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Abstract

Cell-penetrating peptides (CPPs) have shown promise in non-permeable therapeutic drug delivery, 

owing to their ability to transport a variety of cargo molecules across the cell membranes and their 

non-cytotoxicity. Drosophila antennapedia homeodomain-derived CPP-Penetratin 

(RQIKIWFQNRRMKWKK), being rich in positively charged residues, has been increasingly used 

as a potential drug carrier for the treatment of various purposes. Penetratin can breach the tight 

endothelial network, blood-brain-barrier (BBB), enabling treatment of several neurodegenerative 

maladies including Alzheimer's disease, Parkinson's disease, and Huntington's disease. However, 

detailed structural knowledge and the mechanism of Penetratin action remains unknown. This 

study defines structural features of the Penetratin derived peptide – DK17 

(DRQIKIWFQNRRMKWKK) in several model membranes and describes a membrane-induced 

conformational transition of the DK17 peptide in these environments. A series of biophysical 

experiments, including high-resolution NMR spectroscopy, provides the three-dimensional 

structure of DK17 in different membranes mimicking the BBB or total brain lipid extract. MD 

simulations support the experimental results showing preferential binding of DK17 to particular 

lipids at atomic resolution. The peptide conserves the structure of the subdomain spanning 

residues Ile6-Arg11, despite considerable conformational variation to different membrane models. 

In vivo data suggest that the wild-type, not a mutated sequence, enters the central nervous system. 
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Together, these data highlight important structural and functional attributes of DK17 that could be 

utilized in drug delivery for neurodegenerative disorders.

INTRODUCTION

Since their discovery over two decades ago, Cell Penetrating Peptides (CPPs) have been of 

interest for medicinal biology research. Due to their ability of translocating hydrophobic and 

hydrophilic molecules across the semi permeable plasma membrane, CPPs have emerged as 

drug loading agents1-3. Few examples of CPPs include HIV-1 (Human Immunodeficiency 

Virus type 1)-derived TAT protein4, 5, Drosophila antennapedia homeodomain-derived 

Penetratin peptide6, 7, Herpes Simplex Virus derived VP22 peptide8, Pep-1 CPP from 

Simian Virus 40 large T antigen and reverse transcriptase of HIV-19 and simple amphipathic 

model peptide, MAP10, which deliberately accept the job of translocating the impermeable 

molecules across the plasma membrane. Features like positively charged amino acid 

residues, in addition to the hydrophobic counterpart, offers the intrinsic property of non-

specific and non-toxic delivery of various bioactive cargos crosswise the cell11, 12. One 

major challenge in medicinal chemistry is to deliver therapeutic drugs to the central nervous 

system, the CNS, via the tight endothelial barrier- the Blood-Brain-Barrier (BBB)13, 14. A 

recent example concerns the mosquito-borne disease, Zika virus, which preferentially affects 

the spinal cord, bypassing therapeutic approaches that are impermeable to the CNS15, 16.

Recently CPPs have been improved either by conjugating a variety of impermeable drugs to 

them or by developing more potent synthetic CPPs to advance the targeted systemic cellular 

uptake17-24. Among these, Penetratin, a 16 residue highly cationic and most importantly 

non-toxic CPP, efficiently assists in the intracellular delivery of a wide range of cargos via a 

direct penetration process21, 22. The penetratin peptide is part of the third α-helix 

homeodomain of Drosophila Antennapedia transcription factor protein (HDAntp), 

responsible for translocating this protein through the membrane23, 24. The BBB permeability 

of penetratin makes it a potential drug-delivery agent when conjugated to hydrophobic drugs 

for treating severe neurological disorders25-28. The study by Alves et al. showed that cell 

surface binding and cellular internalization can be tuned by mutating penetratin, introducing 

additional arginine residues29, 30. The driving force behind penetratin's activity appears to 

involve electrostatic interactions, 30, 31 mediating a conformational transition from random 

coil to higher order secondary structure in the presence of membranes as has been proposed 

for antimicrobial peptides, or AMPs32-34. Additionally, lipid structural arrangements may be 

involved in the difference in activity between eukaryotic and prokaryotic cell membranes35.

The N-terminal region of penetratin preferentially adopts a helical conformation in DPPC 

bilayers while the C-terminus remains unstructured36. Solution NMR studies of the 

penetratin peptide in different membrane mimicking micelles, such as DHPC, DMPC, 

DMPG, and SDS, also reveal conserved helical segments in all cases37. Reports by Mäler et 

al. propose different translocation mechanisms of penetratin in the presence of bicelles 

including DPC, CHAPS, and DHPC37, 38. Our current study focuses on the structural 

characterization of the cationic peptide DK17 (DRQIKIWFQNRRMKWKK-NH2), in the 

presence of several model membranes to correlate its structure with its function. In 
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particular, three lipid membranes composed of GM1, a BBB model membrane mimic 

(POPC:POPG:Cholesterol:GM1) and a total brain lipid extract (TLBE) were chosen for 

detailed structural evaluation. We studied vesicles formed form GM1 ganglioside and total 

brain lipid extract (excluding GM1 ganglioside) as models of BBB membrane. 

POPC:POPG:Cholesterol:GM1 model mainly mimics the BBB membrane system in which 

POPC along with cholesterol balances the structural integrity and POPG preserves the 

charge of the membrane39.

Herein, we apply several biophysical approaches including fluorescence, CD and NMR 

spectroscopy to DK17 in different model membrane systems to investigate the 

conformational manifold of DK17 peptide. We propose to address the following questions. 

1) How does the binding propensity of the peptide vary with lipid membrane composition? 

2) How can the structural integrity of the Ile6-Arg11 subdomain be conserved despite 

significant variation in its conformation with different lipids? Molecular dynamics studies 

provide additional details validating changes in binding affinity of the peptide with lipid 

membrane composition, as well as membrane-induced conformational changes. This is the 

first detailed correlation of three-dimensional structure of DK17 and its function of cell 

permeabilization using in vivo study.

MATERIALS AND METHODS

Materials

Wild-type (DRQIKIWFQNRRMKWKK-NH2) and mutated 

(DRQIKGGGQNRRMKWKK-NH2) DK17 peptides (purity of > 97%) were acquired from 

either GL Biochem (Shanghai, China) or GenScript USA. All lipid molecules such as 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),1-palmitoyl-2-oleoyl-sn-

glycero-3-phospho-(1’-rac-glycerol) (POPG), 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC), GM1 ganglioside (Porcine), Cholesterol and total brain lipid extract (TLBE) 

(ovine) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). The Alexa 

Fluor 680 infrared dye was procured from Thermo Fisher Scientific and all other reagents 

were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Vesicle preparation

The large unilamellar vesicles (LUVs) of ganglioside GM1 or 

POPC:POPG:Cholesterol:GM1 with a molar ratio of 7.65: 0.85: 1: 0.5 or total brain lipid 

extract (TLBE) (TLBE is mainly composed of PC/PE/PI/PS/PA with more than 55% of lipid 

constitute is unknown) were prepared by forming a nitrogen-dried lipid film from their 

chloroform stock solution followed by lyophilization overnight under high vacuum to get rid 

of the residual solvent. The lipid film was rehydrated in 10mM phosphate buffer, pH 6.0 and 

then vortexed well until it dissolved in the buffer. Finally the hydrated lipid solutions were 

extruded at least 23 times through a 100 nm polycarbonate nucleopore membrane filter 

(Whatman) mounted on a mini-extruder (Avanti Polar Lipids Inc. Alabaster, AL, USA) to 

obtain homogenous solutions of 100 nm sized LUVs39, 40. The homogeneity of the LUVs in 

solution was further confirmed through dynamic light scattering experiments.
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Fluorescence spectroscopy studies

The intrinsic Tryptophan fluorescence property of DK17 peptide was used to analyze the 

biophysical properties including binding affinity, solvent accessibility of the peptide to all 

the model membranes41-43. Tryptophan fluorescence emission spectra of 10 

[.proportional]M free peptide (in 10mM phosphate buffer, pH 6.0) were acquired over a 

spectral range of 300–400 nm in a Hitachi F-7000 FL spectrometer at 25 °C with excitation 

wavelength of 280 nm. A quartz cuvette of 0.1 cm path length was used to perform all 

fluorescence experiments. The change in Tryptophan fluorescence emission maximum (F) 

towards lower wavelength (blue shift) was recorded after successive addition of each LUV 

and analyzed using the following equation (1)

(1)

where λmax nm and λ(o)max nm represent the Tryptophan fluorescence emission maxima of 

the peptide in the presence and absence of model vesicles respectively.

Using Acrylamide as a neutral quencher, the solvent accessibility of the peptide in proximity 

of all the model lipid membranes was determined42, 44. Both free and membrane-bound 

peptide was titrated with increasing concentration of quencher and the resultant quenched 

fluorescence intensity for both free and bound peptide were related using the Stern-Volmer 

equation (2).

(2)

where the Tryptophan fluorescence intensity of peptide without the addition of any quencher 

and intensity at each quencher concentration [Q] in units of molarity are denoted by F0 and 

F, respectively. The Stern–Volmer constant (KSV) values for the free and bound peptides 

provide a measure of the solvent accessibility of the peptide to acrylamide.

Fluorescence anisotropy

The binding constant (equilibrium dissociation constant, KD) of 10 μM peptide (in 10 mM 

phosphate buffer, pH 6.0) to model lipid membranes was further measured by steady-state 

fluorescence anisotropy experiments. A fluorescence spectrophotometer (Hitachi F-7000FL) 

equipped with a polarizer was used for these experiments, and the fluorescence anisotropy 

values were calculated using the equation (3)

(3)

where IVV and IVH correspond to the Tryptophan fluorescence emission intensities obtained 

when the excitation polarizer is fixed in the vertical orientation while the emission 

polarizer's orientation varies from vertical VV to horizontal VH. The sensitivity parameter 

(G) for the instrument can be represented as IHV/IHH. Equilibrium dissociation constants 

(KD) were determined for peptide bound to each lipid preparation by plotting anisotropy 
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values against the concentration of lipid membranes and fitting the data to a Hill 

equation42, 44, 45.

Circular Dichroism (CD) spectroscopy

In order to define the global conformational transitions of the peptide, CD spectroscopy 

measurements were carried out in the presence of the model membranes42. The spectral 

changes in a 25 μM solution of DK17 peptide (in 10mM phosphate buffer, pH 6.0) were 

recorded on a Jasco J-815 CD spectrometer upon titrating increasing concentrations of 

different LUVs over a range of 195-260 nm. A constant temperature of 298 K was 

maintained throughout the experiments. The raw data were acquired in the form of milli-

degrees averaging four consecutive scans, at rate of 100 nm/min, subtracting the buffer 

baseline. A quartz cuvette of 1 mm path length was used. These values were converted to 

molar ellipticity (θ) (deg cm2 dmol−1) using the following equation (4):

(4)

Where m0 is the raw value in milli-degrees, M is molecular weight (g mol−1), L the path 

length of the cuvette (cm) and C the concentration (molarity). CDNN software (version 2.1) 

(http://bioinformatik.biochemtech.uni-halle.de/cdnn/) was used to analyze the CD spectrum 

after deconvolution46.

Two-dimensional (2D) NMR spectroscopy

All NMR experiments were performed using a Bruker Avance III 500 MHz (equipped with 

5 mm smart probe) or a Bruker Avance III 700 MHz spectrometer (equipped with 5 mm 

cryo-probe). The 2D 1H-1H TOCSY and NOESY spectra of DK17 (0.5 mM) were 

performed using 80 ms and 150 ms mixing times, respectively with excitation sculpting for 

water suppression47. A spectral width of 12 ppm was used in both dimensions with 2K (t2) × 

512 (t1) data points and States TPPI for quadrature detection in the t1 dimension. The 

experiment was performed in 10 mM phosphate buffer, pH 4.5 and 4,4-dimethyl-4-

silapentane-5-sulfonate sodium salt (DSS) was used as an internal reference.

Binding of DK17 to membranes was monitored using a series of one-dimensional 1H NMR 

spectra of DK17 upon addition of increasing concentration of LUVs delivered from their 

individual stock solutions. Upon subsequent line broadening, without changing the chemical 

shift, of the DK17 spectrum in the presence of LUVs the transferred NOESY (trNOESY) 

experiment was performed with three different mixing times viz. 100, 150 and 200 ms for 24 

scans, keeping all the parameters identical to those of the NOESY experiment on DK17 

alone in aqueous solution. TOCSY, NOESY and trNOESY spectra were processed using 4K 

(t2) ×1K (t1) data matrices after zero filling48. The spectra were processed using Topspin 3.1 

(Bruker, Switzerland) program suite and peak assignments were performed using SPARKY 

3.1 software (https://www.cgl.ucsf.edu/home/sparky)49, 50.
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NMR-derived Structure calculations

The three-dimensional NMR structure of the peptide in the presence of following model 

membranes was determined based on the NOE cross peaks of DK17 in the presence of 

respective LUVs from a trNOESY spectrum of 150 ms mixing time. The upper bound 

distance constraints were calculated from the NOE build-up rate to avoid spin diffusion, and 

were categorized as strong (2.5 Å), medium (2.6 - 3.5 Å) and weak (3.6 – 5.0 Å) for further 

structure calculations using CYANA program (version 2.1)51. The lower bound distance 

constraint was fixed to 2 Å to avoid van-der-Waals interaction. As the folding of the peptide 

structure is sensitive to the medium as well as long-range NOEs, we calculated the structure 

with CYANA using distance constraints obtained from trNOESY spectra only with no 

hydrogen bonds or torsional angle constraints. Indeed, the backbone dihedral angles (Phi) 

were constrained between −30° and −180° in order to conserve an accurate stereochemistry 

of the calculated structures along with conformational sampling52, 53. The ensemble 

structure consisted of twenty lowest energy conformations chosen from the 100 calculated 

structures using Procheck software for the quality check. PyMOL and MOLMOL software 

were used for visualization of structures54. The three-dimensional high-resolution NMR 

structures of the peptide in the presence of model lipid membranes including GM1 

ganglioside LUVs, POPC:POPG:Cholesterol:GM1 LUVs and TLBE LUVs have been 

deposited in the PDB (Protein Data Bank) with their respective PDB accession code as 

2ND6, 2ND7, and 2ND8, respectively.

Molecular modeling

Molecular dynamic simulations of the DK17 peptide in the membrane models were 

performed in Desmond module v.2.3, using OPLS_2005 force field55. The NMR resolved 

coordinates of DK17 in different membrane models were adopted for atomistic simulation 

studies. The initial assumption of the peptide positioning within the membrane models was 

obtained using the results of OPM server (Supporting Information S1)56. The model peptide 

with dummy atoms representing lipid moieties displays the DK17 position to be aligned in a 

horizontal direction, parallel to the model surface. Similar assumptions were adopted for the 

generation of starting structure of DK17 positioning within membrane bilayer 

(POPC:POPG:Cholesterol:GM1) and GM1 system. The equilibrated models of membrane 

bilayer and GM1 system were prepared using the similar protocol of our earlier work57. 

Briefly, the equilibration for the systems POPC:POPG:Cholesterol:GM1 and GM1 were 

performed for 10 ns prior to executing the MD simulation. It is noteworthy to mention that 

the exact composition of TLBE is not reported in the literature, which renders the difficulty 

to prepare the model membrane. Owing to such limitation, the MD simulation of DK17 in 

the presence of TLBE is excluded in the present study.

The model of lipid system with DK17 was further solvated using TIP3P water models at a 

maximum edge distance of 10Å from solute atoms. The positional equilibration to the 

system was performed with minimization step with convergence threshold limit of 1.0 

Kcal/mol/Å. In the successive equilibration steps, the system was regulated for temperature 

scaling (Berendsen thermostat 10 K) with and without positional restraint to solute, each for 

12 ps time scale. The system was further processed for gradual temperature increment up to 

300K with Berendsen NPT ensemble with and without restraint to the heavy solute atoms, 
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each for 24 ps time scale58. The system was also processed with PME method for the 

consideration of columbic influence with a threshold value of 1e−9 and cutoff value of 10Å, 

with pressure and temperature maintenance of 1.013 atm and 300 K respectively. M-SHAKE 

algorithm was used for the repositioning of hydrogen bonds using integration time step of 

2fs59. Trajectory frames were collected at the interval of 10 ps for the analysis purpose.

In vivo studies of DK17 permeability in blood-brain barrier (BBB) and blood-spinal cord 
barrier (BSB) in mice

Wild type (WT) and mutated (mut) DK17 peptides were labeled with Alexa Fluor 680 

(AF680) near-infrared fluorescent dye (ThermoFisher Scientific) following the 

manufacturer's protocol as described earlier60. Briefly, AF680 succinyl ester was allowed to 

react with the amine group of DK17 in the presence of dimethylformamide. Female SJL/J 

mice (5-6 week old) were obtained from Harlan (Indianapolis, IN, USA). Mice received 

AF680-conjugated WT and mut DK17 peptides (200 ng/mouse in a volume of 200μl) via 

tail-vein injection61. The mutant DK17 is only different from wild type due to its 

replacement of Ile6-Phe8 motif (Figure 7B) with Gly residues. After 3 hr of injection, spinal 

cord and various parts of brain were scanned in an Odyssey (ODY-0854; Licor) infrared 

scanner at two different channels, 700- and 800-nm followed by perfusion of mice with 4% 

paraformaldehyde. The red background signifies the signal from 800-nm filter while the 

signal from AF680 at the 700-nm channel was symbolized as green color. The density of the 

AF680 signal in various segments of CNS was quantified by Quantity One version 4.6.2 

software using the volume contour tool analysis module.

RESULTS & DISCUSSION

Interaction of DK17 with the model membranes

The conformational transition of the peptide and its dynamics in the solvent can readily be 

studied with the help of naturally abundant intrinsic Trp residues. Owing to such advantage 

of natural profusion in any protein, its highly sensitive fluorescence emission maxima 

towards the polarity of the surrounding environment makes these Trp residues more potent 

as a fluorophore. Interestingly, DK17 possesses two Trp residues, at 7th and 15th positions; 

hence, the subsequent shift in their fluorescence emission maxima towards lower 

wavelengths upon successive addition of model membranes helps to explore the interaction 

between them. The fluorescence emission maxima (λmax) of DK17 in aqueous solution was 

observed at around 350 nm whereas in the presence of different LUVs the λmax fell at the 

shorter wavelength (Figure 1, upper panel), indicating that the dynamic property of Trp is 

restricted, and it is buried into the hydrophobic environment of the LUVs. The peptide 

underwent a maximum change of around 8.6 nm in GM1 LUVs (Figure 1 A), while the 

other two membranes, POPC:POPG:Cholesterol:GM1 and TLBE showed the λmax of ~ 6.6 

and 5.6 nm, respectively (Figure 1 B,C).

On the other hand, as evident from Figure 1 lower panel, the change in fluorescence 

anisotropy values for peptide continued to increase with increasing concentration of LUVs. 

The initial low anisotropy values of free peptide represent its rapidly tumbling motion in a 

solvent. However, the trend of the upward rise of anisotropy values with successive addition 
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of corresponding LUVs (Figure 1 D-F) depicts the restricted motional dynamics of the 

peptides in the vicinity of membrane models with increased rotational correction time. 

Overall, these findings clearly support substantial binding affinity of the peptide to various 

lipid membrane models.

Solvent accessibility of DK17 in the presence of membrane models

With the help of static quencher- acrylamide, the extent of solvent exposure of DK17 peptide 

in an aqueous solvent as well as in the presence of various LUVs were analyzed in terms of 

Stern–Volmer quenching constant (KSV). The higher extent of intrinsic fluorescence 

quenching of Trp residues of DK17 corresponded to the maximum KSV values and vice 

versa (Figure 2). DK17 either in free form or in aqueous solution (Black) exhibited the 

maximum Stern–Volmer quenching constant of around 73 M−1, depicting free accessibility 

of quencher towards Trp residues in solvent. In contrast, lower extent of Stern–Volmer 

quenching constant (KSV) values were noticed for peptide in GM1 LUVs (KSV = 23.8 M−1) 

and POPC:POPG:Cholesterol:GM1 LUVs (KSV = 19.8 M−1) (Figure 2), respectively. These 

results suggest that the Trp residues are well buried inside the corresponding LUVs, opposite 

effect to the orientation of Tryptophan residues in aqueous solution. According to Planque et 

al., Trp residues are often found at the hydrocarbon-water interface of membrane system, 

which in turn have the potential to dominate the hydrophobic matching effect in peptide/

lipid interactions62. Thus, the orientation of Trp residue within LUVs can be assumed to 

display similar interaction phenomenon. Surprisingly, DK17 in TLBE LUVs (Figure 2, 
Green color) showed a considerable higher KSV value of around 52.9 M−1, attributing 

higher extent of solvent accessibility. Therefore, quenching data supports the previous 

fluorescence experimental results (Figure 1) that the DK17 peptide preferentially interacts 

either with GM1 or POPC:POPG:Cholesterol:GM1 LUVs in comparison to TLBE LUVs.

CD spectroscopic analysis for the structural transition of DK17 in the presence of model 
membranes

In order to probe the change in the secondary structure of DK17 upon addition of different 

lipid systems, circular dichroism (CD) spectroscopy was used. The far UV-spectra of free 

DK17 peptide exhibited strong negative maxima at around 200 nm, featuring mostly its 

unstructured state along with other minor sub-population conformations (Figure 3). 

Interestingly, when the peptide was titrated with 0.32 mg/ml GM1 LUVs, a significant 

change in the signature spectra of peptide majorly towards α-helix was noticed with a shift 

of negative maxima to ~208 nm along with another comparatively smaller negative hump at 

~222 nm (Figure 3 A). The far CD studies of DK17 peptide in another LUVs composed of 

POPC:POPG:Cholesterol:GM1 revealed the similar helical propensity but at a concentration 

of 3.4 mg/ml (Figure 3 B). On the other hand, CD spectra of DK17 peptide in TLBE LUVs 

did not show much conformational change up to a lipid concentration of 2.8 mg/ml (Figure 
3 C). Furthermore, CD deconvolution analysis through CDNN software estimated the 

percentage of secondary structure information of DK17 in terms of α-helix, β-sheet, turn 

and random coil in the absence as well as in the presence of LUVs. We have found the 

gradual increase of the percentage of helicity with the consecutive decrease of random coil 

propensity in a solvent for peptides both in the increasing concentrations of GM1 and 
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POPC:POPG:Cholesterol:GM1 LUVs (Figure 3 D, E). However, no significant changes 

were observed in terms of secondary structure conformations in the presence of TLBE 

LUVs (Figure 3F). Overall, the CD results are in good agreement with the previous 

findings, confirming preferential binding and conformational transitions of DK17 to GM1 

and POPC:POPG:Cholesterol:GM1 LUVs, in comparison to its almost negligible interaction 

with TLBE LUVs. Additionally, the CD results corroborate the fluorescence data, indicating 

greater binding with GM1 present. It can be hypothesized that the electrostatic interaction 

between the positively charged Lys and Arg residues of DK17 with the negatively charged 

phospholipid membranes facilitates the conformational switching of the peptide from 

random coil state to higher ordered helical structure.

NMR Studies of peptides in the absence and presence of model membrane

One-dimensional 1H NMR spectrum of DK17 was highly dispersed (Figure S2), which 

motivated us to determine the three-dimensional structure of the DK17 peptide in the 

absence as well as in the presence of model membrane to correlate the biological function of 

cell-penetrating activity. The NOESY spectrum of the free peptide in solution (Figure 4A) 

shows only intra-residue (CαHi/NHi) and sequential (CαHi/NHi+1) NOEs and neither any 

medium (i to i+2 /i+3 / i+4) nor long range (i to ≥ i+5) NOEs, specifying highly dynamicity 

of peptide in aqueous solution. Moreover, these results are in harmony with the previous 

findings of circular dichroism (CD) spectra of free peptide displaying its random coil 

conformation in aqueous solution (Figure 3).

In order to understand the structural difference of DK17 in the model membrane at an 

atomic resolution, we performed a series of one-dimensional 1H NMR spectra of DK17 in 

the presence of successive addition of lipid membranes (Figure S2). Figure S2 shows the 

most sensitive part of the one-dimensional spectrum, the amide proton region of the peptide. 

Upon successive titration, we observed concentration-dependent line shape broadening of 

these resonances without causing any chemical shift perturbation. The line broadening effect 

of DK17 in the presence of LUVs clearly demonstrates that the peptide adopts similar T2 

relaxation as the large LUVs. In addition, the data also confirms the fast conformational 

exchange between the free and bound state of the peptide in LUVs at the NMR time scale. 

This represents an ideal situation for determining the three-dimensional structure of DK17 in 

LUVs using transferred NOESY (trNOESY) method63-65.

In comparison to NOESY spectrum of DK17 in aqueous solution (Figure 4A), Figure 4 B-
D shows the trNOESY spectrum of DK17 in the presence of various membrane models 

where a sufficient number of medium range CαH/NH (i to i+2/i+3/i+4) NOE cross-peaks 

along with diagnostic backbone NH/NH (i to i+2) NOEs were well characterized. 

Interestingly, the peptide showed the comparatively higher number of medium range 

CαH/NH (i to i+2/i+3/i+4) NOE cross-peaks as well as CαHi/CβHi+3 NOE cross-peaks 

both in GM1 and POPC:POPG:Cholesterol:GM1 LUVs relative to TLBE LUVs (Figure 5). 

Few conserved diagnostic backbone NH/NH (i to i+2) NOEs such as Gln3-Lys5 and Asn10-

Arg12 were also noted for DK17 peptide either in GM1 or in 

POPC:POPG:Cholesterol:GM1 LUVs (Figure 5 A-C). These data further support the fact of 

LUVs-induced conformational transition of the DK17 peptide, from a random coil state to 
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higher-ordered secondary conformations, in the context of GM1 and 

POPC:POPG:Cholesterol:GM1 LUVs. Surprisingly, the aromatic ring protons of Trp7, 

Trp15 and Phe8 showed few significant NOEs with the adjacent side chains of neighboring 

amino acid residues, such as Lys5, Ile6, Gln9, Lys14, implying a rigid side chain orientation 

of residues in the presence of LUVs. However, intermolecular trNOE peaks were not 

observed between LUVs and the peptide because of the substantial lower concentration of 

lipid membrane used in the NMR experiment.

In order to reveal the secondary structural information of DK17 in model membranes, the 

CαH chemical shift deviation values of the following peptide from standard random coil 

chemical shift values were calculated (Figure S3). The up-field deviation for the CαH 

chemical shifts of at least four consecutive amino acid residues is indicative of α-helical 

structures66. The ΔCαH resonances of most of the residues of DK17 show a remarkable 

negative trend in GM1 LUVs, indicating a conformational transition to a well-ordered helix 

form. In the presence of POPC:POPG:Cholesterol:GM1 LUVs, the continuous negative 

ΔCαH resonances were observed throughout the peptide sequence except for Met13. In 

contrast, negative ΔCαH was found for the middle segment Phe8-Asn10 of DK17 in the 

context of TLBE LUVs.

Bound confirmation of DK17 in a model membrane

Based on distance constraints, derived from the trNOESY experiments, the 3D solution 

structures of DK17 bound to three different membranes were calculated. Among the three 

membranes studied here, the total number of NOEs including medium range NOEs was 

found to be maximal in GM1 LUVs (Table 1). Although the total number of NOEs for 

DK17 is almost similar in the mixed lipid composition (POPC:POPG:Cholesterol:GM1) and 

TLBE, a drastic difference was observed in the medium range NOEs. The number of 

medium range NOEs for DK17 in TLBE was 15 while the same peptide showed almost 34 

medium range NOEs in the mixed lipid vesicle. These data reveal that the DK17 peptide 

exhibits higher order stability in mixed lipid vesicles compared to the TLBE LUVs. A 

superposition of the twenty lowest energy ensemble structures as well as the three-

dimensional solution structure of DK17 in all three-model membranes is shown in Figure 6 
(A-C). It is worth mentioning that the three-dimensional structure of DK17 peptide in GM1 

and POPC:POPG:Cholesterol:GM1 LUVs shows distinct average backbone atoms (N, Cα 
and C′) of 0.39 ± 0.08 and 0.73 ± 0.30 Å, respectively with a heavy atoms root mean square 

deviation (RMSD) of 1.28 ± 0.11 and 1.53 ± 0.35 Å, respectively (Table 1). As expected, 

Table 1 shows a comparatively higher RMSD values for backbone and heavy atoms of the 

structure of DK17 in TLBE LUVs, around 1.93 ± 0.46 and 3.05 ± 0.54 Å, respectively 

(Table 1).

As expected, DK17 mainly adopts a well-defined alpha-helical conformation in GM1 LUVs 

(Figure 6), whereas in the LUVs composed of POPC:POPG:Cholesterol:GM1, the α-helix 

spans the residues between Arg2-Arg12. The N-terminal of DK17 structure in GM1 is 

stabilized by hydrophobic interactions between the side chains of Ile4 and aromatic ring 

protons of Trp7 as well as Phe8. Interestingly, Arg11 is sandwiched between Phe8 and 

Trp15 to form cation-pi interaction in the central part of the helix, maintaining the three-
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dimensional architecture. The aliphatic side chain of Arg12 is strongly up-field shifted due 

to its close proximity to the aromatic ring protons of Phe8 and Trp15 (Figure S4). An 

additional side chain/side chain electrostatic interaction between Arg2 and Gln9 reinforces 

the structural stability (Figure 6D). Close inspection of the three-dimensional structure of 

DK17 in GM1 LUVs clearly indicates that the positively charged residues are highly 

dispersed throughout the sequence (Figure 6G), and thus could be responsible for the initial 

electrostatic interaction with the hydroxyl groups of carbohydrate moieties of the GM1 

LUVs, followed by folding due to presence of acyl chains of GM1.

The structural pattern of DK17 in a mixed vesicle, consisting of 

POPC:POPG:Cholesterol:GM1, is less straightforward. The helical region Arg2-Arg12 of 

DK17 is stabilized by a strong hydrophobic interaction between Ile4-Trp7-Phe8 (Figure 
6E). The structure is further stabilized by cation-pi interaction between Phe8 and Arg12; the 

side chain/side chain electrostatic interaction or hydrogen bonding between Lys5 and Gln9 

also plays a crucial role in structural stabilization (Figure 6E). As mentioned earlier, the 

interesting sequence composition of DK17 helps to create an electrostatic interaction 

(Figure 6H) with the phosphate groups of the mixed lipid vesicle. It is worth mentioning 

here that the POPC is zwitterionic, whereas the POPG and GM1 membranes are negatively 

charged. Additionally, cholesterol stabilizes the lipid membrane by keeping itself in close 

proximity to the head groups of the phospholipid bilayer and orienting itself parallel to the 

lipid acyl chains. Due to the stable complex structure of mixed LUVs, DK17 may not adopt 

straightforward helical conformation; the highly disordered C-terminal positively charged 

Lys/Arg residues are in close proximity to the phosphate head groups of the lipid while 

Trp15 is in the interface of the LUVs.

The three-dimensional structure of DK17 in TLBE adopts alpha-helical conformation only 

at the central Trp7-Arg11 region while both terminal residues Asp1-Ile6 and Arg12-Lys17 

are highly dynamic in solution. The architecture of DK17 is tuned in such a way that all 

positively charged residues Arg2, Gln3, Lys5, Arg11, Arg12, Lys14, Lys16, and Lys17 face 

one side of the structure (Figures 6F and 6I) and possibly interact with the negatively 

charged head groups of the LUVs. It was interesting to observe that the Gln9 is juxtaposed 

between Arg2 and Arg12, governing the side chain/side chain electrostatic interactions and 

hydrogen bonding for structural stabilization. Taken together, the central segment Ile6-

Arg11 of DK17 adopts a conserved alpha-helical conformation (Figure 7), irrespective of 

the membrane composition, indicating that these hydrophobic or aliphatic residues are 

chiefly responsible for structural stabilization and could be significant for cell penetrating 

activity as well.

Dynamics of the peptide in lipid model systems

Molecular dynamics simulations make it possible to visualize residue specific contributions 

for interaction with membrane systems. The structural stability of the peptide in the model 

membranes was first investigated using the DSSP module, at various times in the MD 

simulations67. The central region of DK17, spanning the residues Ile6 - Arg11, was found to 

form α-helix in the presence of GM1 (Figure 8). In the case of the 

POPC:POPG:Cholesterol:GM1 system, DK17 was found to retain the α-helical secondary 
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structure in the Phe8 - Arg12 region. The secondary structure plot also indicates the 

presence of 310-helix during the simulation, as shown in Figure 8. Turn and coil-like 

structures of DK17 in the GM1 and POPC:POPG:Cholesterol:GM1 systems are also found 

in the simulation.

Further evidence of the structural integrity and stability of DK17 in different membrane 

models was obtained using residue-wise consensus contact maps and analysis of energy 

basins using RMSD and radius of gyration (Rg) plots (Figure 9). The lower distance region 

in the 2D plot corresponds to the conservation rate between the residue pairs; while the 

higher distance region in the 2D plot is indicative of hydrophobic interaction at the inter-

residue level of DK17. Importantly, the N-ter and C-ter residues of DK17 are found to be in 

close proximity to either the GM1 or POPC:POPG:Cholesterol:GM1 LUV's. The C-ter 

region of DK17 is found to be less dynamic in the presence of GM1 and more dynamic in 

the POPC:POPG:Cholesterol:GM1 system. This observation is shown by the darker (blue) 

regions in the 2D contact map for POPC:POPG:Cholesterol:GM1 system compared to GM1 

system (Figure 9A and B). Further conformational attributes of DK17 in lipid system were 

analyzed using energy basin plots correlated with RMSD and Rg plot (Figure 9C and D). 

The structural rigidity of DK17 in the presence of GM1 is reflective by relatively lesser 

areas of the scatter plot, compared to POPC:POPG:Cholesterol:GM1 system. Such dynamic 

flexibility in the later membrane model is attributed to C-ter freedom, as discussed in the 

above section. The Rg value in the plot is indicative of a constant value throughout the 

simulation time course in the presence of GM1, whereas an extended value of Rg is reflected 

in the presence of POPC:POPG:Cholesterol:GM1. Importantly, the free-energy state of 

DK17 in the presence of GM1 is consistent with a stable conformational ensemble that 

ranges up to a value of −14.7 Kcal/mol, whereas the same value for 

POPC:POPG:Cholesterol:GM1 system appears to be −18 Kcal/mol.

What is the driving energy in the interaction of DK17 with membrane models?

Calculation of the energies in reference to solute (TIP3P water models) and the membrane 

structures can reveal the forces responsible for the interactions. Electrostatic and 

hydrophobic forces dominate the interaction between DK17 and water or membranes.

Based on energy contribution plots, the coulombic energy contribution appears to exceed 

that of the van der Waal energy. The contribution of solvent is found to be greater than that 

of the polar head groups of lipid molecules in both systems. In the presence of GM1, the 

electrostatic contribution by both water molecules and polar groups in the head region of 

GM1 are comparatively similar in the course of simulation time scale. This is reflected in the 

convergence of the values after 100 ns (Figure 10 A). In contrast, for the 

POPC:POPG:Cholesterol:GM1 system, the electrostatic interaction between polar solvent is 

found to contribute more to stability than the polar moieties of GM1, POPG and POPC 

molecules (Figure 10 C). The average contribution of coulombic energy by solute is −149.3 

± 54.2 Kcal/mol and −91.4 ± 19.5 Kcal/mol in the presence of GM1 and 

POPC:POPG:Cholesterol:GM1 system, respectively. Likewise, the coulombic energy 

contribution by solvent is −402.7 ± 65.9 Kcal/mol and −406.1 ± 38.0 Kcal/mol in the 

presence of GM1 and POPC:POPG:Cholesterol:GM1, respectively, indicating that the 
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electrostatic contribution by the solvent are comparable in both systems. The van der Waals 

contribution to GM1-peptide interaction is lower at the initial stages of simulation, but 

dominates after 50 ns (Figure 10 B). Interestingly, the hydrophobic contribution in the 

POPC:POPG:Cholesterol:GM1 is comparable to that from solvent molecules (Figure 10 D): 

the contribution by solute is −30.8 ± 16.1 Kcal/mol and −7.0 ± 8.0 Kcal/mol in GM1 and 

POPC:POPG:Cholesterol:GM1 system, respectively. The van der Waals energy contribution 

by the solvent molecules for DK17 is −42.3 ± 13.7 Kcal/mol and −45.8 ± 11.5 Kcal/mol, 

respectively in the presence of GM1 and POPC:POPG:Cholesterol:GM1 system. Overall, 

structural stability of DK17 is higher in the presence of GM1 compared to 

POPC:POPG:Cholesterol:GM1.

Monitoring blood-brain barrier (BBB) and blood-spinal cord barrier (BSB) permeability of 
DK17 in mice

The two membrane structures, blood-brain barrier (BBB) and blood-spinal cord barrier 

(BSB), are known to be the most compact barrier in the human body that prohibit the 

passage of most of the chemicals and peptides into the brain and the spinal cord, 

respectively. So far, it has been significant from the NMR studies that the central segment 

Ile6-Arg11 of DK17 surprisingly preserves its alpha-helical conformation in a variety of 

model membranes irrespective of the membrane compositions, and hence provides the signal 

regardless of its contribution in membrane permeability. Therefore, in order to evaluate the 

prominence of those residues in cell membrane permeabilization into the brain and spinal 

cord, we injected AF 680 (an infrared dye)-conjugated DK17 peptide in live mice via tail 

vein and after 3 h of incubation, the signals were scanned with an Odyssey infrared scanner. 

As evident from Figure 11A (first two lanes), no such significant infrared signals were 

visible on areas of the brain and the spinal cord in Alexa Fluor 680-injected mice. However, 

some infrared signals were detected on areas of the brain and the spinal cord (Figure 11B, 

3rd, and 4th lanes), in mice receiving WT DK17-conjugated Alexa Fluor 680, thus signifying 

the cell membrane permeability of the peptide through BBB and BSB. In contrast, these 

infrared signals were not found in mice receiving mutated DK17-conjugated Alexa Fluor 

680 (Figure 11B, 5th, and 6th lanes) where the hydrophobic residues Ile6-Phe8 were 

substituted with Gly residues. The density of the AF680 signal was further quantified in 

different parts of the brain where it seems like the relative density of AF680 infra-red signal 

is comparatively much higher in all sections of the brain than that of mut-DK17 (Figure 
11D). CD experiments confirm that mut-DK17 in aqueous solution as well as in lipid 

environment remains as random coil conformation (Figure S5). Moreover, the mut-DK17 

appears to be trailing its translocation mechanism to spinal cord and brain region due to the 

absence of hydrophobic contacts, associated with the side chains of Ile6-Phe8 with lipid acyl 

groups. Overall, these results are able to set resilient implication to the importance of the 

hydrophobic interaction facilitated by the Ile6-Phe8 motif of the DK17 peptide to lipid 

membrane which chiefly governs its translocation ability to CNS.

CONCLUSIONS

In summary, the present report focuses on high-resolution structural analysis of the 

penetratin peptide DK17 in model membranes, providing new details relevant to the mode of 
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action of CPP's. By investigating the binding of DK17 to membrane systems, we have 

identified the significance of lipid bilayer composition, in the early stages of peptide-lipid 

interaction. Fluorescence and CD analysis provide conformational and dynamic information 

on differential lipid properties. High-resolution NMR studies have defined the role of the 

central segment Ile6-Arg11 of DK17, which adopts α-helical conformation irrespective of 

the (brain) model membrane compositions. Moreover, this central segment appears to 

stabilize the structure of the bound peptide through a hydrophobic interaction between the 

side chains of Ile6-Arg11 and acyl chains of lipid moieties. Dynamic behavior and 

secondary structure of DK17 in the presence of model membranes correlated with results 

from MD simulation studies. Interestingly, the atomic level information (secondary structure 

and interaction energy), elucidated by the computational techniques, is consistent the 

spectroscopic studies. Mutational change in the central region of DK17 efficiently loses its 

membrane permeability activity to BBB and BSB in mice models, while in contrary the wild 

type DK17 is capable of retaining its intrinsic membrane permeabilization ability. Our 

biophysical approach revealing atomic details of DK17 interaction in different lipid 

enviroments may assist rational designing of robust medicinal therapeutics. Input from such 

enhanced therapeutic designs might offer novel treatments for several neurodegenerative 

diseases including Alzheimer, Parkinson, Zika virus where effective treatment is still 

lacking.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Intrinsic Tryptophan fluorescence emission spectra showing binding property of DK17 

peptide towards various membrane models in a buffer solution of 10 mM PO4, pH 6.0. 

Upper panel represents the change in blue shift in the emission spectra of DK17 peptide in 

presence of increasing concentrations of GM1 (A), POPC:POPG:Cholesterol:GM1 (B), and 

TLBE (C) LUVs (from a stock solution of 1mM), whereas the change in fluorescence 

anisotropy of DK17 as a function of increasing GM1 (D), POPC:POPG:Cholesterol:GM1 

(E), and TLBE (F) LUVs concentrations was represented through the mounting trend in 

curves (lower panel).
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Figure 2. 
Bar diagram showing Stern–Volmer constant (M−1) of the studied peptide in the presence of 

GM1 (Pink), POPC:POPG:Cholesterol:GM1 (Blue) and TLBE (Green) LUVs as well as in 

free state (Black) in 10 mM PO4, pH 6.0.
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Figure 3. 
Comparative variations in secondary structure of DK17 upon titration with GM1 (A), 

POPC:POPG:Cholesterol:GM1 (B) and TLBE (C) LUVs by far UV-CD spectroscopy 

(Upper panel). The CD spectra in black color represent the free form the peptide in aqueous 

solution. Both peptide and LUVs were maintained in 10 mM Na2HPO4 buffer, pH 6.0. The 

content of secondary structure of DK17 from the CD spectra after deconvolution were 

plotted with increasing lipid concentrations (Lower panel).
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Figure 4. 
The finger print region of 2D 1H-1H NOESY spectra of DK17 (1mM) in aqueous solution 

(A) and in the presence of GM1 (B), POPC:POPG:Cholesterol:GM1 (C) and TLBE (D) 

LUVs in 10 mM Na2HPO4 buffer, pH 4.5 and at 288 K. The stock solution of all the LUVs 

was 1mM. For clarity, only medium range NOE cross-peaks (i to i+2/i+3/i+4) between 

CαH/HN resonances are shown here.
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Figure 5. 
(Upper panel) NMR structural parameters of DK17 in the context of different LUVs, 

obtained from trNOESY spectra. Bar diagram representing various NOE (sequential, 

medium range, and long range) contacts of DK17 in the presence of GM1 (A), 

POPC:POPG:Cholesterol:GM1 (B) and TLBE (C) LUVs. The thickness of the bars 

indicates the intensity of the NOESY peaks, which are denoted as strong, medium, and 

weak. (Lower panel) A histogram representing the number and variety (intra, sequential, 

medium) of NOEs of DK17 as a function of residue number in complex with GM1 (D), 

POPC:POPG:Cholesterol:GM1 (E) and TLBE (F) LUVs.
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Figure 6. 
Three-dimensional solution NMR structures of DK17 peptide in various membrane models 

in 10 mM Na2HPO4 buffer, pH 4.5. Superposition of backbone atoms (N, Cα, C’) of the 20 

lowest energy structures of DK17 bound to GM1 (A), POPC:POPG:Cholesterol:GM1 (B), 

and TLBE (C) LUVs. Cartoon representations of side chain orientation of 2D-NMR derived 

structure of DK17 in GM1 (D), POPC:POPG:Cholesterol:GM1 (E) and TLBE (F) LUVs 

showing different residues. The red dotted lines indicate either electrostatic interaction or 

hydrogen bonding between the side chain residues. Electrostatic surface potential map for 

DK17 in GM1 (D), POPC:POPG:Cholesterol:GM1 (E) and TLBE (F) LUVs showing 

charged residues.
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Figure 7. 
(A) Overlaid structures of DK17 bound to GM1 (Purple), POPC:POPG:Cholesterol:GM1 

(Cyan), and TLBE (Green) LUVs. The central helical segment (Ile6-Arg11) seems to be 

superimposed nicely with a conserved helical propensity. (B) The Ile6-Phe8 motif is 

highlighted in the overlaid structures of DK17 in different LUVs.
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Figure 8. 
Account of secondary structure calculation for DK17 in presence of (A) GM1 and (B) 

POPC:POPG:Cholesterol:GM1.
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Figure 9. 
Visualization of structural integrity and stability in presence of membrane system. 2D 

contact map of DK17 in presence of (A) GM1 and (B) POPC:POPG:Cholesterol:GM1 

system. Energy basin corresponding to bi-plot of RMSD and Rg in presence of (C) GM1 and 

(D) POPC:POPG:Cholesterol:GM1 system.
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Figure 10. 
Energy contribution from solute (yellow) and solvent (pink) that governs the DK17 

interaction with micelle models. Energy contribution corresponding to Coulomb energy in 

(A) GM1 and (B) POPC:POPG:Cholesterol:GM1 system in Kcal/mol. Energy contribution 

corresponding to van der Waals energy in (C) GM1 and (D) POPC:POPG:Cholesterol:GM1 

system in Kcal/mol.

Bera et al. Page 28

Biochemistry. Author manuscript; available in PMC 2017 September 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 11. 
In-vivo study of DK17 permeability to blood-brain barrier (BBB) and blood-spinal cord 

barrier (BSB) in mice models. Wild type (WT) and mutated DK17 peptides were conjugated 

with Alexa Fluor 680 (AF680) infrared dye followed by treatment of control female SJL/J 

mice (5-6 week old) with AF680-conjugated WT and mutated DK17 peptides (200 ng/

mouse) via tail-vein injection. After 3 h, mice were scanned in an Odyssey (ODY-0854; 

Licor) infrared scanner at the 700- and 800-nm channels (A). Mice were perfused with 4% 

paraformaldehyde. Spinal cord (B) and different parts of the brain (C) were scanned in an 
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Odyssey infrared scanner. The red background comes from 800-nm filter, whereas the green 

signal is from AF680 at the 700-nm channel. Wild type DK17 is able to translocate through 

BSB and BBB, therefore it displays signal both in different sections of brain and spinal cord. 

However, the translocation of mut-DK17 seems to be restricted in the tail region only 

indicating its impermeability to CNS. The density of the AF680 signal in different parts of 

the brain (D) was quantified. Data (relative to AF680 control) are expressed as the mean ± 

SEM of five different mice (n=5) per group. ap<0.001 vs AF680.
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Table 1

Statistical analysis of 20 lowest energy ensemble NMR structures of DK17 in various membrane models.

Distance restrains GM1 POPC:POPG:cholesterol:GM1 TLBE

Intra-residue (i–j = 0) 65 73 76

Sequential (|i–j| = 1) 74 61 70

Medium-range (2≤|i–j|≤4) 49 34 15

Long-range (|i–j| ≥5) 0 0 0

Total 188 168 161

Angular restraints 40 40 40

Φ 20 20 20

Ψ 20 20 20

Distance restraints from violation (≥ 0.3Å) 0 0 0

Deviation from mean structure (Å)

Average back bone to mean structure 0.39±0.08 0.73±0.30 1.93±0.46

Average heavy atom to mean structure 1.28± 0.11 1.53± 0.35 3.05± 0.54
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