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A novel antimicrobial cyclic peptide, Brucyclin, was rationally designed from the original antibacterial plant peptide,
Brucin. The chemically synthesized Brucyclin consists of amino acid sequence; (NH,- Gln-His-Thr-Leu-Cys-Met-
Cys-Gly-Gly-Ala-Thr-Trp-COOH), with a molecular mass of m/z 1290. In the antimicrobial assay with 31 strains

of pathogenic microorganisms, the peptide exhibited the most antimicrobial activity with a minimum inhibitory
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concentration (MIC) values ranging from 50 to 100 pg/ml against two strains of Gram-negative bacteria (Vibrio
cholera non O1, non O139 and Klebsiella oxytoca), one strain of Gram-positive bacterium (Bacillus subtilis), and
one strain of yeast (Candida albicans), respectively. Structural analysis of Brucyclin indicated that it has a neutral
charge with a hydrophobicity ratio of 50% and plI value of 6.72, respectively. The results from this study suggested that
the Brucyclin is a new antibiotic peptide that might be an alternative potent drug for treatment of various infectious

diseases caused by pathogenic microorganisms.

INTRODUCTION

In the modern medical treatments, the infectious diseases
caused by the microbial pathogens can be cured with a wide variety
of antibiotics. However, a rapid increase of bacterial strains with
the capability of antibiotics resistance widespread both in the
clinical and veterinary medicine has triggered worldwide efforts
in developing new alternative compounds to deal with such the
problem (Aslam ez al., 2018). Vibrio cholerae, the Gram-negative
bacteria, is an important human pathogen causing the diarrhea
disease (Jers et al., 2018) and can be isolated from a variety area
of extra-intestinal infections (e.g., fresh wound, ear, sputum, urine,
and cerebrospinal fluid) (Morris and Black, 1985). Klebsiella spp.,
the non-motile Gram-negative bacteria, was reported as one of
the major bacterial groups which can be found in the nosocomial
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infection in Thailand (Danchaivijitr et al., 2007). Either the
infection with the well-known Gram-positive bacterium Bacillus
subtilis or yeast strain Candida albicans can cause the septicemia
in an immunocompromised individual leading to the end-organ
damage and finally the death within a few days (Lei et al., 2019).
Generally, the treatment of these infections relies on penicillin
antibiotics (Zwart et al., 2000). Even the successfulness in
bactericidal property, the side effects of penicillin causing allergic
symptoms in some patients need to be concerned. In order to avoid
such effects, macrolide antibiotics are alternatively selected to
treat the patients instead; however, the problem has arisen with the
case of increasing of macrolide-resistant bacterial strains which
minimizes drug’s efficiency (Fair and Tor, 2014).

To establish an alternative compound to be used in
common, antimicrobial peptides (AMPs) have been interested since
1980s due to their potential as the novel antibiotic compounds. With
broad-spectrum, antimicrobial activity and specificity in bacteria
over eukaryotic cells or patients, it makes them as the attractive
candidates for novel drug compounds. AMPs are typically rich
in hydrophobic residues, including leucine, isoleucine, valine,
phenylalanine, and tryptophan, and their net positive charge
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properties are due to an excess of cationic amino acids in the
sequence. When expose to the phospholipid membranes, it allows
the AMPs to adopt into four diverse amphipathic structures, which
are a-helix, B-sheet, extended conformation, and looped peptides
containing disulfide bridges, respectively (Hancock and Haney,
2013). Among several AMPs, Brucin is a potentially specific
antibacterial peptide for Streptococcus pyogenes that comprises
11 amino acids with the sequence of HTLCMDGGATY and an
extended random coil primary structure (Sornwatana et al., 2013;
2018). This peptide possesses a neutral charge at physiological pH
and hydrophobicity ratio of 36%.

Several methods and rational design of new peptides aimed
to create the novel molecules with the improvement of antimicrobial
activity and low toxicity to human. In this work, Brucin derivatives
were obtained from the sequence template method and designed
by the computational prediction. By this method, it would seek to
minimize the size, add more selectivity, and/or increase activity of
the new synthesized peptide (Vincent et al., 2019; William et al.,
2012). Eventually, such procedures provide these two benefits; an
increase in the hydrophobicity of the peptide is also a concomitant
increase the antimicrobial activity (Ingrid et al., 2016), and the
adsorption of AMPs on-to the microbial membrane is conducted by
an electrostatic interaction (Shi ez al., 2018). To increase the stability
of the peptides against the proteolytic degradation, two molecules
of Brucin derivatives were structurally designed from the linear to
the cyclic by adding glutamine at the N-terminal of Brucin as there
is evidence suggested that the N-terminal glutamine can promote
cyclization within the short polypeptides (Liu ez al., 2011; Neta
et al., 2007). Moreover, amino acid substitution at the C-terminus
with tyrosine to tryptophan and aspartate to cysteine can increase
molecular hydrophobicity and polarity with disulfide bonding
ability, respectively. Final step with the cytotoxicity assays, these
modified Brucin derivatives were used to test its bacterial inhibitory
activity against our laboratory pathogenic strains, including Gram-
negative and Gram-positive bacteria, and yeast, respectively. The
derivative that showed the most powerful antimicrobial activity
against the numbers of selected pathogens was named as Brucyclin
and designated as the novel antimicrobial cyclic peptide.

MATERIALS AND METHODS

Synthesis of modified Brucin derivatives

The two molecules of Brucin derivatives were
purchased and synthesized by using the solid phase method (GL
Biochem Shanghai Ltd., China). After the synthesis process,
high performance liquid chromatography column with OSD-C ,
reverse-phase was used to purify the synthetic peptides. Based on
the previous suggestion, these derivatde (Neta et al., 2007). The
cyclization was then established by the disulfide bond linkage as
similar as the plant defensin-like peptides. These two derivatives
were designated as QQ and QW with the amino acid sequence
of QHTLCMCGGATYQ and QHTLCMCGGATW, respectively.

Pathogenic strains used in the experiment

The antimicrobial activity assay of modified Brucin
derivatives was performed against 30 strains of bacteria and 1
strain of yeast (Table 1). The strain samples used in this study were
kindly provided by National Institute of Health, Ministry of Public

Health, Thailand and Department of Biotechnology, Faculty of
Science, Ramkhamhaeng University.

Determination of antimicrobial peptides by minimum
inhibitory concentration (MIC) assay

A minimum inhibitory concentration (MIC) value
for the synthetic peptides was determined by the agar dilution
method (Barry, 1976). The synthetic peptide was first prepared
in dimethyl sulfoxide (Carlo Erba), thus its two-fold dilution was
mixed together with a sterile melted Muller—Hinton agar to the
final volume of 20 ml, immediately poured on the plate. After
the agar hardened, 10 ul of 10* CFU/ml of each microorganism
strain was spotted onto the mixed agar plates in triplicate, and then
incubated at 37°C for 24 hours. The MIC value was determined

Table 1. MIC values of synthetic peptides determined by agar-dilution method.

MIC (ng/ml)

Pathogenic strain

QQ QW
Yeast:
Candida albicans ATCC 10231 100 100
Bacteria: gram negative
Acinetobacter anitratus DMST 4183 NI NI
Acinetobacter baumannii ATCC 19066 NI NI
Acinetobacter calcoaceticus ATCC 23055 NI NI
Acinetobacter Iwoffii ATCC 15309 NI NI
Burkholderia cepacia ATCC 25416 NI NI
Enterococcus faecalis ATCC 29212 NI NI
Escherichia coli ATCC 25922 NI NI
Escherichia coli 0157, H7 DMST 12743 NI NI
Klebsiella oxytoca DMST 16071 NI 50
Klebsiella pneumoniae ATCC 27736 NI NI
Listeria monocytogenes DMST 17303 NI NI
Proteus mirabilis DMST 8212 NI NI
Pseudomonas aeruginosa ATCC 27853 100 NI
Pseudomonas fluorescens DMST 6034 NI NI
Salmonella enteritidis ATCC 17368 NI NI
Salmonella typhi DMST 5784 NI NI
Serratia marcescens ATCC 8100 NI NI
Shigella boydii DMST 7776 NI NI
Shigella dysenteriae DMST 15111 NI NI
Shigella flexneri DMST 4423 NI NI
Shigella sonnei (group D) DMST 2982 NI NI
Vibrio cholerae non O1, non 0139 DMST 2873 NI 50
Vibrio cholerae ATCC 51394 NI NI
Bacteria: gram positive
Bacillus subtilis ATCC 6633 NI 50
Bacillus cereus ATCC 11778 NI NI
Staphylococcus aureus ATCC 25923 NI NI
S. aureus DMST 20654 NI NI
Staphylococcus epidermidis ATCC 12228 NI NI
Streptococcus agalactiae DMST 17129 NI NI
Streptococcus pyogenes DMST 17020 NI NI

NI = no inhibition effect at any concentrations of synthetic peptide.
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by the lowest concentration of peptide which could inhibit the
visible growth of the cells on the plate. The growth number of
the peptide-treated cells was compared to one of the control cells
without treatment. Two bacterial strains, £. coli ATCC25922 and
S. aureus ATCC25923, were used as the standard references.

Determination of antimicrobial activity by inhibitory
concentration (ICSO)

The half-maximal inhibitory concentration (IC,) values,
in this work, were determined by the method broth microdilution
recommended by National Committee for Clinical and Laboratory
Standard Institute (CLSI) (1997). To evaluate the IC,, value of
the synthetic peptides against tested strains, the peptides were
serially diluted two folds with the Muller—Hinton broth to vary
the concentration at 25, 50, and 100 pg/ml. For each concentration
so far, the 100 pl aliquot was transferred to the 96-well microliter
plates (flat-shaped well), and then about 5 ul of 10° CFU/ml of
each microorganism strain was inoculated into each well. Culture
without peptide treatment was used as a control. For the positive
control, the cultures treated with chloramphenicol and penicillin
G, were also included. Eventually, the 96-well plates were
incubated at 37°C for 24 hours with shaking at 180 rpm. Cell
density representing for the microbial growth was determined by
the microplate-reader (MRX, Magellan Biosciences) at 600 nm.
The assay for each strain was done in three experimental replicates.
In data analysis, the absorbance or optical density (OD),, value
at the lowest concentration of synthetic peptide on each treatment
that allows the cells able to grow 50% compared to a control
was defined as the IC, . The percentage of growth inhibition was
calculated with the following formula:

OD

(OD peptide treated - blank)

% Growth inhibition =1—
(oD oD

x 100

control - blank )

Structural analysis of synthetic peptides

The peptide sequence was compared to the other
peptides corresponding to an antimicrobial property using the
Antimicrobial Peptide Database as described in Wang er al.
(2009). Next, the sequence was submitted to predict its secondary
structure by the Garnier—Osguthorpe—Robson IV Secondary
Structure Prediction Method (Garnier e al., 1996). For the hard
evidence, the circular dichroism (CD) spectroscopy was applied
to determine the secondary structure and folding properties of
the synthesized peptide. After the chemical synthesis, the peptide
concentration of 0.2 mg/ml was dissolved in distilled water (DW)
or 10% sodium dodecyl sulfate (SDS), representing the anionic
micelles forming (Sangtanoo et al., 2014). Later on, the peptide
was transferred to the quartz cuvette (I-mm path length), the
spectra were scanned at the room temperature by JASCO CD
spectrophotometer model J-815. The scanning speed was set at
50 nm/minute ranging from 190 to 260 nm, and each spectrum
was the average of three replicates. The graph of CD spectra was
then produced with ellipticity 0 as a function of the wavelength
(A). The ellipticity, which is proportional to the difference between
the absorbance of left and right circularly polarized light of peaks,
reflects the thermodynamic stability for peptide structure. Peak
position and the sharp of a curve represent the conformation of the

synthetic peptides, in which, a typical form possesses a positive
peak in between 260 and 270 nm, and a negative peak between
210 and 220 nm (Lu et al., 2012).

Statistical analysis

The antimicrobial activity of Brucyclin peptide in
between the microbial candidates and the control groups were
analyzed by two-way analysis of variance method. The p-value
of <0.05 was considered to be significant differences in between
data set. Statistical analyses were done by the program GraphPad
Prism 5.04 (GraphPad Software, Inc.).

RESULTS

In this study, two Brucin derivatives, QQ
(QHTLCMCGGATYQ) and QW (QHTLCMCGGATW), were
chemically synthesized, and their antibacterial activity was hence
determined. As shown in Table 1, antimicrobial activity for the
synthetic peptides against human pathogenic microorganisms
assigned by MIC assay was observed. From the results, we
found that the QW peptide showed the most powerful inhibitory
effect, and the concentration between 50 and 100 pg/ml was
sufficient to inhibit cell growth against, at least, four bacterial
strains; V. cholera non O1 and non O139 Department of Medical
Sciences Culture Collection (DMST) 2873, K. oxytoca DMST
16071, and B. subtillis ATCC 6633, and yeast C. albicans The
American Type Culture Collection (ATCC) 10231. Although the
number of growth inhibition of the other, QQ, was quite lower
than that of the QW, the QQ at 100 pg/ml concentration did
inhibit only in P. aeruginosa ATCC 27853 and C. albicans ATCC
10231, respectively. Hence, the QW peptide with molecular mass
of m/z1290 was subjected as a candidate for further analyses,
and later so called Brucylin. The chemical structure of Brucyclin
and the liquid chromatography-mass spectrometry data were
shown in Figures 5 and 6, respectively, and there was no a-helix
found in the secondary structure of Brucyclin as confirmed in
CD spectrum analysis (Fig. 4). To evaluate the potential effect
of Brucyclin, the bacterial growth inhibition by the peptide was
carried out at the different time points as shown in Figure 1.
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Figure 1. The bacterial growth inhibition by the Brucyclin peptide was
determined at different time point, data presented the mean + standard deviation
(SD) of three independent assays, p < 0.0001.
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Figure 2. The bacterial growth inhibition (IC,)) at various concentration of Brucyclin peptide, Data
presented the mean + SD of three independent assays, p < 0.0001.
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Figure 3. The microbial colony count representing 50% growth inhibition (IC,)), IC, = a half maximal
inhibitory concentration. A1-D1 = control (untreated), A2-D2 = Brucyclin treated, A1 = 88 CFU, A2
=43 CFU, B1 =142 CFU, B2=17 CFU, C1 =10 CFU, C2 =5 CFU, D1 =37 CFU, D2 = 18 CFU.
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Figure 4. CD spectra of Brucyclin peptide. The peptide (0.2 mg/ml) was
prepared in DW and 10% SDS.
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Figure 5. Chemical structure of the cyclic peptide, Brucyclin.

Showing that, Brucyclin substantially inhibited cell growth by
50% begun at 13 hours after the treatment. For the antimicrobial
activity assay, Brucyclin was evaluated by the microdilution as
described above. Suggesting that Brucyclin at the concentration

between 50 and 100 pg/ml could inhibit by 50% cell growth
(IC,,) in the three bacterial strains and yeast as shown in
Figure 2, while the microbial colony count exhibited the same
trend and was also shown in Figure 3.
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Figure 6. LC-MS analysis of cyclic peptide showed a molecular mass of m/z 1290 with confirmed the molecular mass

of Brucyclin.

DISCUSSION

Cyclic peptides are more stable against proteolytic
degradation in the cell host according to lacking of free N- or
C-terminus and reduced conformational deliverance. Moreover,
the cyclic structures are more penetrable than the linear as they
are able to form intra-molecular hydrogen bonds and transverse
the lipid bilayer making them the greater membrane permeability
(Hruby, 2016). More than thousands of AMPs are known to have
great variety in both primary and secondary structure; however,
most of them share some general structural characteristics (Kumar
et al., 2018). Their general character is the cationic amphipathic
molecule at physiological pH, consisting of lesser than 40 amino
acid residues. Key features of the peptides are answerable
for antimicrobial activity depending on different forms of
amphipathic structure, hydrophobic ratio, and the cationic parts
(Cantisani et al., 2014; Jenssen et al., 2006). The amphipathic
characters in some peptides are shown to be more impact than
their native secondary structures (Godballe ef al., 2011; Marcia
etal., 2019).

Based on such advantages, in this study, a rationally
designed peptides, Brucyclin (QHTLCMCGGATW), was
derived from the plant antimicrobial peptide Brucin by
cyclization and disulfide bond formation of the original
peptide. Brucyclin is the small cyclic peptide (~1,290 Da)

possessing a net neutral charge at physiological pH. The
secondary structure analysis showed that it is an amphipathic
molecule, which may be capable for the antibacterial activity.
AMPs can be found in wide variety of plant species (Barbosa
Pelegrini et al., 2011; Nawrot et al., 2014). Some peptides
exhibit specificity toward only Gram-negative or Gram-
positive bacteria but most of them have broad-spectrum
antibacterial activities. Some plant AMPs inhibit the growth of
Gram-positive bacteria and those from poke weed, Phytolacca
americana (Lui et al., 2000) and Macadamia integrifolia
kernels (Marcus et al., 1999). General mechanism for most
AMPs in action mainly generates membrane collapse by
the interaction between charged molecules and the bacterial
membrane with the electrostatic property resulting membrane
pores formation, rapidly lysis, and cell death, respectively
(Barbosa Pelegrini et al., 2011; Hollmann et al., 2018; Jenssen
et al., 2006). The pore formation mechanisms have been
reviewed for plant antimicrobial peptides. From the amino
acid sequence of Brucyclin and its broad-spectrum inhibitory
activity to bacteria, it could be postulated that the hydrophobic
and hydrophilic moieties of Brucyclin may segregate into
distinct patches and interact with either phospholipids or
teichoic acid, and specific receptors on the bacterial cell
surface, allowing it to form pores in the cytoplasmic membrane,
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leading to the membrane disruption. Mode of its antibacterial
action on bacterial cell wall and the relative importance of
amino acid residues of Brucyclin are likely to clarify in the
future. Its structure consists of hydrophobic, hydrophilic, and
positive and negative charge 50% of amino acid residues,
which may improve an antimicrobial activity of the peptide.
The inhibitory activity of Brucyclin toward bacteria (Table 1)
and its resistance to the intestinal enzyme hydrolysis imply
the potential application use of the peptide, Brucyclin, as a
drug candidate for treatment of the diseases. However, some
clinical trails should be performed for evaluation of its safety,
bioavailability, and metabolic stability in vivo.

CONCLUSION

In this study, a novel broad-spectrum antimicrobial
peptide, Brucyclin, was rationally designed from the plant
antibacterial peptide, Brucin. The amphipathic characteristic
of Brucyclin suggested for its antibacterial capability and
selectivity toward a wide-range of Gram-positive and Gram-
negative bacteria as well as yeast. Further experiments on mode of
antimicrobial action of the peptide and in vivo clinical trials may
also be investigated to success in application of Brucyclin as an
antimicrobial drug in the future.
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