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Summary 

Pulmonary delivery of small interfering RNA (siRNA) has potential in treating many lung diseases. KL4 is a synthetic 
surfactant peptide that was initially designed to imitate the function of surfactant protein B (SP-B). The safety and 
the cationic nature of the KL4 make it an attractive candidate for siRNA delivery. Previous data showed that KL4 
peptide could mediate efficient gene silencing effect of siRNA in human lung epithelial cells without signs of 
cytotoxicity at concentrations used for transfection. However, one of the problems associated with KL4 is poor 
aqueous solubility. To overcome this problem, five KL4-modified peptides were introduced by replacing leucine with 
other less hydrophobic amino acid residues such as valine and alanine. The siRNA binding affinity of these modified 
peptides was examined using a gel retardation assay, and the transfection efficiency was evaluated on A549 cells 
using siRNA targeting Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The secondary structure of the 
modified peptides was investigated by circular dichroism (CD). The results showed that only the KL4 peptide which 
adopted an alpha helix structure could transfect the siRNA into the cells and mediate an efficient gene silencing 
effect.  

Key Message 

The relationship between peptide secondary structure and siRNA transfection efficiency was investigated in this 
study. Only KL4 with an alpha helix conformation could transfect the siRNA into cells among all the studied peptides. 
Thus, the alpha helix structure of the peptide was critical for good transfection efficiency. 

Introduction 

Pulmonary delivery of the small interfering RNA (siRNA) has great potential for the treatment of many lung diseases, 
such as lung cancer, asthma, chronic obstructive pulmonary disease (COPD) and influenza[1]. One of the major 
barriers of siRNA therapeutics development is the lack of a safe and effective delivery system that is suitable for 
clinical applications, because siRNA is incapable of crossing a biological membrane unassisted[2]. KL4 is a 21-
residue peptide containing hydrophobic leucine interspersed with cationic lysine. This synthetic peptide is an active 
component in the pulmonary surfactant product Surfaxin® (Windtree Therapeutics, Inc. USA), which is a FDA 
approved intratracheal suspension to prevent respiratory distress syndrome in premature infants[3]. KL4 is 
structurally similar to pulmonary surfactant protein B (SP-B) and designed to imitate its function. The safety and the 
cationic nature of the KL4 makes it a potential candidate for siRNA delivery.  

A previous study showed that the KL4 peptide could mediate an efficient gene silencing effect of siRNA in both 
cancer and normal lung epithelial cells without signs of cytotoxicity at concentrations used for transfection[4]. 
Furthermore, the transfection efficiency of KL4 was not affected by the presence of pulmonary surfactant, which 
hinders the transfection of many lipid-based delivery vectors. However, one of the problems associated with KL4 is 
poor aqueous solubility, hence a co-solvent such as dimethyl sulfoxide (DMSO) is often needed to help dissolve 
the peptide. Here, in order to improve the efficacy of the system, the KL4 peptide was modified by replacing leucine 
with other less hydrophobic amino acid residues such as valine and alanine. The sequence and physicochemical 
properties of the peptides used in this study are shown in Table 1. 

The secondary structures of the KL4 and modified peptides were investigated by circular dichroism (CD). CD is a 
form of light absorption spectroscopy that measures the difference in the absorption of left‐handed circularly 

polarised light (L‐CPL) and right‐handed circularly polarised light (R‐CPL) and occurs when a molecule contains 

one or more chiral chromophores (light‐absorbing groups)[5]. CD spectroscopy is widely used to study the secondary 

structure of macromolecules; mostly proteins and peptides. The aim of this study was to compare the siRNA binding 
affinity, transfection efficiency and secondary structure of the KL4 peptide and the modified analogues, in order to 
understand how secondary structure affect the transfection efficiency of the peptide base siRNA delivery vector.  
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Experimental methods 

Materials 

The peptides (Table 1) were purchased from ChinaPeptides (Shanghai, China) with over 80% purity. Peptides were 
dissolved in 5mM Tris-HCl buffer at a final concentration of 0.1 mg/mL in 0.1% (v/v) DMSO. siRNAs (SilencerSelect 
GAPDH positive control siRNA and SilencerSelect negative control siRNA) were purchased from Ambion (Austin, 
TX, USA). GelRed™ nucleic acid stain was purchased from Biotium (Hayward, CA, USA). Dulbecco’s modified 
eagle medium (DMEM), Trypsin-EDTA (0.25%), Fetal Bovine Serum (FBS), Antibiotic-Antimycotic (100X) and 
Lipofectamine 2000 were purchased from ThermoFisher Scientific (Waltham, Massachusetts, USA). All other 
reagents were obtained from Sigma Aldrich (Saint Louis, MO, USA) and of analytical grade or better. 

Table 1 Sequence, average hydrophobicity, molecular weight of peptides used in this study 

Peptides Sequence Average 
Hydrophobicity 

Molecular 
weight (Da) 

KA1 KALLLKALLLKALLLKALLLK-NH2 0.37 2300 

KA2 KAALLKAALLKAALLKAALLK-NH2 0.28 2132 

KA3 KAAALKAAALKAAALKAAALK-NH2 0.20 1964 

KA4 KAAAAKAAAAKAAAAKAAAAK-NH2 0.12 1795 

KV4 KVVVVKVVVVKVVVVKVVVVK-NH2 0.47 2244 

KL4 KLLLLKLLLLKLLLLKLLLLK-NH2 0.45 2468 

* K = Lysine; V = Valine, A = Alanine; L = Leucine 

siRNA binding affinity 

Peptide/siRNA complexes were prepared at various peptide to siRNA weight ratios from 5:1 to 30:1 (w/w) with 0.4 
μg siRNA in 10 μl TAE buffer. The samples containing gel loading buffer were loaded into a 2% w/v agarose gel 
stained with GelRed™. Gel electrophoresis was run in TAE buffer at 125 V for 25 min and the gel was visualised 
under the UV illumination.  

Particle size analysis 

The hydrodynamic size of the KL4/siRNA (20:1 w/w), KA1/siRNA (15:1, w/w), KA2/siRNA (10:1, w/w) and 
KV4/siRNA (15:1, w/w) complexes were measured by dynamic light scattering (DLS) (Delsa Nano C, Beckman 
Coulter, CA, USA). The complexes were prepared with 4 μg siRNA in 100 μl of ultra pure water and incubated in 
room temperature for 30 min before particle size measurement.  

siRNA Transfection  

A549 cells were seeded in 6-well plates at a density of 1.5 x 105 cells per well one day before transfection. The 
complexes at various peptide to siRNA ratios were prepared in OptiMEM I reduced serum medium with 50 pmol 
GAPDH or scramble siRNA per well. Lipofectamine 2000 was used as positive control. After 4 hours of incubation 
at 37 °C, the cells were washed with PBS and fresh DMEM supplemented with 10% FBS were added to the cells. 
After 72 hours, the cells were washed and lysed. The GAPDH expression was detected by Western blotting assay. 

Secondary structure analysis 

Peptides were dissolved in 5mM Tris-HCl buffer at a final concentration of 0.1 mg/mL in 0.1% (v/v) DMSO. CD 
spectra were acquired on a Chirascan™ Spectrometer, Applied Photophysics (Leatherhead, UK). Far-UV CD 
spectra were obtained with the peptides solution incubated at room temperature. Spectra were recorded from 190 
to 260 nm using a 0.5 mm path length and were processed using Chirascan software where a spectrum of the 
peptide free solution was subtracted and Savitzky-Gorlay smoothing applied.  

Results 

The siRNA binding affinity of the peptides was examined by gel retardation assay (Figure 1). There was a gradual 
decrease in the intensity of siRNA band as the KA1, KA2, KV4 and KL4 to siRNA ratio (w/w) increased. The 
disappearance of the siRNA band at 10:1 ratio for KA1; 15:1 ratio for KA2 and KL4; and 20:1 for KV4 indicated that 
complete binding of siRNA occurred around these ratios. However, the siRNA failed to bind to the KA3 and KA4 
peptides as the siRNA bands were still present at high ratios. 
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The hydrodynamic diameter of different peptide/siRNA complexes was shown in Table 2. The size of the KA1/siRNA 
complexes was much larger thant the others and the polydispersity index (PDI) was also high. The KA2, KV4 and 
KL4 peptide could form much smaller size particles while the KL4/siRNA was the smallest in size.  

 

The transfection efficiency of peptides was performed on A549 cells using siRNA targeting GAPDH (Figure 2). The 
complexes were prepared at the ratios that the peptides could completely bind to siRNA or above based on the gel 
retardation assay. At 72 hours post-transfection, the GAPDH protein expression was not affected by all the modified-
peptide/siRNA complexes at all ratios, while the KL4 peptide could show significant gene silencing effect at all 
tested ratios from 10:1 to 30:1 (w/w).  

 

The secondary structures of different peptides were studied at room temperature by CD (Figure 3). The KL4 peptide 

adopted an -helix conformation as a positive band at 195 nm and two negative bands at 208 nm and 222 nm were 
observed, which is the typical spectra of alpha helix structure. The positive band at 195 nm and the negative band 

at 215 nm of the KV4 peptide indicated that the peptide adopted a -sheet conformation. The other peptides had 
lower intensity of the positive band and the negative bands, which indicated disordered average structures. 

 

 

 

Figure 1 - siRNA binding study of KA1, KA2, KA3, KA4, KV4 and KL4 by gel retardation assay. Peptide/siRNA complexes 
were prepared at 5:1, 10:1, 15:1, 20:1, 25:1, and 30:1 ratio (w/w). Naked siRNA was used as control. Electrophoresis was 
carried out at 125 V for 25 min, and the gel was visualized under UV illumination. 

 

 

 

Figure 2 - In vitro transfection efficiency of the modified peptide on A549 cells. Peptide/siRNA complexes were prepared 
at various ratios (w/w)  with 50 pmol of GAPDH siRNA (+) or negative control siRNA (−) per well in a six-well plate (50 nM 
of siRNA). Lipofectamine 2000 (Lipo 2k)/ siRNA at 2:1 ratio (v/w) was used as positive control. Western blot analysis of 
GAPDH protein was performed at 72 h post-transfection, with β-actin used as internal control.  
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Figure 3 - Far-UV CD spectra of different peptides in 5mM Tris-HCl buffer at room temperature. Spectra were recorded 
from 190 to 260 nm using a 0.5 mm path length and were processed using Chirascan software where a spectrum of the 
peptide free solution was subtracted and Savitzky-Gorlay smoothing applied. 

Table 2. Particle size of peptide/siRNA complexes measured by Dynamic Light Scttering 

Discussion 

The KL4 peptide could efficiently deliver the siRNA into lung epithelium after forming nano complexes with siRNA [4]. 
However, the modified peptides behaved differently in terms of siRNA binding affinity and transfection efficiency. 
The KA1, KA2 and KV4 had similar binding affinity as the KL4 peptide, while the KA3 and KA4 peptide did not show 
any binding with the siRNA at the tested ratios. None of the modified peptides could transfect the siRNA into the 
cells.  

The structure of the peptides affects their stability, siRNA binding affinity and the cellular uptake efficiency of the 
complexes. Therefore, the transfection efficiency of the delivery system would also be affected. CD is an important 
tool for studying the secondary structure of the proteins or peptides. Alpha helix and beta sheets are two types of 
typical structures of peptides. In the alpha helix structure, every backbone N−H group donates a hydrogen bond to 
the backbone C=O group of the amino acid located three or four residues earlier along the protein sequence[6]. Beta 
sheets consist of beta strands connected laterally by at least two or three backbone hydrogen bonds, forming a 
generally twisted, pleated sheet. A β-strand is a stretch of polypeptide chain typically 3 to 10 amino acids long with 
backbone in an extended conformation[7]. The KL4 and KV4 peptides adopt alpha helix and beta sheet structure, 
respectively. As the number of alanine residues increased, the peptides became more disordered. The binding 
affinity of the siRNA and the peptides may be affected by the level of disorder of the peptides. Although all the three 
peptides could bind to the siRNA with similar binding affinity, KL4 peptide was the only peptide that could mediate 
gene silencing effect. The size of the peptide/siRNA complexes was also measured and it was found that the 
KA1/siRNA, KA2/siRNA and KV4/siRNA complexes were significantly larger than the KL4/siRNA complexes. Thus, 
the alpha helix structure of the peptide was critical for good transfection efficiency by affecting the siRNA binding, 
size of the complexes and possibly cellular uptake.  
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7404.9 ± 508.2 564.0 ± 21.1 492.6 ± 56.0 283.3 ± 7.9 
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± standard deviation 
0.50 ± 0.03 0.06 ± 0.03 0.28 ± 0.03 0.28 ± 0.02 
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Conclusions 

This study investigated the relationship between binding affinity, transfection efficiency and secondary structure of 
the peptide vectors for siRNA delivery. The peptide KL4, KV4, and KA2 could bind to the siRNA. However, only 
KL4 could successfully transfect siRNA into the cells. The KL4 peptide has alpha helical structure, and the KV4 
peptide has beta sheet structure. Other peptides adopt a disordered structure. The KL4 peptide with alpha helical 
conformation could mediate effective siRNA transfection, and the replacement of 25% of leucine with alanine in the 
sequence could dramatically change the structures, resulting in poor transfection efficiency. Therefore, cationic 
peptides with an alpha helical structure have the potential to be developed as siRNA carriers.  
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