
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


이학 사학 논  

 

 

소  아미노산 사이  상 작용 

파 를 통한 펩타이드  용 상 

감소  항균력 증가에 한 연구 

 
Disruption of Interactions Between Hydrophobic 

Residues on Non-polar Faces Is a Key Determinant in 

Reducing Hemolysis and Increasing Antimicrobial 

Activities of α-helical Amphipathic Peptides 

 

 

 

 

 

2013  8월 

 

울대학  대학원 

자연대학 공학 동과  공 

손 미 언 



Disruption of Interactions Between Hydrophobic 

Residues on Non-polar Faces Is a Key Determinant in 

Reducing Hemolysis and Increasing Antimicrobial 

Activities of α-helical Amphipathic Peptides 

 

 

지도   재 훈 

이 논  이학 사 학 논 로 출함 

2013  8월 

 

울대학  대학원 

 자연대학 공학 동과  공 

손 미 언 

 

손미언  사학 논  인 함 

2013  8 월 

 

 원 장                         (인) 

부 원장                         (인) 

    원                         (인)



 

i 

 

 

Abstract 
 

 Disruption of interactions between 

hydrophobic residues on non-polar faces is a 

key determinant in reducing hemolysis and 

increasing antimicrobial activities of α-helical 

amphipathic peptides 

 

Mieon Son 

Interdisciplinary Graduate Program in Genetic engineering 

The Graduate School 

Seoul National University 

 

Owing to the fact that they have amphipathic character, most cationic 

antimicrobial peptides facilitate the disruption of membranes in pathogens. 

However, because of this property, these types of peptides also cause disruption 

of host cell membranes, giving rise to severe side effects. With the goal of 

designing side effect free antimicrobial peptides, an amphipathic α-helical 

peptide composed of Leu and Lys (LK) was selected and mutated with a variety 

of amino acids to reduce its hemolytic activity. In this series, the mutant LK-

L8N was observed to have more than a 8,000-fold reduced hemolytic activity. 
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Surprisingly, LK-L8N also displays a 8-fold improved antimicrobial activity 

against E.coli, affording a 64,000-fold increased therapeutic index. This 

strategy was applied to the truncated version of a natural cationic antimicrobial 

peptide, LL-37, which also possesses segregated amphipathic α-helices. 

Incorporation of hydrophilic residues on the hydrophobic face of LL-37 leads 

to an approximate 8-fold reduction in its hemolytic activity and a retained 

antimicrobial activity against E.coli, which corresponds to 8-fold increase in its 

therapeutic index. Disruption of the segregated hydrophobicity by incorporation 

of neutral hydrophilic residues induces a significant reduction of the α-helicity 

and hydrophobicity of amphipathic peptides. Both of these changes are 

reflected in reduced hemolytic activities, while not affecting or increasing the 

specificity determinant against E.coli. The strategy employed in this 

investigation could be generally useful in the design of side effect-free 

antimicrobial peptides.    
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Introduction 

 

 Antimicrobial peptides (AMPs) are naturally occurring substances that have 

innate immunities against pathogens in species ranging from insects to 

mammals.[1] Alpha-helical cationic antimicrobial peptides (CAPs) are a 

subfamily of AMPs that possess positively charged residues and high 

propensities for α-helicity in membrane environments.[2] These peptides have 

amphiphilicities (or amphipathcities) to which positively charged residues as 

well as hydrophobic residues contribute. A proper balance of amphiphilicity 

enables CAPs to facilitate disruption of the pathogenic membranes, which 

results in cell lysis.[3] The mechanism of zwitterionic eukaryotic membrane 

disruption by these peptides is different from the one operating in negatively-

charged prokaryotic counterparts.[4] However, high α-helical propensity under 

membrane conditions and a reasonable hydrophobicity are the main factors 

governing the ability of CAPs to destroy host cell membranes.[5]  

Majority of CAPs have segregated amphipathic character, in which 

hydrophobic residues reside along one face of a helix and polar and cationic 

exist the other face, leading ‘global’ amphiphilicity.[6] The segregated 

amphiphilicity and secondary structures are thought to be required for the 

antimicrobial activities of CAPs.[7] However, the results of recent 

investigations suggest that ‘scrambled’ peptides, created by disrupting the 

segregated character, have improved antimicrobial activities as well as 
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significantly reduced hemolytic activities.[8] Additional evidence supporting 

this suggestion comes from the observation that disruption of interactions on 

non-polar faces creates a ‘specificity determinant’ for antimicrobial activity of 

amphipathic peptides.[9] Furthermore, many naturally occurring AMPs, such as 

melittin,[10] possess segregated hydrophobic residues but contain scrambled 

cationic residues. It has been observed that selective substitution of Leu by Ala 

residues in melittin promoted the peptide’s ability to lyse E.coli but not human 

red blood cells.[11] These findings suggest that a systematic study of mutants 

of CAPs that contain scrambled peptides could represent an ideal approach to 

discover new side effect free antimicrobial peptides and to provide information 

that leads to a better understanding of the factors that govern eukaryotic and 

prokaryote membrane disruption.  

 In the investigation described below, we have synthesized systematically 

designed mutants of a de novo designed model peptide, abbreviated as LK 

peptide,[12] and a natural antimicrobial peptide, LL-37[13] and probed their 

antimicrobial and hemolytic activities. With the aim of reducing hemolytic 

activities, the most sensitive positions on both polar and non-polar faces of the 

LK peptide were identified and mutated by replacements with a variety of 

amino acids. The results show that mutant peptides containing regions of 

broken hydrophobicity caused by neutral amino acid replacements display more 

than a 8,000-fold reduction of hemolytic activity, while having a 8-times 

enhanced antimicrobial activity against E.coli. Similar mutants of LL-37, were 
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found to have 8-fold decreased hemolytic activities and unchanged 

antimicrobial activities against E.coli. The combined observations made in this 

effort suggest that disruption of the hydrophobicity of amphipathic α-helical 

peptides might represent a useful approach to the development of side effect-

free antimicrobial substances.  

It seems that natural CAPs have continuously developed and their antibiotic 

potency may have been optimized in nature. Because of this, it is difficult to 

improve their potency by carrying out selected mutations. In addition, because 

their sequences vary greatly, drawing general conclusions about factors that 

govern their antimicrobial and hemolytic activities is not straightforward. As a 

result of these limitations, we have adopted a different approach to the goal of 

overcoming severe side effects of CAPs. Specifically, for this effort we selected 

a general amphipathic model peptide LK (Table 1), which is composed of only 

Leu and Lys and originally de novo designed to bind to calmodulin (Table 

1).[9b] Indeed, relative to natural AMPs the model peptide has an intrinsically 

low antimicrobial potency. However, a large number of mutations can be made 

to alter the sequence of the model peptide and bring about optimization of its 

antibiotic activity and lessening its hemolytic potency.  

Earlier, we showed that introduction of an intramolecular disulfide bond into 

the model peptide, caused it to form a kinked conformation and lose its α-

helicity, and that the modified peptide has a lower hemolytic activity while 

maintaining its antimicrobial activity against E.coli.[14] Along with a change in 
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α-helicity, another reason for the effect on hemolytic activity is reduced 

hydrophobicity promoted by introduction of two hydrophilic residues (Cys) on 

the hydrophobic face of the peptide. This observation suggested the possibility 

that a reduction in hemolytic activities of peptides would be caused by 

mutations at appropriate position(s) on the hydrophobic face and this might 

occur without loss or even an improvement of antimicrobial activity. 
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Experimental Section 

 

1. Peptide synthesis  

Peptides were synthesized by using the ,standard fluorenylmethyloxy 

carbonyl (Fmoc) solid-phase peptide synthesis method using rink amide MBHA 

resin (0.59 mmol/g loading, 50 mg, 29.5 μmol) on Discover SPS Microwave 

Peptide Synthesizer (CEM). Resins were deprotected with 20% piperidine in 

DMF. Coupling step was carried out with amino acid, PyBOP and DIPEA. 

Peptides were cleaved from resin with cleavage cocktail (950 μL of 

Trifluoroacetic Acid, 25 μL of Triisopropylsilane and 25 μL of water) for 2 h at 

room temperature. Cleaved peptides were precipitated with n-hexane and 

diethyl ether (v/v=1/1) and purified with HPLC using zorbax C18 column. 

HPLC condition: buffer A (water with 0.1% v/v TFA) and buffer B (acetonitrile 

with 0.1% v/v TFA); 0 min, 0% B followed by linear gradient 100% B over 60 

min.  

LK (LKKLLKLLKKLLKLAG) afforded white powder (19.2mg). MS [M+H]+: 

1860.34(calcd), 1861.22(obsd). The HPLC chromatogram of LK is shown 

below (>99% purity). 
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LK-L1A (AKKLLKLLKKLLKLAG) afforded white powder (11.5mg). MS 

[M+H]+: 1818.29(calcd), 1819.04(obsd). The HPLC chromatogram of LK-

L1A is shown below (93% purity). 

 

LK-L4A (LKKALKLLKKLLKLAG) afforded white powder (2.6mg). MS 

[M+H]+: 1818.29 (calcd), 1819.06(obsd). The HPLC chromatogram of LK-

L4A is shown below (>94% purity). 

 

LK-L5A (LKKLAKLLKKLLKLAG) afforded white powder (8.4mg). MS 

[M+H]+: 1818.29 (calcd), 1819.14(obsd). The HPLC chromatogram of LK-

L5A is shown below (>93% purity). 
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LK-L7A (LKKLLKALKKLLKLAG) afforded white powder (5.6mg). MS 

[M+H]+: 1818.29 (calcd), 1819.18(obsd). The HPLC chromatogram of LK-

L7A is shown below (>93% purity). 

 

LK-L8A (LKKLLKLAKKLLKLAG) afforded white powder (8.9mg). MS 

[M+H]+: 1818.29 (calcd), 1819.26(obsd). The HPLC chromatogram of LK-

L8A is shown below (>94% purity). 

 

LK-L11A (LKKLLKLLKKALKLAG) afforded white powder (5mg). MS 

[M+H]+: 1818.29 (calcd), 1819.17(obsd). The HPLC chromatogram of LK-

L11A is shown below (>94% purity).  
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LK-L12A (LKKLLKLLKKLAKLAG) afforded white powder (5.7mg). MS 

[M+H]+: 1818.29 (calcd), 1819.12(obsd). The HPLC chromatogram of LK-

L12A is shown below (>94% purity). 

 

LK-L14A (LKKLLKLLKKLLKAAG) afforded white powder (4.5mg). MS 

[M+H]+: 1818.29 (calcd), 1819.21(obsd). The HPLC chromatogram of L-

L14A is shown below(>94% purity). 

 

LK-K2A (LAKLLKLLKKLLKLAG) afforded white powder (13.6mg). MS 

[M+H]+: 1803.28 (calcd), 1804.21(obsd). The HPLC chromatogram of LK-

K2A is shown below (92% purity). 
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LK-K3A (LKALLKLLKKLLKLAG) afforded white powder (11.9mg). MS 

[M+H]+: 1803.28 (calcd), 1804.33(obsd). The HPLC chromatogram of LK-

K3A is shown below (>99% purity). 

 

LK-K6A (LKKLLALLKKLLKLAG) afforded white powder (15.7mg). MS 

[M+H]+: 1803.28 (calcd), 1804.39(obsd). The HPLC chromatogram of LK-

LK6A is shown below (96% purity). 

 

LK-K9A (LKKLLKLLAKLLKLAG) afforded white powder (12.9mg). MS 

[M+H]+: 1803.28 (calcd), 1804.48(obsd). The HPLC chromatogram of LK-

K9A is shown below (95% purity). 
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LK-K10A (LKKLLKLLKALLKLAG) afforded white powder (6.8mg). MS 

[M+H]+: 1803.28 (calcd), 1804.39(obsd). The HPLC chromatogram of LK-

K10A is shown below (97% purity). 

 

LK-K13A (LKKLLKLLKKLLALAG) afforded white powder (9.3mg). MS 

[M+H]+: 1803.28 (calcd), 1804.23(obsd). The HPLC chromatogram of LK-

K13A is shown below (99% purity). 

 

LK-L8G (LKKLLKLGKKLLKLAG) afforded white powder (12.2mg). MS 

[M+H]+: 1804.28 (calcd), 1805.26(obsd). The HPLC chromatogram of LK-

L8G is shown below (>94% purity). 
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LK-L8S (LKKLLKLSKKLLKLAG) afforded white powder (5.8mg). MS 

[M+H]+: 1834.29 (calcd), 1835.74(obsd). The HPLC chromatogram of LK-

L8S is shown below (>94% purity). 

 

LK-L8P (LKKLLKLPKKLLKLAG) afforded white powder (13.4mg). MS 

[M+H]+: 1844.31 (calcd), 1845.27(obsd). The HPLC chromatogram of LK-

L8P is shown below (97% purity). 

 

LK-L8N (LKKLLKLNKKLLKLAG) afforded white powder (36.2mg). MS 

[M+H]+: 1861.30 (calcd), 1862.58(obsd). The HPLC chromatogram of LK-

L8N is shown below (>99% purity). 
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LK-L8Q (LKKLLKLQKKLLKLAG) afforded white powder (34mg). MS 

[M+H]+: 1875.31(calcd), 1876.37(obsd). The HPLC chromatogram of LK-

L8Q is shown below (>99% purity). 

 

LK-L8D (LKKLLKLDKKLLKLAG) afforded white powder (9.9mg). MS 

[M+H]+: 1862.28 (calcd), 1863.31(obsd). The HPLC chromatogram of LK-

L8D is shown below (>94% purity). 

 

LK-L8E (LKKLLKLEKKLLKLAG) afforded white powder (10.3mg). MS 

[M+H]+: 1876.30 (calcd), 1877.47(obsd). The HPLC chromatogram of LK-

L8E is shown below (>97% purity). 

 

 

 



 

13 

 

LK-L8K (LKKLLKLKKKLLKLAG) afforded white powder (7.3mg). MS 

[M+H]+: 1875.35 (calcd), 1876.29(obsd). The HPLC chromatogram of LK-

L8K is shown below (>90% purity).  

 

LK-L8H (LKKLLKLHKKLLKLAG) afforded white powder (9.8mg). MS 

[M+H]+: 1884.31 (calcd), 1885.53(obsd). The HPLC chromatogram of LK-

L8H is shown below (>93% purity). 

 

 

Lt (FKRIVQRIKDFLR) afforded white powder (8.2mg). MS [M+H]+: 

1759.07(calcd), 1759.90(obsd). The HPLC chromatogram of Lt is shown 

below (>99% purity). 
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Lt-F1A (AKRIVQRIKDFLR) afforded white powder (8.6mg). MS [M+H]+: 

1683.04(calcd), 1683.87(obsd). The HPLC chromatogram of Lt-F1A is shown 

below (>99% purity). 

 

Lt-I4A (FKRAVQRIKDFLR) afforded white powder (7.1mg). MS [M+H]+: 

1717.03(calcd), 1717.77(obsd). The HPLC chromatogram of Lt-I4A is shown 

below (>99% purity). 

 

Lt-V5A (FKRIAQRIKDFLR) afforded white powder (9.2mg). MS [M+H]+: 

1731.04(calcd), 1731.93(obsd). The HPLC chromatogram of Lt-V5A is shown 

below (>99% purity). 
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Lt-I8A (FKRIVQRAKDFLR) afforded white powder (8.4mg). MS [M+H]+: 

1717.03(calcd), 1717.92obsd). The HPLC chromatogram of Lt-I8A is shown 

below (>99% purity). 

 

Lt-F11A (FKRIVQRIKDALR) afforded white powder (20.1mg). MS [M+H]+: 

1683.04(calcd), 1683.85(obsd). The HPLC chromatogram of Lt-F11A is 

shown below (>95% purity). 

 

Lt-L12A (FKRIVQRIKDFAR) afforded white powder (25.5mg). MS [M+H]+: 

1717.03(calcd), 1717.92(obsd). The HPLC chromatogram of Lt-L12A is 

shown below (>99% purity).  
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Lt-I4G (FKRGVQRIKDFLR) afforded white powder (19.4mg). MS [M+H]+: 

1703.01(calcd), 1703.98(obsd). HPLC chromatogram of Lt-I4G is shown 

below (>96% purity). 

 

Lt-I4S (FKRSVQRIKDFLR) afforded white powder (12.9mg). MS [M+H]+: 

1733.02(calcd), 1733.88(obsd). HPLC chromatogram of Lt-I4S is shown 

below (>97% purity). 

 

Lt-I4N (FKRNVQRIKDFLR) afforded white powder (16.0mg). MS [M+H]+: 

1760.03(calcd), 1760.85(obsd). HPLC chromatogram of Lt-I4N is shown 

below (>97% purity). 
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Lt-I4Q (FKRQVQRIKDFLR) afforded white powder (25.3mg). MS [M+H]+: 

1774.05(calcd), 1775.05(obsd). HPLC chromatogram of Lt-I4Q is shown 

below (>95% purity). 

 

Lt-I4H (FKRHVQRIKDFLR) afforded white powder (15.6mg). MS [M+H]+: 

1783.05(calcd), 1784.17(obsd). HPLC chromatogram of Lt-I4H is shown 

below (>97% purity). 

 

Lt-V5G (FKRIGQRIKDFLR) afforded white powder (20.3mg). MS [M+H]+: 

1717.03(calcd), 1718.02(obsd). HPLC chromatogram of Lt-V5G is shown 

below (>97% purity). 

 

 

 



 

18 

 

Lt-V5S (FKRISQRIKDFLR) afforded white powder (16.4mg). MS [M+H]+: 

1747.04(calcd), 1747.93(obsd). HPLC chromatogram of Lt-V5S is shown 

below (>96% purity). 

 

Lt-V5N (FKRINQRIKDFLR) afforded white powder (19.5mg). MS [M+H]+: 

1774.05(calcd), 1775.05(obsd). HPLC chromatogram of Lt-V5N is shown 

below (>97% purity).  

 

Lt-V5Q (FKRIQQRIKDFLR) afforded white powder (19.0mg). MS [M+H]+: 

1788.06(calcd), 1788.99(obsd). HPLC chromatogram of Lt-V5Q is shown 

below (>96% purity). 
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Lt-V5H (FKRIHQRIKDFLR) afforded white powder (25.1mg). MS [M+H]+: 

1797.06(calcd), 1798.03(obsd). HPLC chromatogram of Lt-V5H is shown 

below (>98% purity). 

 

Lt-F11G (FKRIVQRIKDGLR) afforded white powder (15.6 mg). MS [M+H]+: 

1669.03(calcd), 1670.03(obsd). HPLC chromatogram of Lt-F11G is shown 

below (>95% purity). 

 

Lt-F11S (FKRIVQRIKDSLR) afforded white powder (13.4mg). MS [M+H]+: 

1699.03(calcd), 1699.91(obsd). HPLC chromatogram of Lt-F11S is shown 

below (95% purity).  
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Lt-F11N (FKRIVQRIKDNLR) afforded white powder (5.5mg). MS [M+H]+: 

1726.05(calcd), 1726.99(obsd). HPLC chromatogram of Lt-F11N is shown 

below (>96% purity). 

 

Lt-F11Q (FKRIVQRIKDQLR) afforded white powder (6.1mg). MS [M+H]+: 

1740.06(calcd), 1741.23(obsd). HPLC chromatogram of Lt-F11Q is shown 

below (>96% purity). 

 

Lt-F11H (FKRIVQRIKDHLR) afforded white powder (18.7mg). MS [M+H]+: 

1749.06(calcd), 1750.01(obsd). HPLC chromatogram of Lt-F11H is shown 

below (>97% purity). 
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2. Minimum inhibitory concentrations  

 

MIC values were determined by employing microdilution susceptibility 

testing. Antibacterial activity was measured on Escherichia coli (ATCC 25922) 

and Staphylococcus aureus (ATCC 29213), representative Gram-negative and 

Gram-positive bacteria, respectively. Peptides were prepared by using serial 

twofold dilutions with Müller-Hinton broth (Difco) and added (200 μL) to 

microtiter plates followed by 10 μL of bacteria prepared 5*105 colony-forming 

units (CFU) per mL. Inhibition of growth was determined by measurement of 

the optical density (600 nm) after 24 h incubation at 37 . MIC values were ℃

determined as the lowest peptide concentration that inhibited growth.  

 

3. Minimum hemolytic concentrations  

 

MHC was defined as the peptide concentration required to produce 10% 

hemolysis against human RBCs in phosphate-buffered saline (PBS; 138 mM 

NaCl, 2.7 mM KCl, pH 7.4). Peptides were prepared by using serial twofold 

dilutions with PBS and added (200 μL) to microtiter plates. Human blood was 

washed at least three times with PBS using centrifugation at 1400 rpm for 5 

min and resuspended in PBS at 5% hematocrit. An aliquot (50 μL) of this cell 

suspension containing 2.5*108 RBCs was added to each well containing 

peptide. Control samples were prepared with PBS alone and distilled water as 
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baseline values and 100% hemolysis values, respectively. After 3 h incubation 

at 37 , the samples were centrifuged at 1400 rpm for 5 min. Hemolytic ℃

activity was determined by measuring the absorbance at 405 nm of 180 μL of 

the supernatants which can represents hemoglobin leakage from erythrocytes. 

Statistical data were obtained from two independent experiments performed in 

duplicate. 

 

4. Circular Dichroism  

a-Helicities of peptides were determined by using CD spectroscopy with a 

chirascan plus Circular Dichroism Detector (AppliedPhotoPhysics) in 10 mM 

K2HPO4 at pH 7.4 (first value) and in 50% TFE and same buffer (second value). 

Spectra were acquired from 190 to 260 nm using a 0.5 mm path-length cell 

made of Quartz SUPPASIL (Hellma Analytics) with three accumulations per 

sample. Analysis of a-helicities were determine using CDNN software. 
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Results and Discussion 

 

1.  Ala-scanned peptides of LK and their properties 

To explore this proposal and determine critical residues for replacement, a 

library of Ala-scanning peptides on the hydrophobic face of LK peptide were 

constructed and assayed for their hemolytic activities. As the results in Figure 1 

and Table 1 show, all mutants gave significant reductions in hemolytic activities 

at 2.5-10 μM concentrations. A mutant with Ala-substitution at position 8 was 

found to have the lowest hemolytic activity suggesting that the Leu moiety at 

this location is important for this activity. Interestingly, measurements of the 

MICs of the Ala-scanned peptides show they possess somewhat improved anti-

E.coli and anti-S.aureus potencies (Table 1). However, no correlation was 

found between the hemolytic activity and α-helicity (or hydrophobicity) of the 

peptides, because all of the Ala-scanned peptides have similar helicities (Table 

1). 
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Table 1. Ala-scanned peptides of LK and their properties 

  

Peptide[a] 

MIC [μM][b] 

Against 

 E.coli 

MIC [μM] 

Against  

S.aureus 

MHC 

[μM][c] 

a-helicity 

[%][d] 
TR (min)[e] 

LK 20 10 0.08 24.6/56.9 31.2 

LK-L1A 5 10 1.25 32.8/57.8 29.1 

LK-L4A 5 5 1.25 21.2/41.2 28.7 

LK-L5A 10 10 1.25 20.2/45.1 28.9 

LK-L7A 10 10 1.25 20.1/51.8 29.1 

LK-L8A 5 5 1.25 19.2/58.6 28.7 

LK-L11A 5 5 1.25 19.7/56.5 28.4 

LK-L12A 10 10 0.63 22.4/55.9 28.5 

LK-L14A 10 10 1.25 23.4/57.9 29.5 

Amikacin 1.25 5 >1280 - - 

 [a] Sequence of LK peptide is LKKLLKLLKKLLKLAG. [b] Minimum 

inhibitory concentration. [c] Minimum hemolytic concentration. MHC is 

defined as concentration required to produce 10% hemolysis. General 

procedure for determining the MHCs for hemolysis is given in Experimental 

Section. [d] a-helicities of peptides were measured in 10 mM K2HPO4 (first 

value) and 10 mM K2HPO4, 50% TFE (second value). [e] HPLC conditions: 

buffer A (water with 0.1% v/v TFA) and buffer B (acetonitrile with 0.1% v/v 

TFA); 0 min, 0% B followed by linear gradient 100% B over 60 min. 
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Figure 1. Hemolytic activities of Ala-scanned peptides of LK with modified 

hydrophobic face. MHCs for hemolysis is defined as the peptide concentration 

required to produce 10% hemolysis in PBS. General procedure for determining 

the MHCs for hemolysis is given in Experimental Section.  
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2. Peptides modified 8th position of LK to hydrophilic amino 

acid and their properties 

Next, MHC and MIC values were determined for mutants in which the 8th 

position is substituted by mostly hydrophilic amino acids (Table 2). The results 

show that a significant reduction of hemolytic activity occurs in mutants 

constructed by replacements with hydrophilic amino acids. Asp substitution 

leads to a mutant with the most greatly reduced (16,000-fold) hemolytic 

activity followed by Asn (8,000-fold), relative to the original peptide. 

Substitutions by Glu and Gln gave 4,000-fold reductions. Lys replacement 

generates 2,000-fold reduced hemolytic activity. Overall, replacements with 

acidic (16,000-4,000-fold) and amide side chains (8,000-4,000-fold) promote 

even greater reductions than that of amine residue, which has been used for a 

typical breaker for hydrophobic interactions.[9a] We found the main 

contributions to the changes caused by replacement by amino acids containing 

carboxylate and amide side chains appear to be associated with reductions of 

both the α-helicity and hydrophobicity of the mutant peptides, as judged by 

measurements of their α-helicity and HPLC retention times (Table 2). In 

addition, α-helicity appears to be a dominant contributor to this property 

because an inverse correlation between this property and hemolytic activity is 

observed, while the correlation between hemolysis activity and hydrophobicity 

is poor (Figure 2).  

For the antimicrobial activities, mutants that have a greater than 2,000-fold 
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reduced hemolysis activity also have reduced antimicrobial activities against 

S.aureus.[14] This observation suggests that the mechanisms of antimicrobial 

activity against S.aureus by these peptides might be similar to that of hemolysis. 

Interestingly, mutants generated by replacements neutral hydrophilic side chain 

(Asn, Gln, Ser,) and neutral (Gly), and even mildly basic (His) containing 

amino acids have up to 8-fold improved MICs against E.coli (Table 2). In 

contrast, mutants possessing charged side chains (Glu, Asp or Lys) display 

weaker antimicrobial activities than the neutral mutants. The 8-fold improved 

MIC and 8,000-fold reduced hemolytic activity of the LK-L8N mutant combine 

to give an extremely large, 64,000-fold improved therapeutic index, a 

significant result in light of the fact that a model peptide was employed and 

only a single mutation was inserted. 
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Table 2. Peptides modified 8th position of LK to hydrophilic amino acid and their properties. 

Peptide[a] 
MIC [μM] 

against E.coli 

MIC [μM] 

against S.aureus 
MHC [μM] α-helicity [%] TR (min) 

TI [b] 

E.coli 

TI 

S.aureus 

LK 20 10 0.08 26.1/68.4 31.2 0.004 0.008 

LK-L8G 2.5 5 10 16.3/76.9 26.2 4 2 

LK-L8S 2.5 10 20 16.8/79.2 25.4 8 2 

LK-L8P 5 >40 160 15.0/39.7 22.8 32 - 

LK-L8N 2.5 >40 640 17.3/52.4 22.2 256 - 

LK-L8Q 2.5 >40 320 18.7/54.0 23.6 128 - 

LK-L8D 10 >40 1280 16.0/50.7 23.3 128 - 

LK-L8E 5 >40 320 16.3/73.5 25.1 64 - 

LK-L8K 5 >40 160 17.2/76.0 22.3 32 - 

LK-L8H 2.5 >40 80 17.3/68.3 21.6 32 - 

Amikacin 1.25 5 >1280 - - >1024 >256 

[a] Sequence of LK peptide is LKKLLKLLKKLLKLAG. [b] Therapeutic index (TI) was determined as MHC/MIC against 

E.coli and S.aureus. General procedure for determining the MHCs for hemolysis is given in Experimental Section.  
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Figure 2. α-Helicity-MHC-Hydrophobicity correlation diagram of peptide 

modified 8 position of LK to hydrophilic Amino acid. Black square; α-helicity, 

Gray square; hydrophobicity. Hydrophobicity is represented as a percentage 

based on HPLC retention times.  
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3. Ala-scanned peptides of LK modified in the hydrophilic 

face and their properties 

Encouraged by these results, we investigated the effect(s) of mutations on the 

hydrophilic face of the model peptide, where many Lys residues are present for 

recognition of the negatively charged surfaces of bacteria. For this purpose, 

alanine scanning peptides at hydrophilic face were prepared, and their 

hemolytic and antimicrobial activities were determined. The results show that 

the Ala-scanning peptides display no reductions of hemolytic activities at 2.5-

10 μM concentrations (Figure 3). Furthermore, they display less antimicrobial 

activities against E.coli and S.aureus (Table 3) than LK peptide. No further 

studies on peptides with variations at hydrophilic face were carried out. 
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Table 3. Activities of Mutants hydrophilic residues of LK to Alanine. 

  

Peptide[a] 
MIC [μM] 

against E.coli 

MIC [μM] 

against S.aureus 
TR (min) 

LK 20 10 31.2 

LK-K2A >40 >40 33.9 

LK-K3A >40 20 36.0 

LK-K6A 20 20 33.4 

LK-K9A 40 20 34.3 

LK-K10A >40 40 34.6 

LK-K13A 20 40 33.8 

Amikacin  1.25  5  - 

[a] Sequence of LK peptide is LKKLLKLLKKLLKLAG.  
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Figure 3. Hemolytic activities of Ala-scanned peptides of LK modified on the 

hydrophilic face. Experimental conditions are the same as in Experimental 

Section. 
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4.  Apply the strategy to Lt peptide and determine their 

properties 

Based on the positive results coming from studies of mutants arising by 

amino acid replacements on the hydrophobic face of the model peptide, we 

applied this approach to a naturally occurring AMP. The truncated, 13-aa 

peptide (abbreviated as Lt) form of human cathelicidins, also known as LL-37, 

is an ideal AMP for this purpose because it has a global amphipathic α-helicity 

and reasonable antimicrobial activity. [15] Firstly, all six of the Ala-scanning 

peptides derived by substitutions of hydrophobic residues were observed to 

have lower hemolytic activities at 160-640 μM concentrations than does Lt 

(Figure 4). Even Ala mutation at position 5 led to a 2-fold reduced hemolytic 

activity relative to Lt. The mutants also have a 2-fold improved therapeutic 

index against E.coli (Table 4). Once again, in these cases disruption of 

segregated hydrophobic residues by Ala substitution results in position 

sensitive reductions of hemolytic activities but only a 2-fold less or unchanged 

antimicrobial activity against E.coli. The observation that mutations lead to 

only slightly improved MICs is not surprising when one considers that the 

natural peptide LL-37 has developed to have optimized antimicrobial activity. 

With the aim of maximizing the effect of disrupting the hydrophobic face 

sequence, further mutations were carried out on Lt by substituting Asn, Gln, 

Ser, His and Gly at selected positions 4, 5 and 11 because the antimicrobial 

activities of Ala mutants at these locations were maintained (Table 5). As 



 

34 

 

expected, some of the peptides, including Lt-V5Q, Lt-V5H, and Lt-V5G, have 

retained antimicrobial activities against E.coli and display a 8-fold reduction in 

hemolytic activity relative to the Lt peptide. The results also show that these 

mutants have somewhat higher helical propensities. Because the Lt peptide is 

composed of a short 13-aa sequence, its α-helicity content along with that of its 

mutants are both low and similar. Furthermore, the hemolytic activities of all of 

the mutants are nearly the same. As a result, a correlation between hemolytic 

activity and α-helicity (or hydrophobicity) does not exist in Lt mutant series. 

Considering that the natural Lt peptide has been developed to possess 

optimized antimicrobial activity as well as low hemolytic activity, a 8-fold 

increase of therapeutic index of the mutants is significant. 
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Table 4 . Ala-scanned peptides of Lt and their properties 

  

Peptide[a] 
MIC [μM] 

Against E.coli 

MIC [μM] 

Against S.aureus 
MHC [μM] α-helicity [%] TR (min) 

TI  

E.coli 

TI  

S.aureus 

Lt  5  40  160 19.2/42.5 26.4 32 4 

Lt-F1A  10  >40  >640 18.3/49.8 23.5 >64 -  

Lt-I4A  5  >40  >640 18.6/49.2 23.6 >128 - 

Lt-V5A  5  >40  320 19.0/43.9 24.8 64 -  

Lt-I8A  10  >40  >640 18.0/40.0 22.6 >64 - 

Lt-F11A  5  >40  >640 18.7/51.2 24.6 >128 -  

Lt-L12A  10  >40  >640 18.3/43.8 22.8 >64 -  

[a] Sequence of Lt (LL37-truncated) peptide is FKRIVQRIKDFLR. General procedure for determining the MHCs for 

hemolysis is given in Experimental Section. 
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Table 5. Peptides modified hydrophobic residues of Lt to hydrophilic amino acid and their properties. 

 
Peptide[a] 

MIC [μM] 

Against E.coli 

MIC [μM] 

Against S.aureus 
MHC [μM] α-helicity [%] TR (min) 

TI  

E.coli 

TI  

S.aureus 

Lt 5 40 160 19.2/42.5 26.4 32 4 

Lt-I4G 10 >40 >1280 18.4/38.7 21.4 >128 - 

Lt-I4S 10 >40 >1280 18.3/46.5 21.7 >128 - 

Lt-I4N 20 >40 >1280 18.6/44.1 20.9 >64 - 

Lt-I4Q 10 >40 >1280 18.2/49.1 21.7 >128 - 

Lt-I4H 10 >40 >1280 18.3/49.4 19.7 >128 - 

Lt-V5G 5 >40 >1280 18.1/49.6 23.0 >256 - 

Lt-V5S 5 >40 640 19.3/44.4 23.4 128 - 

Lt-V5N 10 >40 >1280 18.6/43.1 22.0 >128 - 

Lt-V5Q 5 >40 1280 19.1/54.4 23.6 256 - 

Lt-V5H 5 >40 >1280 19.0/63.5 21.5 >256 - 

Lt-F11G 20 >40 >1280 16.9/48.8 22.2 >64 - 

Lt-F11S 10 >40 >1280 17.0/51.5 23.0 >128 - 

Lt-F11N 20 >40 >1280 17.3/51.4 22.0 >64 - 

Lt-F11Q 10 >40 >1280 17.0/50.3 22.5 >128 - 

Lt-F11H 10 >40 >1280 16.9/51.5 22.0 >128 - 

[a] Sequence of Lt (LL37-truncated) peptide is FKRIVQRIKDFLR.  
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Figure 4. Hemolytic activities of Ala-scanned peptides of Lt modified on the 

hydrophobic face. Experimental conditions are the same as in Experimental 

Section. 
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5. Summary 

In the studies described above we utilized a new approach to reduce the 

hemolytic activity of cationic antimicrobial peptides. The results of the effort 

employing a model LK and a natural Lt peptides, demonstrate that introduction 

of mutations that disrupt interactions on hydrophobic faces of the peptides 

brings about a significant reduction of hemolytic activity as well as 

antimicrobial activity against S.aureus. Interestingly, some of the mutants, in 

which hydrophobic interactions are disrupted by substitution with neutral polar 

residues, such as amide (Asn, Gln), hydroxyl (Ser), or mildly basic (His) 

groups, display higher or the same antimicrobial activities against E.coli. This 

observation might be considered to be a “specific determinant of antimicrobial 

activity against E.coli.” A correlation was observed to exist between α-

helicities (or hydrophobicities) and hemolytic activities of the mutants of the 

LK peptide, suggesting that the loss of α-helicity (or hydrophobicity) is a 

significant factor in destroying the pore forming activity of peptides against 

eukaryotic cells or S.aureus. While not being large, improved (or retained) 

activities against E.coli were observed for the mutant. It is general idea that a 

well-balanced reduction in α-helical propensity and modification of 

amphipathic character of CAPs results in a reduced hemolysis activity and a 

retained antimicrobial potency.[16] Thus, disruption of interactions on the 

hydrophobic faces of CAPs by substitution by amino acids containing neutral 

side chains might represent a facile approach to generate peptides that have 
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reduced hemolytic activities as well as increased antimicrobial potencies 

against E.coli or gram negative bacteria. 
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국 초록 

손미언 

공학 동과  공 

울대하  

 

 항균 타 드는 양  가지고  문에 병원체  

브  하는 능  가지고 다. 하지만 러한 특  

문에 숙주  포막  하는 도 가지고 다. 항균 

타 드  러한   한  찾  하여 신과 

라 신  루어진 양  알 나  타 드  LK  하여 

다양한 돌연변  만든 후 타 드  상  얼마나 

어드는지  하 다.  실험에 는 LK-L8N  존  

타 드보다 8000  상  감 하 고 E.coli에 한 항균  

8 가 가하여 결과적 는 치료 과가 64000 가 가함  

하 다. LK 타 드에  얻   적 하  하여 양  

가진 연 항균 타 드  LL37  택하 다. LL37  13개  

아미 산  루어진 Lt 타 드  정하여 LK 타 드에  

도 해낸  적 하여 상  감  살펴보았다. Lt 

타 드  수   친수  아미 산  치 하니 상  
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8  감 하고 항균  지 어 치료 과가 존  타 드보다 

8  가 었다. 양  타 드  수 에 친수  아미 산  

집어 어 타 드  수  하여 존  타 드보다 

항균   상  적게 키는 타 드  만들 수 

었다. 러한  항균 타 드    새 운 

타 드 에 하게 사  것 다. 
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