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Abstract: Multicellular organisms are constantly exposed to a multitude of pathogenic 

microbes. Infection is inhibited in vivo by the innate and adaptive immune system. 

Mycobacterium species have emerged that are resistant to most antibiotics. We identified 

several naturally occurring cationic antimicrobial peptides that were active at low 

micromolar concentrations against Mycobacterium smegmatis. Human-derived cathelicidin 

LL-37 is well characterized and studied against M. smegmatis; we compared LL-37 with 

Chinese cobra-derived cathelicidin NA-CATH and mouse cathelicidin (mCRAMP). Two 

synthetic 11-residue peptides (ATRA-1A and ATRA-2) containing variations of a repeated 

motif within NA-CATH were tested for their activity against M. smegmatis along with a 

short synthetic peptide derivative from the human beta-defensin hBD3 (hBD3-Pep4).  

We hypothesized that these smaller synthetic peptides may demonstrate antimicrobial 

effectiveness with shorter length (and at less cost), making them strong potential candidates 

for development into broad-spectrum antimicrobial compounds or use in combination with 

antibiotics. These peptides have antimicrobial activity with EC50 ranging from 0.05 to 1.88 

μg/mL against Mycobacterium smegmatis. The ATRA-1A short peptide was found to be the 
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most effective antimicrobial peptide (AMP) (EC50 = 0.05 μg/mL). High bactericidal activity 

correlated with bacterial membrane depolarization and permeabilization activities. The 

efficacy of the peptides was further analyzed through Minimal Inhibitory Concentration 

(MIC) assays. The MICs were determined by the microdilution method. The peptide 

mCRAMP showed the best MIC activity at 15.6 μg/mL. Neither of the effective short 

synthetic peptides demonstrated synergy with the antibiotic rifampicin, although both 

demonstrated synergy with the cyclic peptide antibiotic polymyxin B. The peptides LL-37 

and mCRAMP displayed synergism with rifampicin in MIC assays, whereas antibiotic 

polymyxin B displayed synergism with LL-37, ATRA-1A, and hBD3-Pep4. In further studies, 

polymyxin B synergized with LL-37, ATRA-1A, and hBD3-Pep4 while Rifampicin 

synergized with LL-37 and mCRAMP for intracellular killing of mycobacteria residing 

inside macrophages. These studies provide the foundation for the potential development of 

synthetic cationic antimicrobial peptides with activity against mycobacteria.  
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1. Introduction 

Antimicrobial peptides (AMPs) are essential components of innate immunity in humans and other 

higher organisms, contributing to our first line of defense against infection [1], and are widespread and 

abundant in nature. The selectivity, potency, and effectiveness of AMPs depends on their physicochemical 

properties including their amphipathic nature, net charge, charge angle, overall hydrophobicity, and 

conformational flexibility [2,3]. AMPs can permeabilize membranes or form cytotoxic pores in bacterial 

membranes, but also inhibit cell wall, nucleic acid, and protein biosynthesis [4]. They have also been 

shown to be capable of binding and neutralizing lipopolysaccharides, promoting angiogenesis and 

wound healing, and exerting anti-tumor activity [5]. During mycobacterial infections, host defense 

peptides including cathelicidin, defensin, and hepcidin have antimicrobial activities against mycobacteria, 

making them promising candidates for future drug development [6]. 

The cathelicidin family is a large and diverse collection of cationic antimicrobial peptides (cAMPs) 

found in a variety of vertebrate hosts that range from 12 to 80 amino acid residues in length [7]. In 

humans, only one cathelicidin (LL-37) has been characterized [8]. This peptide is included as a control 

in the studies as it has previously been shown to be active against M. smegmatis [9]. 

Vertebrate defensins are cAMPs that contain three well-conserved intramolecular disulfide bonds and 

can be grouped into defensin sub-families based on functional and structural properties [10]. β-Defensins 

are predominantly expressed by epithelial cells; however, low-level expression of β-defensins has been 

observed in other organs. To date, the majority of research has focused on four human β-defensins, 

hBD1, -2, -3, and -4. These inducible host-defense peptides demonstrate broad spectrum antimicrobial 

effectiveness against Gram-positive and Gram-negative bacteria, fungi, and some enveloped viruses, 

with hBD3 demonstrating the broadest antimicrobial effectiveness, including activity against 

Francisella (F.) tularensis LVS and F. novicida [11]. 
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Recently, short, synthetic peptides with sequences based on portions of the amino acid sequence of 

hBD3 were reported to exhibit varied antimicrobial potencies against Escherichia coli and 

Staphylococcus aureus [10]. We designed a synthetic, short decapeptide called Peptide 4 (hBD3-Pep4) 

that demonstrated significant antimicrobial potency based on the C-terminal portion of hBD3 [2]. In this 

peptide, two cysteine residues found in the full-length hBD3 peptide were substituted by two serine 

residues to eliminate the potential for disulfide bond formation, and the C-terminus was amidated to 

increase charge. 

Mycobacteria are characterized by their unusual lipid-rich cell wall, composed of a variety of unique 

glycoconjugates and intercalating complex lipids, offering a highly impermeable barrier for common 

antibiotics. It is noteworthy that the mycolic acid outer layer provides a wax-like architecture to the cell 

wall that can hinder the uptake of many antimycobacterial drugs [12]. M. tuberculosis is often described 

as being CAMP-tolerant. Many natural CAMPs are active against M. tuberculosis only at rather high 

concentrations that are not practical for tuberculosis (TB) treatment [13]. Specific features of the 

antimicrobial peptides (AMPs), such as low molecular weight, high cationicity, amphipathic structure [9], 

immunomodulatory effects, and diverse modes of action [14], make them an interesting source of novel 

antimycobacterial agents [6]. Furthermore, CAMPs can be cytotoxic to mammalian cells, and long 

peptides are relatively expensive to produce. However, naturally occurring AMPs, including cathelicidin 

LL-37 and alpha-defensin human neutrophil peptides (HNPs), have been documented to kill  

M. tuberculosis, albeit at very high concentrations [15–18].  

We have previously identified small synthetic peptides within the Chinese cobra (Naja atra) 

cathelicidin NA-CATH, based on an imperfect repeated 11-amino-acid motif (ATRA motif) [19].  

We further modified the sequence to generate two small, synthetic antimicrobial peptides, ATRA-1A 

and ATRA-2 [19], and determined that ATRA-1A was generally highly effective against both  

Gram-negative [19–21] and Gram-positive [22] bacteria, while ATRA-2 was generally inactive. 

We found that LL-37 and mCRAMP synergized with rifampicin in Minimal Inhibitory Concentration 

(MIC) assays. More interestingly, LL-37, ATRA-1A, mCRAMP, and hBD3-Pep4 showed synergy with 

the antibiotic polymyxin B. An infected macrophage model was used to test the intracellular activity of 

these peptides with and without synergy with antibiotics. The antimicrobial peptides tested in the study 

exert their activity by forming pores and thus permeabilizing the bacterial membrane.  

In this work, novel small, synthetic antimicrobial peptides that we have previously developed were 

tested for activity against M. smegmatis as a first model of Mycobacterium spp. We assessed the 

efficiency of previously known antimicrobial peptides against Mycobacterium and studied the mode of 

action of each peptide. We further studied the synergic effect of these peptides with known antibiotics 

reported against Mycobacterium. Finally, we have shown the intracellular killing of Mycobacterium in 

J774A.1 macrophages by peptides and the synergy of peptides and antibiotics. Further studies will be 

done to test the most efficient peptides against M. tuberculosis. 
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2. Materials and Methods 

2.1. Bacterial and Mammalian Cells 

M. smegmatis mc2155 was grown in Middlebrook 7H9 (Difco) broth with 2% (w/v) glucose as  

the carbon source, and 0.05% (v/v) Tween 80, on shaker at 130 rpm. Cultures of M. smegmatis were 

stored at −80 °C. The CFU/mL was determined by growth on MB7H9 containing 1.5% (w/v) agar.  

For bactericidal assays, frozen enumerated aliquots were thawed immediately prior to use. Cell growth 

was monitored at O.D. 600 nm. The CFU/mL was determined with a standard curve of absorbance  

vs. CFU/mL. The mouse macrophage cell line J774A.1 (ATCC-TIB-67) was cultured in Dulbecco 

modified Eagle medium (DMEM; Life Technologies 11995073) supplemented with 10% fetal calf 

serum, 1% penicillin-streptomycin solution. 

2.2. Peptides 

All peptides were synthesized by ChinaPeptides, Inc (Shangai, China) using Fmoc chemistry. 

Peptides were provided at >95% purity, and the purity and structure were confirmed with RP-HPLC  

and ESI-MS. 

2.3. Bioinformatics 

Physiochemical properties of the peptides were calculated using the Antimicrobial Peptide Database 

(APD2) [23]. The percent hydrophobicity is defined as the ratio of hydrophobic residues to total residues. 

2.4. Bactericidal Assays 

The antimicrobial activity of the peptides against M. smegmatis was determined as previously 

described [20,21]. The antimicrobial activity for each peptide was determined through 3 h incubation 

time. The appropriate dilutions of each well were plated in triplicate and the extent of killing for the 

peptides were determined.  

Briefly, 1 × 105 CFU per well of bacteria were incubated with different peptide concentrations in a 

50 μL solution of Buffer Q consisting of 10 mM potassium phosphate buffer at pH 7.2 and 0.1% MB7H9 

(3 h, 37 °C). Serial dilutions were then prepared in Buffer Q and plated in triplicate on MB7H9 plates, 

which were incubated (37 °C, 24 to 48 h) and CFUs counted. Bacterial survival at each peptide 

concentration was calculated based on the ratio of the number of colonies on each experimental plate 

and the average number of colonies observed for assay cultures lacking peptides. The peptide 

concentration required to kill 50% of the viable M. smegmatis in the assay cultures (EC50) was 

determined by plotting percent killing as a function of the log of peptide concentration (log μg/mL) and 

fitting the data using GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA). EC50 values 

were determined by plotting percent killing as a function of the log of peptide concentration (log μg/mL), 

and fitting the data from the antimicrobial assays to a standard sigmoidal dose-response curve, using 

Equation (1), where Y corresponds to bacterial killing (%) at a given peptide concentration (μg/mL), 

with X being the logarithm of that concentration (log μg/mL). In the equation, “Top” and “Bottom” refer 
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to the upper and lower boundaries, and were constrained to values <100% and >0%, respectively. For 

the purpose of graphing, samples that had no peptide are plotted at 10−9 μg/mL 

Y = Bottom + (Top − Bottom)/(1 + 10[(logEC50−X) × Hill Slope]) (1) 

Errors were reported based on the 95% confidence interval calculated on the log EC50 values to  

represent p < 0.05. 

2.5. Minimum Inhibitory Concentration (MIC) Measurements 

The MICs of the peptides and drugs against mycobacteria were determined by the broth microdilution 

method as described previously. All anti-mycobacterial activity evaluations were performed using  

MIC assays in MB7H9 broth with 10% oleic acid albumin dextrose complex (OADC) as previously 

described [24]. Briefly, a range of concentrations (0.97, 1.95, 3.9, 7.8, 15.6, 31.3, 62.5, 125, 250, 500 μg/mL) 

of the peptides was prepared by serial dilution and added to an equal volume of exponentially grown 

bacterial culture (100 μL) in each well of a 96-well plate. Microtiter plates were incubated for 48 h at  

37 °C and scored as either growth or no growth. The MIC was defined as the concentration at which no 

microbial growth was observed visually or spectrophotometrically via readings of optical density (OD) 

at 600 nm (TECAN Safire2, Mannedorf, Switzerland). Growth media containing only microbial cells 

was used as the negative control. Each MIC test was carried out in six replicates for antibiotics and three 

replicates for antimicrobial peptides and repeated three times. 

2.6. Checkerboard Assay 

Antimicrobial interactions were determined by the checkerboard assay [25]. The antibiotic was 

diluted serially along the ordinate, while the antimicrobial peptide was diluted along the abscissa. First, 

two-fold serial dilutions of antibiotic rifampicin or polymyxin B and each antimicrobial peptide were 

prepared (ATRA-1A, hBD3-Pep4, mCRAMP, and LL37). Next, 50 μL of rifampicin and antimicrobial 

peptides were added into 100 μL of bacterial solution (containing approximately 105 CFU mL−1) in each 

well of a 96-well plate. The plates were then incubated at 37 °C and read after 72 h for M. smegmatis. 

Assessment of microbial growth was done visually or spectrophotometrically via OD readings at 600 nm 

(TECAN, Mannedorf, Switzerland). The resulting checkerboard contains combination of antibiotics and 

antimicrobial peptides with wells that contain the highest concentration of each antibiotic at opposite 

corners. The fractional inhibitory concentration index (FICI) was calculated for each combination using 

this equation: FICI = FICA + FICB, where FICA = MIC of drug A in combination/MIC of drug A alone, 

and FICB ¼ MIC of drug B in combination/MIC of drug B alone. FICI of ≤0.5 was interpreted as 

synergy, 0.5 < FICI ≤ 1.0 as additive, 1.0 < FICI ≤4.0 as indifferent, and FICI > 4.0 as antagonism [25]. 

2.7. Bacterial Cytoplasmic Membrane Depolarization Assay 

Membrane depolarization assay was studied using DiSC3(5) as previously reported [13]. 

Depolarization of a membrane can be visualized by a drop in fluorescence. After interaction with intact 

cytoplasmic membrane, the fluorescent probe DiSC3(5) was quenched. After incubation with the 

antimicrobial peptide, the membrane potential was lost, and the probe was released to the medium, 

ensuing in an increase of fluorescence that can be quantified and monitored as a function of time. In 
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brief, enumerated frozen bacteria were pelleted and washed twice in phosphate buffer (pH 7.2) and then 

resuspended to 4 × 107 CFU/mL in phosphate buffer containing 50 μg/mL DiSC3(5). Then, 100 uLs of 

this suspension was added to wells of a black 96-well plate. The plate was incubated in a TECAN Safire2 

spectrofluorometer and monitored until fluorescence leveled off. Next, 100 μLs of various 

concentrations of peptide in phosphate buffer (pH 7.2) were added to each well. Bacteria without peptide 

and peptide without bacteria served as controls. The plate was immediately returned to the 

spectrofluorometer. Readings were taken every 15 s for 5 min (excitation = 622 nm; emission = 670 nm). 

Peak relative fluorescent units (RFU) at each concentration are shown in Figure 1, and values were 

analyzed against wells with no peptide treatment and against peptide controls with a Student’s t-test.  

 

Figure 1. Membrane depolarization activity by LL-37, mCRAMP, hBD3-Pep4, ATRA-1A, 

ATRA-2, and NA-CATH. Depolarization determined using DiSC3(5) (50 μg/mL) at multiple 

concentrations of peptide (50, 25, 5, and 0.5 μg/mL). Experiments were performed three 

times with n = 2 each time; for each concentration of peptide all the data were combined  

(n = 6) for the graph and the analysis. Means ± the SD are shown; *: p ≤ 0.001. 

2.8. Bacterial Cytoplasmic Membrane Permeation 

Bacterial cytoplasmic membrane permeation is monitored by using the ethidium bromide uptake assay. 

The ethidium bromide uptake assay is performed as previously detailed with some modifications [13,26]. 

M. smegmatis is grown until log phase in MB7H9 (Difco) broth with 2% (w/v) glucose as the carbon 

source, and 0.05% (v/v) Tween 80 in a shaking incubator (37 °C). Bacteria is centrifuged, washed with 

PBS, and then adjusted to an OD 600 nm of 0.1 Phosphate Buffer. 180 μL of bacteria is added to 10 μL 

ethidium bromide (10 μM final concentration) and 10 μL peptide in various concentrations, the 

experiment was performed in triplicate. The plate is read in a Tecan Safire2 spectrofluorometer every  

2 min for 30 min at 37 °C: (excitation = 540 nm, emission = 590 nm). Peak RFU at 20 min is used in 

Figure 2, and values were analyzed against wells with no peptide treatment with a Student’s t-test. 
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Figure 2. Kinetics of permeabilization and binding of ethidium bromide to DNA with  

50 μg/mL of peptide concentration. Pore-forming activity by the peptides tested in the 

studies: hBD3-Pep4, ATRA-1A, mCRAMP, LL-37, and NA-CATH. An increase in 

fluorescence demonstrates greater binding of DNA by ethidium bromide, which indicates 

the formation of pores in the bacterial membrane. Permeablization of membrane after 20 min 

was compared. Experiments were performed in triplicate (n = 3). Means ± the SD are shown; 

p ≤ 0.01 when comparing each peptide activity at 20 min to untreated control. 

2.9. In Vitro Intracellular Activity in Infected Macrophages 

The intracellular killing assay was performed as described previously [27], with the following 

modifications: 5 × 105 J774A.1 cells are seeded in a 24-well plate, cells are allowed to adhere for 2 h.  

Cells are then infected with M. smegmatis mc2155 strains at multiplicity of infection of 10 in triplicate. 

After 4 h the supernatants were removed and adherent cells are washed with media. The cells are then 

treated with 20 μg/mL of gentamicin for killing of extracellular bacteria for one hour. Macrophages were 

treated with ATRA-1A, mCRAMP, hBD3-Pep4, LL-37 or with antibiotics rifampicin or polymyxin B. 

Macrophages were also treated with peptide drug combination to study the synergetic effect on 

intracellular killing. After appropriate incubation time, the cells were washed and lysis of cells is done 

by adding 0.5% Triton X100. The intracellular survival of M. smegmatis was determined by plating 

serially diluted culture on MB7H9 agar plates and the colonies were enumerated after three days. 

3. Results 

In this study, the antimicrobial activity of small, synthetic antimicrobial peptides was compared to 

standard antibiotics such as rifampicin, fosmidomycin, and polymyxin B, as well as with full-length 

peptides NA-CATH, mCRAMP, and LL-37 in terms of EC50 and antimycobacterial activity by minimum 

inhibitory concentration (MIC) against M. smegmatis. 
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3.1. Synthetic ATRA Peptides Exert Antimycobacterial Effects 

M. smegmatis was subjected to a snake-derived helical cationic peptide, NA-CATH, and two short 

synthetic peptides derived from NA-CATH, ATRA-1A and ATRA-2 (Table 1, Figure 3) for their  

in vitro activity. These two ATRA peptides differ by two residues at the third (F/A) and 10th (L/P) 

position. As previously reported, ATRA-1A was highly effective as an antimicrobial peptide against 

Francisella novicida [20], Pseudomonas aeruginosa [21], and S. aureus [20], while ATRA-2 was 

ineffective. These two peptides have the same net charge of +8, a highly similar sequence, and the same 

length (11 residues). However, the potency of ATRA-1 is higher than ATRA-2, indicating that the 

sequence differences may influence activity of the peptides. The EC50 value of ATRA-1A against  

M. smegmatis was determined to be 0.05 μg/mL (Figure 3A), while the EC50 value for ATRA-2 did not 

cause significant killing of M. smegmatis at any concentration when tested in EC50 conditions. The 

antimycobacterial EC50 of ATRA-1A is equivalent to 0.035 μM (Table 2), making it the most effective 

peptide identified to date against this organism.  

Table 1. Sequences and net charges of tested antimicrobial peptides. Short peptides contain 

a C-terminal carboxamide indicated by the italicized “-NH2”. 

Peptide Sequence 
Net Charge 

at pH 7 
Hydro-Phobicity 

NA-CATH 
KRFKKFFKKLKNSVKKRAKKFFKKPKVIGVTFPF 

(ATRA-1)  (ATRA-2) 
+15 38% 

ATRA-1A KRAKKFFKKLK-NH2 +8 36% 

ATRA-2 KRAKKFFKKPK-NH2 +8 27% 

hBD3-Pep4 RGRRSSRRKK-NH2 +7 0% 

mCRAMP GLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPEQ +6 29% 

LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES +6 35% 

Table 2. EC50 of peptides and antibiotics against M. smegmatis. 

Peptide/Antibiotic 

Molecular  

Weight  

(g/mol) 

EC50 
Fold vs. 

Rifampicin μg/mL 
95% Confidence 

Interval 
μM 

Rifampicin 822.94 0.13 0.061 to 0.276 0.159 1.0 

Polymyxin B 1301.56 0.12 0.086 to 0.180 0.096 1.65 

Fosmidomycin 183.1 0.14 0.062 to 0.326 0.780 0.20 

NA-CATH 4175.26 1.88 0.622 to 5.68 0.451 0.354 

hBD3-Pep4 1286.51 0.36 0.159 to 0.824 0.287 0.554 

LL-37 7793.33 0.27 0.150 to 0.491 0.060 2.65 

mCRAMP 3878.67 0.17 0.093 to 0.325 0.044 3.61 

ATRA-1A 1420.84 0.05 0.034 to 0.075 0.035 4.54 

ATRA-2 1404.80 >100 - - - 
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Figure 3. Effectiveness of antimicrobial peptides against M. smegmatis. Percent survival 

was calculated by CFU after 3 h incubation with various peptide concentrations in 10 mM 

of phosphate buffer (pH 7.4) supplemented with 0.1% of MB7H9 supplemented with OADC. 

(A) EC50 of ATRA-1A was found to be 0.05 μg/mL; (B) EC50 of mCRAMP was found to be 

0.17 μg/mL; (C) EC50 of LL-37 was found to be 0.27 μg/mL; (D) EC50 of NA-CATH was 

found to be 1.88 μg/mL; (E) EC50 of hBD-3 Pep4 was found to be 0.36 μg/mL; (F) EC50 of 

Fosmidomycin was found to be 0.14 μg/mL; (G) EC50 of Rifampicin was found to be  

0.13 μg/mL; (H) EC50 of polymyxin B was found to be 0.12 μg/mL. 

3.2. Cathelicidin Peptides mCRAMP, NA-CATH, and LL-37 Are Antimycobacterial 

The antimycobacterial effectiveness of mCRAMP, the mouse cathelicidin, NA-CATH (Chinese 

cobra derived cathelicidin), and LL-37 human cathelicidin was tested against M. smegmatis. The EC50 

of mCRAMP was determined to be 0.17 μg/mL (0.044 μM) (Figure 3B), which is much lower than the 

reported value of Carlos Santos et al., who reported an EC50 value of 58.81 μM against M. avium [28], 

suggesting that this a physiologically relevant potency of mCRAMP. The EC50 of the LL-37 was 
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determined to be 0.27 μg/mL (0.06 μM) (Figure 3C), which agrees with the published sensitivity of  

M. smegmatis to LL-37 [9] and of M. tuberculosis to LL-37 [29]. Previously published results for  

M. tuberculosis showed a 65% killing of M. tuberculosis with 100 μg/mL of LL-37 [30]. The EC50 of  

NA-CATH (Figure 3D) was determined to be 1.88 μg/mL, which is higher than the EC50 value obtained 

for ATRA-1A. The hemolytic activity of the peptides ATRA-1A, NA-CATH, and LL-37 was 

determined previously by our group [19]. NA-CATH and ATRA-1A did not elicit statistically significant 

hemolysis compared to PBS (pH 7) [22]. mCRAMP is also reported to have no hemolytic activity [31]. 

3.3. Human β-Defensin Derivative hBD3-Pep4 Exerts Antimycobacterial Activity 

We also tested the activity of Peptide 4 of hBD3 [2] and found that it has potent antimicrobial activity 

against M. smegmatis with an EC50 of 0.36 μg/mL (Figure 3E). This very short peptide has an EC50 value 

of 0.287 μM (Table 2). This result was exciting, as the activity exceeded the reported value of other 

human beta-defensins tested. Corrales-Garia et al. reported activity of hBD2 of 1.5 μM against H37RV 

and 6.8 μM of hBD3- M-hBD2 [32,33]. Human β-defensin is reported to be a low hemolytic and did not 

elicit significant hemolysis activity in comparison to PBS [34].  

In summary, the EC50s of various antimicrobial peptides were determined against M. smegmatis.  

The most effective peptide by EC50 was ATRA-1A at 0.035 μM. mCRAMP was the second most 

effective at 0.04 μM. The peptide hBD3-Pep4 was effective at 0.287 μM. ATRA-2, the variant peptide 

with a substitution of the amino acid F→P, was absolutely ineffective against M. smegmatis. We also 

tested the EC50s of various antibiotics as controls with tested peptides; the observed EC50s for the 

antibiotics were 0.096, 0.78, and 0.159 μM for polymyxin B, fosmidomycin and rifampicin, respectively 

(Figure 3F–H).  

3.4. Minimum Inhibitory Concentration of Peptides to Inhibit Mycobacterial Growth 

While the EC50 experiments are typically carried out in 10 mM phosphate buffer with pH 7.2 for  

3 h [6,20], the Minimal Inhibitory Concentration (MIC) is determined in bacterial broth (resulting in a 

higher salt concentration) with a 48 h incubation. We confirmed the sensitivity of M. smegmatis to 

common antibiotics such as polymyxin B, rifampicin, and fosmidomycin [35–37]. The MIC for the 

human cathelicidin LL-37 was found to be 31.8 μg/mL (Table 2), which was considerably higher than 

the reported value of 5 μg/mL against M. tuberculosis [30]. The reported MIC of full-length hBD3 

peptide against M. tuberculosis is between 24 and 96.2 μg/mL [33], which agreed with the obtained MIC 

against M. smegmatis of 62.6 μg/mL. Recently, bovine neutrophil beta-defensin 5 was also found to be 

antimicrobial against M. smegmatis in MIC assays [38]. In a different assay format, protegrin and rabbit 

and human defensins were also found to be active against M. tuberculosis [39]. By MIC assay, the small 

synthetic peptides tested (ATRA-1A, hBD3-Pep4) inhibited growth of M. smegmatis, with most of them 

showing activity at low microgram concentrations of 31.3 and 62.6 μg/mL respectively, as depicted in 

Table 3. ATRA-1A had the same MIC as LL-37 by μg/mL, but was less effective than LL-37 on a molar 

comparison basis, while hBD3-Pep4 was about half as effective as ATRA-1A on a μg/mL and a molar 

comparison basis. ATRA-2 was the most ineffective peptide with an MIC of >125 μg/mL. A similar 

approach was published by Ramon-Garcia et al., who showed MIC activity with a set of completely 

synthetic random small cationic peptides [29]. We used antibiotic fosmidomycin as one of the control 
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antibiotics for our study, which was found to be highly effective against M. smegmatis, consistent with 

its anti-M. tuberculosis activity [35–37]. Thus, even in the high-salt conditions of the MIC assay (often 

associated with lack of activity of antimicrobial peptides such as LL-37), the two short, synthetic 

peptides ATRA-1A and hBD3-Pep4 both showed significant anti-M. smegmatis activity. 

Table 3. Minimum inhibitory concentrations (MIC) of peptides against M. smegmatis. 

Peptide/Antibiotic MIC (μg/mL) MIC μM Fold vs. Rifampicin (μM) 

Rifampicin 3.9 4.73 1 

Fosmidomycin 7.8 1.86 0.39 

Polymyxin B 7.8 5.99 1.26 

mCRAMP 15.6 4.02 0.85 

LL-37 31.3 4.01 0.85 

ATRA-1A 31.3 22.01 5.11 

hBD3-Pep4 62.6 48.65 10.28 

NA-CATH 250 59.80 12.64 

ATRA-2 >125 - - 

3.5. Membrane Permeablization and Depolarization by Peptides 

The promising preliminary results encouraged us to further investigate the mechanisms of action of 

peptides at the bacterial cell level. The membrane depolarization activity was measured with the 

fluorescent chemical DiSC3(5), which is sensitive to the polarization of membranes. Depolarization of 

bacterial membranes indicates very small, transient pore formation, which allows damaged membranes 

to leak ions and interferes with proton motive force and other gradients that store chemical energy. As 

depicted in Figure 1, within 1 min it was observed that peptides mCRAMP, hBD3-Pep4, and LL-37 were 

able to depolarize at values >70%, significantly increasing their permeabilization of mycobacterial cells 

compared to the peptide ATRA-1A. NA-CATH was able to depolarize at a value of >35%. mCRAMP, 

hBD3-Pep4, and LL-37 depolarize the M. smegmatis membrane at concentrations as low as 0.5 μg/mL 

(p < 0.001), representing a dose-dependent response to peptide concentration (i.e., depolarization by  

LL-37 at 0.5 μg/mL is statistically different than depolarization by 50 μg/mL as analyzed by ANOVA). 

ATRA-1A and NA-CATH also permeablized the membrane but showed slower kinetics (Figure 1). 

ATRA-2 did not depolarize membranes, which can be the reason for it being ineffective against  

M. smegmatis. 

These results suggest that ATRA-1A, mCRAMP, hBD3-Pep4, and LL-37 peptides are capable of 

quickly forming pores in the M. smegmatis membrane and suggest this is the mechanism by which these 

peptides kill bacteria. 

When ethidium bromide uptake assay was performed (Figure 2), it was found that peptide ATRA-1A 

presented the best permeabilization at the concentration of 50 μg/mL and has faster kinetics than the 

other peptides. However, mCRAMP and LL-37 peptides showed a faster increase in permeablization 

than hBD3-Pep4 and NA-CATH, but were slower than ATRA-1A (Figure 2). With ATRA-1A the 

fluorescence gradually increased over the 20 min experimental time frame. When the extent of the 

permeabilization was examined at 20 min, ATRA-1A had exerted the most permeabilization, with LL-37 
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and mCRAMP also being very efficient. Overall, this data suggests that ATRA-1A permeabilizes  

M. smegmatis rapidly and effectively. 

3.6. Synergy with Antibiotics 

Various combination therapies of antibiotics and AMPs examined in this study were evaluated for 

improving the effectiveness of the antibiotics and preventing or delaying the development of antibiotic 

resistance. Combination therapy for antimicrobial peptides ATRA-1A, hBD3-Pep4, and mCRAMP has 

not been reported in literature for Mycobacterium spp. Synergy with antibiotics may reduce costs and 

reduce the peptide toxicity of the treatment for Mycobacterium infections, similar to other peptide-antibiotic 

combinations reported previously [16,27]. 

Cationic peptides are considered to be promising antibiotic candidates due to the fact that these 

peptides are less likely to develop drug resistance and have broad spectrum activity. However,  

the clinical usage is limited due to poor potency, specificity, and in vivo stability [40]. To overcome  

these shortcomings as a synergistic effect between peptides and traditional antibiotics could reduce the 

dose of each drug in combination, prevent drug resistance, and result in a greater antibacterial effect than 

the sum of the effects due to single agents [41]. Rifampicin has been reported to act synergistically when 

administered in conjunction with anti-microbial peptides, possibly as a consequence of the peptide-mediated 

membrane disruption, which in turn enhances uptake of the drug [42]. Khara et al. have shown that in 

combination with rifampicin, the peptide M(LLKK)2M has been shown to delay the emergence of 

rifampicin resistance [27]. Kalita et al. have previously reported the synergistic effect of HNP-1 and 

rifampicin in a macrophage model. They reported a remarkably significant reduction in bacterial load in 

the organs of infected mice by the synergy [43]. To determine the interactions between the short cationic 

peptides and rifampicin, synergy studies were performed using the checkerboard assays. We tested if 

there was any observable synergy between these active small peptides and the commonly used antibiotics 

rifampicin and polymyxin B. The antibacterial interactions between the antimicrobial peptides LL-37, 

ATRA-1A, mCRAMP, hBD3-Pep4 and antibiotics rifampicin and polymyxin B were analyzed. 

As shown in Table 4, LL-37 and mCRAMP displayed synergism with rifampicin with an FICI value 

of 0.32 and 0.35, respectively. The peptide-drug combination of ATRA-1A and rifampicin has an 

additive effective with an FICI value of 0.56. Notably, a low peptide concentration equivalent to  

one-eighth of its MIC halved the amount of rifampicin required to inhibit M smegmatis growth in the 

cases of ATRA-1A and mCRAMP. Similar levels of synergy were also observed with polymyxin B and 

antimicrobial peptides LL37, ATRA-1A, hBD3-Pep4, and mCRAMP with FICI values of 0.37, 0.37, 

0.37, and 0.5 respectively. Thus, polymyxin B was able to show synergistic activity with both the small, 

synthetic peptide ATRA-1A, hBD3-Pep4, and full-length cathelicidins. Although there are various 

reports of combination studies suggesting the synergistic effect of antimicrobial peptides and rifampicin, 

the present data is the first to report the synergistic effects of ATRA-1A and hBD3-Pep4 with polymyxin B. 
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Table 4. Checkerboard assay of antibiotics and antimicrobial peptides against M. smegmatis. 

Rifampicin/polymyxin B and ATRA-1A/LL-37/mCRAMP. Synergy is defined as FICI ≤ 0.5, 

0.5 < FICI ≤ 1.0 as additive, 1.0 < FICI ≤ 4.0 as indifferent, and FICI > 4.0 as antagonism [25]. 

Synergism was observed for several of the peptide drug combinations (shaded). Experiments 

were performed in triplicate (n = 6). Means ± the SD are shown; p ≤ 0.001. 

Drug Combination 
MIC (μg/mL) 

FIC FICI 
Alone Combined 

Rifampicin  

ATRA-1A 

3.9 1.95 0.5 0.56 

31.3 3.9 0.06  

Rifampicin  

hBD3-Pep4 

3.9 1.95 0.5 0.56 

62.6 3.9 0.06  

Rifampicin  

LL-37 

3.9 0.97 0.25 0.32 

31.3 3.9 0.12  

Rifampicin  

mCRAMP 

3.9 0.97 0.25 0.35 

15.6 1.95 0.12  

Polymyxin B  

ATRA-1A 

7.8 1.95 0.5 0.37 

31.3 3.9 0.12  

Polymyxin B  

hBD3-Pep 4 

7.8 1.95 0.25 0.37 

62.6 7.8 0.12  

Polymyxin B  

LL-37 

7.8 1.95 0.25 0.37 

31.3 3.9 0.12  

Polymyxin B  

mCRAMP 

7.8 1.95 0.25 0.5 

15.6 3.9 0.25  

3.7. Intracellular Killing of Mycobacteria Peptide-Treated Macrophages 

To test the intracellular survival of mycobacteria, M. smegmatis-infected macrophages were treated 

with 10 μg of either antibiotics rifampicin, polymyxin B, or fosmidomycin, or with peptides LL-37, 

ATRA-1A, hBD3-Pep4, or mCRAMP. As shown in Figure 4A, from the tested short synthetic peptides, 

hBD3-Pep4 was found to be potentially effective, killing 60% of mycobacteria compared to mCRAMP 

or ATRA-1A, which showed a killing efficiency of 55%. We found 60% killing of M. smegmatis when 

tested with LL-37. Sonawane et al. have also reported the 50% of killing with 10 μg/mL of LL-37 [9]. 

hBD3-Pep4 was found to be equally efficient as LL-37. 

Combination therapy of antimicrobial peptides and antibiotics was found to be very efficient in 

eliminating intracellular M. smegmatis. To test the intracellular killing with the peptide and drug 

combination, M. smegmatis-infected macrophages were treated with 10 μg of a peptide-drug 

combination. The intracellular killing increased in combination therapy than that observed in individual 

AMPs or antibiotics. As depicted in Figure 4B, the synergetic effect of polymyxin B and LL-37, and 

rifampicin and LL-37 showed 75% killing. However, 75%, 70%, and 68% killing was observed with 

rifampicin and mCRAMP, polymyxin B and ATRA-1A, and polymyxin B and hBD3-Pep4, respectively. 

We did not check the intracellular survival of M. smegmatis for a prolonged period of time after infection 

because previous findings have shown that macrophages efficiently kill M. smegmatis after 12 h of 

infection and that, after 24 h, the majority of the bacteria are cleared by macrophages [9]. It has been 



Antibiotics 2015, 4 371 

 

 

previously reported for non-pathogenic M. smegmatis that the macrophage needs at least 4 h and up to 

24–48 h after infection to completely kill the bacteria [44]. 

 

Figure 4. Intracellular killing of mycobacteria in macrophages. Macrophages were infected 

with M. smegmatis for 12 h and then incubated with antibiotics, antimicrobial peptides, and 

peptide-drug combinations. Macrophages infected with bacteria alone were used as a 

control. Cells were lysed, and bacterial intracellular survival was determined by CFU assay. 

(A) Intracellular survival of M. smegmatis after treatment with antibiotics or antimicrobial 

peptides; p ≤ 0.05 significantly different compared to untreated; (B) Intracellular survival of 

M. smegmatis after treatment with peptide-drug combination. Experiments were performed 

in triplicate (n = 3). Means ± the SD are shown; p ≤ 0.05 significantly different compared  

to untreated. 

4. Discussion 

Antimicrobial peptides such as cathelicidin and defensins have a clearly important role in pulmonary 

tuberculosis. The possible induction of cathelicidin expression through vitamin D treatment [45–48] 

further supports this concept. Treatments for tuberculosis may involve the development of shorter, 

synthetic peptides with improved activity or stability and lower cost. The present study demonstrates 

that several cationic AMPs were effective against M. smegmatis. M. smegmatis closely resembles  

M. tuberculosis, but it is non-pathogenic and has a shorter doubling time than M. tuberculosis, making 

it safe and practical to culture in the laboratory. Both the species show similarities at various levels 
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including similar reactions to acid-fast staining, similar cell wall structures, and both of them synthesize 

mycothiol and are capable of forming biofilms. High levels of similarities have also been reported in the 

genes between the two species [49–52]. These similarities in M. smegmatis make it a safe and practical 

model to screen for probable drug candidates for tuberculosis [53,54].  

Cathelicidins are identified based on a conserved N-terminal domain, the cathelin domain, present in 

the inactive precursor peptide [55]. The cathelicidin peptides tested in this study were, as a class, 

generally active against M. smegmatis. The active human cathelicidin antimicrobial peptide LL-37 is 

derived in vivo by proteolysis from the C-terminal end of the human CAP18 protein (hCAP18) [56].  

LL-37 is a 37-residue cationic peptide that forms alpha-helical structures when in association with the 

bacterial cell membrane [7,56], a critical component of the antimicrobial mechanism employed by  

LL-37 and other helical cathelicidins. LL-37 has been shown to be antimicrobial against both  

Gram-positive [22] and Gram-negative [21] bacteria, and has even been found to play a host-directed 

role in wound healing [57]. LL-37 is shown to have a host-directed chemotactic effect on inflammatory 

cells, while at the same time playing a broader role in immunomodulation in systemic settings such as 

the lung, and has been reported to play a major role in protecting humans against naturally occurring 

respiratory diseases [58]. Thus, the demonstration here and in published studies [9] of in vitro activity 

of LL-37 against M. smegmatis suggests that this peptide may be of interest for further study. In further 

support of the activity of cathelicidin peptides against M. smegmatis, the mouse cathelicidin mCRAMP 

as well as the snake cathelicidin NA-CATH were shown to be active. These results suggest that the 

helical, amphipathic, cationic cathelicidin peptides may be effective as a class of peptides against this 

organism. Data recently reported in the literature suggests that similar results may be found against  

M. tuberculosis [9,30,59]. 

In contrast, ATRA-2 did not kill M. smegmatis at any concentration. This agrees with our previous 

findings that the amino acid substitutions made to produce ATRA-2 rendered it ineffective as an AMP 

against most bacteria [19–22]. The introduction of a proline at residue 11 likely disrupts the helical 

structure of this peptide, thus interfering with its antimicrobial activity [19]. 

With regard to potential treatments, it would be advantageous to have a peptide that is smaller than 

the cathelicidin peptides, as they are quite expensive to synthesize. In particular, two small, synthetic 

peptides were identified with high levels of antimicrobial activity against M. smegmatis. One synthetic 

peptide, ATRA-1A, is inspired by a cathelicidin peptide NA-CATH, from the Chinese king cobra,  

Naja atra. The NA-CATH peptide demonstrates broad-spectrum antibacterial activity against both 

Gram-positive and Gram-negative bacteria [19–22] and was found in this study to be active against  

M. smegmatis. Our previous studies have confirmed the amphipathic and highly helical nature of  

ATRA-1A [19], thus suggesting that this peptide shares the general properties of being cationic, 

amphipathic, and helical with the cathelicidins [30]. The second synthetic peptide, hBD3-Pep4, is a small 

peptide inspired by the human beta-defensin peptide hBD3 [2,60]. Human genomic sequences have 

revealed the existence of five beta-defensin gene clusters containing approximately 30 known and potential 

beta-defensin genes [61,62]. These peptides demonstrate antimicrobial effectiveness against a broad 

spectrum of Gram-positive and Gram-negative bacteria, fungi, and some enveloped viruses, with  

hBD-3 demonstrating the broadest antimicrobial effectiveness. While beta-defensins are capable of 

directly exerting antimicrobial activity against invading pathogens, they also demonstrate chemotactic 

properties, thus bridging innate immunity and adaptive immunity [16,30,63]. There have not been many 
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reports for an in vivo role for hBD3 against Mycobacterium spp.; however, in vitro activity has been 

demonstrated [33]. This peptide is not as active as the ATRA-1A peptide. However, this peptide could 

be of interest for further testing or development. Interestingly, the beta-defensin peptides are not 

primarily helical, although they are cationic and amphipathic as a class. 

Finally, we tested if there was any synergy between these active small peptides and the commonly 

used antibiotic rifampicin. Recently, such a synergy was reported for synthetic peptides with the 

sequence M(LLKK)2M [27]. Peptide-mediated destruction of membrane integrity may facilitate the 

entry of antibiotics to cytoplasmic targets and is suggested to be responsible for the observed synergy. 

We sought to determine whether such synergy could be more broadly applicable to our two short, 

synthetic peptides against M. smegmatis. However, significant synergy with rifampicin was only 

observed for the full-length cathelicidins LL-37 and mCRAMP and not for the short, synthetic peptides 

ATRA-1A and hBD3-Pep4. Both the short peptides showed synergistic activity with the cyclic peptide 

antibiotic polymyxin B, as did LL-37. mCRAMP synergized with Polymyxin B with a FICI score of 0.5. 

These results showing the activity of two small, synthetic peptides against M. smegmatis may provide a 

foundation for further research and development of these and other synthetic peptides for potential future 

use against M. tuberculosis [29]. 

Among the antimicrobial peptides tested for intracellular killing, hBD3-Pep4 had remarkable 

intracellular killing ability against M. smegmatis compared to conventional antibiotics like rifampicin 

and polymyxin B. However, when tested in combination therapy, hBD3-Pep4 and polymyxin B showed 

68% killing in comparison to the 75% of polymyxin B and LL-37, rifampicin and LL-37, and rifampicin 

and CRAMP. 

5. Conclusions 

In this study, a series of short, synthetic, cationic peptides have been evaluated for their antimycobacterial 

activities. The peptides ATRA-1A, hBD3-Pep4, mCRAMP, NA-CATH, and LL-37 showed efficient 

activity against M. smegmatis. The peptides eradicate bacteria based on a membrane-lytic mechanism, 

and displays a synergistic interaction with rifampicin against M. smegmatis. The direct killing of bacilli 

by antimicrobial peptides as well as the increased penetration of peptides into the mycobacterial cells 

present in the macrophages make antimicrobial peptides potential candidates for further studies with  

M. tuberculosis. 

Acknowledgments 

K.G. and M.V.H. are supported by HDTRA1-12-C-0039 “Translational Peptide Research for Personnel 

Protection”. S.S. was supported by the Aspiring Scientist Summer Program at George Mason University. 

Author Contributions 

MVH conceived and planned the study, and wrote the manuscript, SS performed the initial 

experiments, KG performed additional experiments and contributed to writing the manuscript. 

  



Antibiotics 2015, 4 374 

 

 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Zasloff, M. Antimicrobial peptides of multicellular organisms. Nature 2002, 415, 389–395. 

2. Papanastasiou, E.A.; Hua, Q.; Sandouk, A.; Son, U.H.; Christenson, A.J.; van Hoek, M.L.; Bishop, B.M. 

Role of acetylation and charge in antimicrobial peptides based on human beta-defensin-3. Acta 

Pathol. Microbiol. Immunol. Scand. 2009, 117, 492–499. 

3. Prasad, R. Multidrug and extensively drug-resistant TB (M/XDR-TB): Problems and solutions.  

Indian J. Tuberc. 2010, 57, 180–191. 

4. Brogden, K.A. Antimicrobial peptides: Pore formers or metabolic inhibitors in bacteria? Nat. Rev. 

Microbiol. 2005, 3, 238–250. 

5. Niyonsaba, F.; Ushio, H.; Hara, M.; Yokoi, H.; Tominaga, M.; Takamori, K.; Kajiwara, N.; Saito, H.; 

Nagaoka, I.; Ogawa, H.; et al. Antimicrobial peptides human beta-defensins and cathelicidin  

LL-37 induce the secretion of a pruritogenic cytokine IL-31 by human mast cells. J. Immunol. 2010, 

184, 3526–3534. 

6. Shin, D.M.; Jo, E.K. Antimicrobial peptides in innate immunity against Mycobacteria. Immune Netw. 

2011, 11, 245–252. 

7. De Smet, K.; Contreras, R. Human antimicrobial peptides: Defensins, cathelicidins and histatins. 

Biotechnol. Lett. 2005, 27, 1337–1347. 

8. Durr, U.H.; Sudheendra, U.S.; Ramamoorthy, A. LL-37, the only human member of the cathelicidin 

family of antimicrobial peptides. Biochim. Biophys. Acta 2006, 1758, 1408–1425. 

9. Sonawane, A.; Santos, J.C.; Mishra, B.B.; Jena, P.; Progida, C.; Sorensen, O.E.; Gallo, R.; 

Appelberg, R.; Griffiths, G. Cathelicidin is involved in the intracellular killing of Mycobacteria in 

macrophages. Cell. Microbiol. 2011, 13, 1601–1617. 

10. Lehrer, R.I.; Ganz, T. Defensins of vertebrate animals. Curr. Opin. Immunol. 2002, 14, 96–102. 

11. Han, S.; Bishop, B.M.; van Hoek, M.L. Antimicrobial activity of human beta-defensins and 

induction by Francisella. Biochem. Biophys. Res. Commun. 2008, 371, 670–674. 

12. Mishra, A.K.; Driessen, N.N.; Appelmelk, B.J.; Besra, G.S. Lipoarabinomannan and related 

glycoconjugates: Structure, biogenesis and role in Mycobacterium tuberculosis physiology and 

host-pathogen interaction. FEMS Microbiol. Rev. 2011, 35, 1126–1157. 

13. Rodriguez, C.A.; Papanastasiou, E.A.; Juba, M.; Bishop, B. Covalent modification of a ten-residue 

cationic antimicrobial peptide with levofloxacin. Front. Chem. 2014, 2, e71. 

14. Fjell, C.D.; Hiss, J.A.; Hancock, R.E.; Schneider, G. Designing antimicrobial peptides: Form 

follows function. Nat. Rev. Drug Discov. 2012, 11, 37–51. 

15. Wong, E.B.; Cohen, K.A.; Bishai, W.R. Rising to the challenge: New therapies for tuberculosis. 

Trends Microbiol. 2013, 21, 493–501. 

16. Fattorini, L.; Gennaro, R.; Zanetti, M.; Tan, D.; Brunori, L.; Giannoni, F.; Pardini, M.; Orefici, G. 

In vitro activity of protegrin-1 and beta-defensin-1, alone and in combination with isoniazid, against 

Mycobacterium tuberculosis. Peptides 2004, 25, 1075–1077. 



Antibiotics 2015, 4 375 

 

 

17. Sharma, S.; Verma, I.; Khuller, G.K. Antibacterial activity of human neutrophil peptide-1 against 

Mycobacterium tuberculosis H37Rv: In vitro and ex vivo study. Eur. Respir. J. 2000, 16, 112–117. 

18. Fu, L.M. The potential of human neutrophil peptides in tuberculosis therapy. Int. J. Tuberc. Lung 

Dis. 2003, 7, 1027–1032. 

19. De Latour, F.A.; Amer, L.S.; Papanstasiou, E.A.; Bishop, B.M.; van Hoek, M.L. Antimicrobial 

activity of the Naja atra cathelicidin and related small peptides. Biochem. Biophys. Res. Commun. 

2010, 396, 825–830. 

20. Amer, L.S.; Bishop, B.M.; van Hoek, M.L. Antimicrobial and antibiofilm activity of cathelicidins 

and short, synthetic peptides against Francisella. Biochem. Biophys. Res. Commun. 2010, 396, 246–251. 

21. Dean, S.N.; Bishop, B.M.; van Hoek, M.L. Susceptibility of Pseudomonas aeruginosa biofilm to 

alpha-helical peptides: D-enantiomer of LL-37. Front. Microbiol. 2011, 2, e128. 

22. Dean, S.N.; Bishop, B.M.; van Hoek, M.L. Natural and synthetic cathelicidin peptides with  

anti-microbial and anti-biofilm activity against Staphylococcus aureus. BMC Microbiol. 2011,  

11, e114. 

23. Wang, G.; Li, X.; Wang, Z. Apd2: The updated antimicrobial peptide database and its application 

in peptide design. Nucleic Acids Res. 2009, 37, D933–D937. 

24. Kabir, M.S.; Namjoshi, O.A.; Verma, R.; Polanowski, R.; Krueger, S.M.; Sherman, D.; Rott, M.A.; 

Schwan, W.R.; Monte, A.; Cook, J.M. A new class of potential anti-tuberculosis agents: Synthesis 

and preliminary evaluation of novel acrylic acid ethyl ester derivatives. Bioorganic Med. Chem. 

2010, 18, 4178–4186. 

25. Rand, K.H.; Houck, H.J.; Brown, P.; Bennett, D. Reproducibility of the microdilution checkerboard 

method for antibiotic synergy. Antimicrob. Agents Chemother. 1993, 37, 613–615. 

26. Murata, T.; Tseng, W.; Guina, T.; Miller, S.I.; Nikaido, H. PhoPQ-mediated regulation produces a 

more robust permeability barrier in the outer membrane of Salmonella enterica serovar typhimurium. 

J. Bacteriol. 2007, 189, 7213–7222. 

27. Khara, J.S.; Wang, Y.; Ke, X.Y.; Liu, S.; Newton, S.M.; Langford, P.R.; Yang, Y.Y.; Ee, P.L.  

Anti-mycobacterial activities of synthetic cationic alpha-helical peptides and their synergism with 

rifampicin. Biomaterials 2014, 35, 2032–2038. 

28. Santos, J.C.; Silva-Gomes, S.; Silva, J.P.; Gama, M.; Rosa, G.; Gallo, R.L.; Appelberg, R. 

Endogenous cathelicidin production limits inflammation and protective immunity to Mycobacterium 

avium in mice. Immun. Inflamm. Dis. 2014, 2, 1–12. 

29. Ramon-Garcia, S.; Mikut, R.; Ng, C.; Ruden, S.; Volkmer, R.; Reischl, M.; Hilpert, K.; Thompson, C.J. 

Targeting Mycobacterium tuberculosis and other microbial pathogens using improved synthetic 

antibacterial peptides. Antimicrob. Agents Chemother. 2013, 57, 2295–2303. 

30. Rivas-Santiago, B.; Rivas Santiago, C.E.; Castaneda-Delgado, J.E.; Leon-Contreras, J.C.; Hancock, R.E.; 

Hernandez-Pando, R. Activity of LL-37, CRAMP and antimicrobial peptide-derived compounds 

E2, E6 and CP26 against Mycobacterium tuberculosis. Int. J. Antimicrob. Agents 2013, 41, 143–148. 

31. Kang, S.W.; Lee, D.G.; Yang, S.T.; Kim, Y.; Kim, J.I.; Hahm, K.S.; Shin, S.Y. CRAMP analog 

having potent antibiotic activity without hemolytic activity. Protein Pept. Lett. 2002, 9, 275–282. 

  



Antibiotics 2015, 4 376 

 

 

32. Castaneda-Sanchez, J.I.; Garcia-Perez, B.E.; Munoz-Duarte, A.R.; Baltierra-Uribe, S.L.;  

Mejia-Lopez, H.; Lopez-Lopez, C.; Bautista-De Lucio, V.M.; Robles-Contreras, A.; Luna-Herrera, J. 

Defensin production by human limbo-corneal Fibroblasts infected with Mycobacteria. Pathogens 

2013, 2, 13–32. 

33. Corrales-Garcia, L.; Ortiz, E.; Castaneda-Delgado, J.; Rivas-Santiago, B.; Corzo, G. Bacterial 

expression and antibiotic activities of recombinant variants of human beta-defensins on pathogenic 

bacteria and M. tuberculosis. Protein Expr. Purif. 2013, 89, 33–43. 

34. Aoki, W.; Ueda, M. Characterization of antimicrobial peptides toward the development of novel 

antibiotics. Pharmaceuticals 2013, 6, 1055–1081. 

35. McKenney, E.S.; Sargent, M.; Khan, H.; Uh, E.; Jackson, E.R.; San Jose, G.; Couch, R.D.; Dowd, C.S.; 

van Hoek, M.L. Lipophilic prodrugs of FR900098 are antimicrobial against Francisella novicida  

in vivo and in vitro and show GlpT independent efficacy. PLoS ONE 2012, 7, e38167. 

36. Mackie, R.S.; McKenney, E.S.; van Hoek, M.L. Resistance of Francisella novicida to 

fosmidomycin associated with mutations in the glycerol-3-phosphate transporter. Front. Microbiol. 

2012, 3, e226. 

37. Andaloussi, M.; Lindh, M.; Bjorkelid, C.; Suresh, S.; Wieckowska, A.; Iyer, H.; Karlen, A.; Larhed, M. 

Substitution of the phosphonic acid and hydroxamic acid functionalities of the DXR inhibitor 

FR900098: An attempt to improve the activity against Mycobacterium tuberculosis. Bioorganic 

Med. Chem. Lett. 2011, 21, 5403–5407. 

38. Kang, J.; Zhao, D.; Lyu, Y.; Tian, L.; Yin, X.; Yang, L.; Teng, K.; Zhou, X. Antimycobacterial 

activity of pichia pastoris-derived mature bovine neutrophil beta-defensins 5. Eur. J. Clin. 

Microbiol. Infect. Dis. 2014, 33, 1823–1834. 

39. Miyakawa, Y.; Ratnakar, P.; Rao, A.G.; Costello, M.L.; Mathieu-Costello, O.; Lehrer, R.I.; 

Catanzaro, A. In vitro activity of the antimicrobial peptides human and rabbit defensins and porcine 

leukocyte protegrin against Mycobacterium tuberculosis. Infect. Immun. 1996, 64, 926–932. 

40. Anantharaman, A.; Rizvi, M.S.; Sahal, D. Synergy with rifampin and kanamycin enhances potency, 

kill kinetics, and selectivity of de novo-designed antimicrobial peptides. Antimicrob. Agents 

Chemother. 2010, 54, 1693–1699. 

41. Barriere, S.L. Bacterial resistance to beta-lactams, and its prevention with combination antimicrobial 

therapy. Pharmacotherapy 1992, 12, 397–402. 

42. Cirioni, O.; Silvestri, C.; Ghiselli, R.; Orlando, F.; Riva, A.; Mocchegiani, F.; Chiodi, L.; Castelletti, S.; 

Gabrielli, E.; Saba, V.; et al. Protective effects of the combination of alpha-helical antimicrobial 

peptides and rifampicin in three rat models of Pseudomonas aeruginosa infection. J. Antimicrob. 

Chemother. 2008, 62, 1332–1338. 

43. Kalita, A.; Verma, I.; Khuller, G.K. Role of human neutrophil peptide-1 as a possible adjunct to 

antituberculosis chemotherapy. J. Infect. Dis. 2004, 190, 1476–1480. 

44. Jordao, L.; Bleck, C.K.; Mayorga, L.; Griffiths, G.; Anes, E. On the killing of Mycobacteria by 

macrophages. Cell. Microbiol. 2008, 10, 529–548. 

45. Yamshchikov, A.V.; Kurbatova, E.V.; Kumari, M.; Blumberg, H.M.; Ziegler, T.R.; Ray, S.M.; 

Tangpricha, V. Vitamin D status and antimicrobial peptide cathelicidin (LL-37) concentrations in 

patients with active pulmonary tuberculosis. Am. J. Clin. Nutr. 2010, 92, 603–611. 



Antibiotics 2015, 4 377 

 

 

46. Rahman, S.; Rehn, A.; Rahman, J.; Andersson, J.; Svensson, M.; Brighenti, S. Pulmonary tuberculosis 

patients with a vitamin D deficiency demonstrate low local expression of the antimicrobial peptide 

LL-37 but enhanced FoxP3+ regulatory T cells and IgG-secreting cells. Clin. Immunol. 2014, 

doi:10.1016/j.clim.2014.12.003. 

47. Larcombe, L.; Orr, P.; Turner-Brannen, E.; Slivinski, C.R.; Nickerson, P.W.; Mookherjee, N. Effect 

of vitamin D supplementation on Mycobacterium tuberculosis-induced innate immune responses in 

a canadian dene first nations cohort. PLoS ONE 2012, 7, e40692. 

48. Afsal, K.; Harishankar, M.; Banurekha, V.V.; Meenakshi, N.; Parthasarathy, R.T.; Selvaraj, P. 

Effect of 1,25-dihydroxy vitamin D on cathelicidin expression in patients with and without cavitary 

tuberculosis. Tuberculosis 2014, 94, 599–605. 

49. Singh, A.K.; Reyrat, J.M. Laboratory maintenance of Mycobacterium smegmatis. Curr. Protoc. 

Microbiol. 2009, doi:10.1002/9780471729259.mc10c01s14.. 

50. Bhatt, A.; Molle, V.; Besra, G.S.; Jacobs, W.R., Jr.; Kremer, L. The Mycobacterium tuberculosis 

FAS-IIcondensing enzymes: Their role in mycolic acid biosynthesis, acid-fastness, pathogenesis 

and in future drug development. Mol. Microbiol. 2007, 64, 1442–1454. 

51. Smeulders, M.J.; Keer, J.; Speight, R.A.; Williams, H.D. Adaptation of Mycobacterium smegmatis 

to stationary phase. J. Bacteriol. 1999, 181, 270–283. 

52. Baloni, P.; Padiadpu, J.; Singh, A.; Gupta, K.R.; Chandra, N. Identifying feasible metabolic  

routes in Mycobacterium smegmatis and possible alterations under diverse nutrient conditions.  

BMC Microbiol. 2014, 14, e276. 

53. Gupta, A.; Bhakta, S. An integrated surrogate model for screening of drugs against Mycobacterium 

tuberculosis. J. Antimicrob. Chemother. 2012, 67, 1380–1391. 

54. Mishra, M.N.; Daniels, L. Characterization of the MSMEG_2631 gene (mmp) encoding a multidrug 

and toxic compound extrusion (MATE) family protein in Mycobacterium smegmatis and 

exploration of its polyspecific nature using biolog phenotype microarray. J. Bacteriol. 2013, 195, 

1610–1621. 

55. Ganz, T.; Weiss, J. Antimicrobial peptides of phagocytes and epithelia. Semin. Hematol. 1997,  

34, 343–354. 

56. Bals, R. Epithelial antimicrobial peptides in host defense against infection. Respir. Res. 2000,  

1, 141–150. 

57. Duplantier, A.J.; van Hoek, M.L. The human cathelicidin antimicrobial peptide LL-37 as a potential 

treatment for polymicrobial infected wounds. Front. Immunol. 2013, 4, e143. 

58. Fahy, R.J.; Wewers, M.D. Pulmonary defense and the human cathelicidin hCAP-18/LL-37. Immunol. 

Res. 2005, 31, 75–89. 

59. Jiang, Z.; Higgins, M.P.; Whitehurst, J.; Kisich, K.O.; Voskuil, M.I.; Hodges, R.S. Anti-tuberculosis 

activity of alpha-helical antimicrobial peptides: De novo designed L- and D-enantiomers versus  

L- and d-LL-37. Protein Pept. Lett. 2011, 18, 241–252. 

60. Hoover, D.M.; Wu, Z.; Tucker, K.; Lu, W.; Lubkowski, J. Antimicrobial characterization of human 

beta-defensin 3 derivatives. Antimicrob. Agents Chemother. 2003, 47, 2804–2809. 

61. Schutte, B.C.; Mitros, J.P.; Bartlett, J.A.; Walters, J.D.; Jia, H.P.; Welsh, M.J.; Casavant, T.L.; 

McCray, P.B., Jr. Discovery of five conserved beta-defensin gene clusters using a computational 

search strategy. Proc. Natl. Acad. Sci. USA 2002, 99, 2129–2133. 



Antibiotics 2015, 4 378 

 

 

62. Jia, H.P.; Schutte, B.C.; Schudy, A.; Linzmeier, R.; Guthmiller, J.M.; Johnson, G.K.; Tack, B.F.; 

Mitros, J.P.; Rosenthal, A.; Ganz, T.; et al. Discovery of new human beta-defensins using a 

genomics-based approach. Gene 2001, 263, 211–218. 

63. Yang, D.; Biragyn, A.; Kwak, L.W.; Oppenheim, J.J. Mammalian defensins in immunity: More 

than just microbicidal. Trends Immunol. 2002, 23, 291–296. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/).  


