 (m) 45.8 1.59 (m) 41.9
g 1.87–1.90 (m) 25.0 1.67–1.70 (m) 25.7 1.62 (m) 25.6
d 0.85 (d, J = 6.55) 21.8 1.05 (d, J = 7.0) 23.9 0.92 (d, J = 6.2) 22.6
d0 0.86 (d, J = 6.55) 21.5 1.04 (d, J = 7.0) 23.2 0.93 (d, J = 6.2) 22.9

Tryptophan
CO 171.7 175.3 179.0
a 4.34 (t, J = 7.9) 53.2 4.53 (dd, J = 5.0) 57.8 4.37 (dd, J = 3.8) 56.9
b/b0 3.32–3.36 (m) 29.6 3.03–3.04 (m) 28.5 3.05 (dd, J = 14.7) 29.1
2 7.02 (s) 124.3 7.04 (s) 124.5 7.03 (s) 124.6
3 111.4 112.4 112.2
4 8.22 (dt, J = 7.9) 118.5 7.55 (dt, J = 8.0) 120.1 7.55 (dt, J = 7.8) 119.6
5 7.61 (dt, J = 7.9) 118.3 6.92 (m) 119.9 6.88 (m) 119.4
6 7.31 (dt, J = 7.9) 121.0 6.99 (m) 122.7 6.94 (m) 122.1
7 7.13–7.18 (m) 110.1 7.23 (dt, J = 6.5) 110.9 7.18 (dt, J = 8.1) 112.0
8 136.3 138.2 137.9
9 127.3 128.6 128.9

Isoleucine
CO 170.7 173.7 173.4
a 4.58–4.62 (m) 54,3 4.02 (d, J = 7.5) 59.8 4.20 (d, J = 4.6) 59.0
b 1.21–1.25 (m) 43.7 2.03 (m) 37.8 2.03 (m) 37.0
g 0.73 (d, J = 7.4) 19.15 0.83 (d, J = 7.0) 15.8 0.84 (d, J = 7.0) 12.1
g0 1.21–1.25 (m) 27.5 1.28 (m) 27.6 1.28 (m) 27.4
d 0.79 (t, J = 6.7) 15.1 0.85 (d, J = 7.0) 16.6 0.85 (d, J = 7.4) 14.7

Tryptophan
CO 171.7 173.3 173.2
a 4.17 (t, J = 7.9) 51.2 3.30 (t, J = 7.5) 41.2 3.35 (t, J = 8.0) 41.5
b/b0 3.28–3.32 (m) 30.8 2.98–3.01 (m) 25.8 2.82 (td, J = 8.6) 26.2
20 7.03 (s) 123.6 7.02 (s) 124.4 6.96 (s) 123.3
30 111.2 112.5 113.3
40 8.22 (dt J = 7.9) 118.3 7.50 (dt, J = 8.0) 119.4 7.45 (dt, J = 7.9) 119.2
50 7.61 (dt, J = 7.9) 118.2 6.94 (m) 119.5 6.90 (m) 119.4
60 7.31 (dt, J = 7.8) 120.8 7.00 (m) 122.7 6.98 (m) 122.3
70 7.13–7.18 (m) 110.1 7.26 (dt, J = 7.0) 111.5 7.22 (dt, J = 8.2) 112.2
80 136.0 138.3 138.7
90 127.3 129.8 128.8
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4.34, 4.17, and 4.60 ppm. The 13C-NMR spectra showed the
existence of six carbonyl signals of amide groups at 173.1, 173.9,
174.8, 173.3, 173.7, and 175.3 ppm. In addition, six alpha
© 2024 The Author(s). Published by the Royal Society of Chemistry
carbons were conrmed with chemical shis of 51.0, 60.5, 56.3,
57.8, 59.8, and 41.2 ppm. Finally, 1H- and 13C-NMR data
between the synthetic [D-Ala]-nocardiotide A and the isolated
RSC Adv., 2024, 14, 4097–4104 | 4101
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Fig. 3 The purity analysis of each peptide using HPLC for (A) nocardiotide A and (B) [D-Ala]-nocardiotide A with a purity of 95.16% and 97.49%,
respectively. The retention time for each peptide was 11.06 min. The mass spectrometry data for (C) nocardiotide A and (D) [D-Ala]-nocardiotide
A show the same molecular weight at [M + H] at 769.4 amu.
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nocardiotide A were compared (Table 1). The chemical shis of
13C atoms of [D-Ala]-nocardiotide A and the isolated nocardio-
tide A showed chemical shi differences in the range of 0.1–
0.7 ppm; however, the Cb of the Ala residue of [D-Ala]-
nocardiotide A appeared at 19.2 ppm, while the Cb of the Ala
residue in the isolated nocardiotide A appeared at 18.05 ppm
(Table 1).

Biological activity of nocardiotide A and [D-Ala]-nocardiotide A

The anticancer activities of nocardiotide A, [D-Ala]-nocardiotide
A, CFSRM cyclic F5 (cyclo1,6 Ac-Cyc-Phe-Ser-Arg-Met-Cyc-NH2),
and cisplatin were assessed in cervical cancer cells (HeLa) using
MTT assay aer 24 h incubation at various peptide (Fig. 4 and
5). As a positive control cisplatin has an IC50 of 2 mM. As
a negative control, CFSRMC cyclic F5 has an IC50 of 522 mM. The
results showed that nocardiotide A and [D-Ala]-nocardiotide A
have IC50 of 59 mM and 52 mM, respectively, obtained through
Fig. 4 Graphic log[concentration] vs. % cell viability of nocardiotide A, [D
Arg-Met-Cys-NH2).

4102 | RSC Adv., 2024, 14, 4097–4104
triplicate experiments. The results indicated that both peptides
have a moderate level of anticancer activities but they are about
8-fold more active than the negative control CFSRMC cyclic F5.

Both nocardiotide A and [D-Ala]-nocardiotide disrupted the
cell monolayers at 81.2 mM while the negative control CFSRMC
cyclic F5 did not (Fig. 5). We also found that the substitution of
L-Ala into D-Ala did not change the anticancer activity of the
peptide. It has been suggested previously that the presence of D-
amino acid in a peptide increases the plasma stability of
a peptide due to slowing down the enzymatic degradation of D-
amino acid-containing peptide in plasma.16,17 Thus, our future
study will be focused on evaluating the effects of substituting
various L-amino acids to D-amino acids within the nocardiotide
A on the anticancer activity of the peptide. It was interesting to
nd that the IC50 of 59 mM for our synthetic nocardiotide A was
higher than that of the isolated nocardiotide A with IC50 of 11
mM in HeLa cells by Ibrahim et al.10 This difference in the IC50
-Ala]-nocardiotide, and CFSRMC cyclic F5 (cyclo(1,6)Ac-Cys-Phe-Ser-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The effect of the concentrations of nocardiotide A, [D-Ala]-nocardiotide A, and CFSRMC cyclic F5 on the morphology of cervical cancer
HeLa cells. Both nocardiotide A and [D-Ala]-nocardiotide A completely disrupted the monolayer integrity of HeLa cells at a concentration of
62.50 mg mL−1, while CFSRMC cyclic F5 as a negative control did not disrupt the monolayer integrity of HeLa cells.
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could possibly be due to cell density used in both studies. The
solubility of our synthetic peptides could also contribute to the
toxicity of these synthetic peptides.

It is proposed that the anticancer activity of nocardiotide A
and [D-Ala]-nocardiotide A is due to the disruption of cancer cell
membranes. To test this hypothesis, we subjected both nocar-
diotide A and [D-Ala]-nocardiotide A to a 200 ns MD simulation
in the presence of membranes to nd out if both molecules
could interact with membranes and disrupt the integrity of the
cell membrane. Unfortunately, the results revealed that both
peptides cannot disrupt cell the integrity of the membrane.
Both cyclic peptides only transiently interact with the
membrane.
Conclusions

We have successfully improved the cyclization reaction of
nocardiotide A reaction by substituting the L-alanine residue
with D-alanine residue. Thus, D-amino acid, especially D-alanine
in this case promotes head-to-tail cyclization reaction of linear
nocardiotide A. We also found that [D-Ala]-nocardiotide A is as
active as nocardiotide A in killing cervical cancer (HeLa) cells;
therefore, altering L-Ala with D-Ala did not change the biological
activity of the peptide. Molecular dynamics simulations also
indicated that both peptides did not disrupt the membrane
along the 200 ns length of simulations. In the future, we will
study the effects of D-amino acid mutations at various positions
on the anticancer activity of the nocardiotide A derivatives.
Furthermore, the mechanism of action of nocardiotide A and its
derivatives in killing cancer cells will also be evaluated.
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