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Abstract 
The aim of this study is to investigate the interactions between TAT peptides and a neutral DOPC 
bilayer by using neutron lamellar diffraction. The distribution of TAT peptides and the perturbation 
of water distribution across the DOPC bilayer were revealed. When compared to our previous study 
on an anionic DOPC/DOPS bilayer (X. Chen et al., Biochim Biophys Acta. 2013. 1828 (8), 
1982-1988), a much deeper insertion of TAT peptides was found in the hydrophobic core of DOPC 
bilayer at a depth of 6.0 Å from the center of the bilayer, a position close to the double bond of fatty 
acyl chain. We conclude that the electrostatic attractions between the positively charged TAT 
peptides and the negatively charged headgroups of phospholipid are not essential for the direct 
translocation. Furthermore, the interactions of TAT peptides with the DOPC bilayer were found to 
vary in a concentration-dependent manner. A limited number of peptides first associate with the 
phosphate moieties on the lipid headgroups by using the guanidinium ions pairing. Then the 
energetically favorable water defect structures are adopted to maintain the arginine residues hydrated 
by drawing water molecules and lipid headgroups into the bilayer core. Such bilayer deformations 
consequently lead to the deep intercalation of TAT peptides into the bilayer core. Once a threshold 
concentration of TAT peptide in the bilayer is reached, a significant rearrangement of bilayer will 
happen and steady-state water pores will form. 
 

Keywords: cell penetrating peptide; TAT peptide; neutron diffraction; phospholipid 
 

 

Introduction  

Since the first discovery of HIV-TAT peptide in late 1980s, a large family of short peptides capable 
of penetrating cell membrane without causing significant membrane defect have been specifically 
termed as cell penetrating peptides (CPPs) (1,2). They are very promising transporters for intracellular 
delivery of various bioactive molecules with high efficiency, low cytotoxicity and low 
immunogenicity (3-9). Numerous experimental studies have been established to better understand how 
CPPs manage to overcome the prodigious thermodynamic cost of membrane internalization (10-12). 
However, the detailed mechanisms of internalization of CPPs are still controversial which depend on 
a great variety of aspects such as the nature and size of CPP and its cargo, the concentration used, the 
temperature involved, and the cell lines targeted etc (13-15). Despite of a lot of controversy and debate, 
the common consensus is that both direct translocation and energy-dependent endocytosis 
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mechanism are involved (12,13). While the endocytosis pathway has been generally accepted, the direct 
translocation across the membrane has been constantly questioned over years (13,14,16). In terms of the 
direct translocation mechanism, four pathways have been implicated: inverted micelles, pore 
formation, carpet model and membrane-thinning model (12). 
 
As a typical representative of polycationic and arginine-rich CPPs, the human immunodeficiency 
virus type 1 (HIV-1) TAT peptide is one of the best characterized CPPs (17). Since the TAT peptide 
(47YGRKKRRQRRR57) carries a net charge of +8, many previous studies have initially assumed that 
the efficient internalization of TAT peptide strongly relies on the electrostatic interactions between 
the positively charged arginine residues of peptide and the negatively charged headgroups of 
phospholipid like phosphoserine and phosphoglycerol (18-20). However, such a proposal does have 
two obvious weaknesses: 1) Anionic phospholipids are minor constituent of the eukaryotic cell 
membrane and few (~2%) are present on the external leaflet of the plasma membrane (21) , 2) 
Arginine-rich CPPs have much better internalization capacity than other polycationic CPPs, such as 
lysine- and histidine -rich peptides (4,22). These evidences clearly indicate that the electrostatic 
attraction alone is insufficient for the internalization of TAT peptide. Indeed, a growing number of 
studies have turned to another explanation that the bidentate hydrogen bonds formed between the 
guanidinium ions on arginine residues and the phosphate moieties on lipid headgroups might play a 
unique role in facilitating the translocation of TAT peptide (19,22-25). With the aim of clarifying the 
exact contribution of electrostatic attraction in the internalization of TAT peptide, this paper reports 
the use of a sensitive method –neutron lamellar diffraction – to determine the unambiguous 
distributions of TAT peptides across the neutral DOPC bilayer.  
 
In our previous neutron diffraction experiments, the distribution of TAT peptides in a partially 
negatively-charged phospholipid bilayer (DOPC/DOPS) was investigated, and two populations of 
peptide, in the glycerol backbone region of bilayer and the peripheral water phase between adjacent 
bilayers, were established (26). We believed the intrinsic deep-insertion of TAT peptide in the 
hydrophobic core region of the lipid bilayer was largely repelled by the strong electrostatic 
attractions between the negatively-charged headgroups of phospholipid and the positively charged 
TAT peptides. It subsequently leads us to speculate the role that the negatively-charged headgroups 
of DOPS lipid play in the internalization of TAT peptide may be less important than previously 
thought (26). In present study, we extend our first experiment, and focus on whether the TAT peptides 
can insert into the pure neutral DOPC lipid bilayer. The distribution of TAT peptides in the DOPC 
bilayer and the perturbation of water distribution across the bilayer will be revealed. 

 

METHODS 

Chemicals 

TAT peptide (47YGRKKRRQRRR57) was purchased from Almac Sciences Ltd. (Edinburgh, U.K.). 
The purity of TAT peptide was higher than 95%, as revealed by HPLC and MALDI-TOF mass 
spectrometry. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from Avanti Polar 
Lipids Inc. (USA) and used without further purification. Chloroform and other chemicals were 
of analytical-reagent grade and purchased from Sigma-Aldrich (U.K.). 
 

Sample Preparation 
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20 mg of lyophilized DOPC lipids were first dissolved in chloroform as a lipid stock solution. TAT 
peptide was dissolved in ultrapure water (Merck Millipore) and then mixed with the DOPC lipid 
stock solution to form desired peptide-to-lipid molar ratios (P/L) of 1 to 10 %. To ensure the peptide 
and DOPC lipid were mixed uniformly, the mixtures were vortexed vigorously for 10 minutes. 
Finally, the mixtures were deposited onto quartz microscope slides (75 mm x 25 mm) by an artist’s 

airbrush, utilizing nitrogen as a propellant. Solvents were removed under vacuum for over 6 hours. 
 

Neutron Diffraction data collection and analysis 
Neutron diffraction data were collected on the D16 instrument at the Institut Laue-Langevin (ILL), 
France, using the real-time swelling-series method as previously described (27, 28). Dried lipid 
mixtures were re-hydrated at various relative humidities using saturated salt solutions of KCl, KNO3 
or K2SO4 in 8.06% or 25% (v/v) 2H2O. The saturated salt solutions set the relative humidity to 84%, 
94% or 98%, respectively. The sample was kept in a sealed aluminum chamber at 25°C for over 6 
hours in order to reach equilibrium. The slide with fully equilibrated lipid sample was rapidly 
mounted on a goniometer of the diffractometer for measurement. The wavelength of neutrons was 
4.740 Å. The diffraction data collection and analysis procedure for all the lipid samples are the same 
as previously described (26). 
 
 

RESULTS  

Structure factors and scattering length density profiles 

A series of measurements were conducted to compare the distributions of TAT peptides across the 
DOPC bilayer at various peptide concentrations from 1 to 10 mol%, following the real-time 
swelling-series protocol. (See supplemental material for raw diffraction data). At the isotopic 
composition of 8.06% 2H2O, the negative scattering of hydrogen nuclei is exactly balanced by the 
positive scattering of oxygen and deuterium nuclei, meaning that the neutron scattering by water is 
eliminated (zero). The distinct advantage of this special condition is that all observed structure 
factors from various experiments can lie on the same continuous transform, thereby allowing a same 
function to be fitted simultaneously to all observed points. Compared to the 2H2O/H2O exchange 
method, the requirement for scaling between measurements in the same series disappears and the 
accuracy of intensity measurement is much improved (28).  
 

 

Figure 1. Demonstration of the phase determination of structure factors. The solid points are the 
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corrected but unscaled structure factors at 3 different relative humidities, and the line is a fit of a 
continuous transform for phase determination (- - + - + for orders 1–5 in the DOPC lipid bilayer with 
1 mol% of TAT peptide).  
 

To help phase the diffraction data, and obtain more detailed structural information, the lamellar 
D-repeat was systematically varied by changing the membrane hydration. Figure 1 illustrates how 
the data were fitted to assign phases to structure factors derived from diffraction peak intensities. 
Experimentally determined structure factors for 5 orders at 3 different relative humidities were 
plotted in reciprocal space and assigned positive or negative values to achieve a least-squares 
minimization, subsequently satisfying the Shannon’s sampling theorem 

(27-29). Table 1 summarizes all 
the experimentally derived and phased structure factors used to reconstruct the scattering length 
density (SLD) profiles in presence and absence of TAT peptide with 8.06 % 2H2O, including the form 
factor errors from the fitting procedure. The phased structure factors were then placed on a relative 
absolute scale to reconstruct the SLD profile by Fourier synthesis, following the procedure 
previously described (27,28). The observed difference profile (red broken line) was fitted as two 
Gaussian shaped peaks in reciprocal space, revealing the position, width and area of the transbilayer 
peptide distribution, as seen in Figure 2. The blue solid line is a fit of two Gaussian functions to the 
difference profile, whose parameters are summarized in Table 3.  
 

P/L ratio F(1) F(2) F(3) F(4) F(5) 

0% -42.06 ± 0.36 -25.46 ± 0.18 17.59 ± 0.15 -8.48 ± 0.07 4.03 ± 0.03 

1% -46.38 ± 0.23 -25.33 ± 0.12 17.48 ± 0.18 -8.26 ± 0.04 6.01 ± 0.06 

3% -45.94 ± 0.32 -23.01 ± 0.21 16.15 ± 0.09 -10.41 ± 0.07 5.48 ± 0.01 

5% -38.65 ± 0.28 -16.69 ± 0.16 12.02 ± 0.12 -6.16 ± 0.04 4.50 ± 0.03 

10% -51.38 ± 0.45 -16.09 ± 0.12 9.89 ± 0.08 -5.47 ± 0.05 6.41 ± 0.08 

Table 1. Experimental determined and phased structure factors of DOPC lipid bilayers in presence 
and absence of different concentrations of TAT peptide, with 8.06 % 2H2O. 
 

2A  
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2B  

2C  

2D  

Figure 2. Neutron scattering length density profiles of a pure DOPC lipid bilayer (black solid line), 
of lipid bilayers with different amount of TAT peptide (black broken line) at 8.06% 2H2O, and a 
difference profile calculated by subtracting structure factors for pure lipid from structure factors for 
lipid with TAT peptide (red broken line) are displayed. A fit of two Gaussian functions to the 
difference profile was to determine the position, width and area of peptide distribution (blue solid 
line). From Figure 2A to 2D, the amount of TAT peptide increased. 
 

D-repeat and bilayer thickness 

The lamellar D-repeat of the pure DOPC bilayer, calculated using the Bragg equation from 5 orders 
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of diffraction at a relative humidity of 98%, was 53.9 Å (Table 2). When more peptides up to 5 mol% 
were introduced, no significant change was found in D-repeat. A huge increase of 2.8 Å was only 
observed at 10 mol% peptide concentration, compared to the pure DOPC lipid (56.7 vs 53.9 Å). The 
bilayer thickness was extracted from the SLD profile of the bilayer at 8.06% 2H2O (Figure 2), which 
is defined as the distance between the two maxima in the SLD profile. Values for the putative bilayer 
hydrophobic thickness are presented in Table 2. When 1 mol% peptide was firstly introduced into the 
bilayer, the bilayer thickness immediately shrank from 36.6 to 35.6 Å. No significant bilayer 
thinning was detected, when the peptide concentration was further increased up to 10 mol%.  
 
 

Table 2. D-repeat and putative bilayer thickness of DOPC lipid bilayer in presence and absence of 
TAT peptide at 98%RH, with 8.06 % 2H2O. 

 

Peptide distribution in DOPC lipid bilayer 

 
Figure 3. Summary of the Gaussian fits to observed peptide (difference SLD) profiles at a series of 
peptide concentrations, representing TAT peptide distributions in neutral DOPC bilayers. The 
interbilayer water compartment is at the two edges of the graph. A pair of phospholipid molecules is 
shown above the graph to illustrate the orientation of the lipid bilayer. The comparison is set to the 
same D-repeat. 
 

TAT peptide distribution L/P=100:1 L/P=100:3 L/P=100:5 L/P=100:10 

Gaussian 1 Position (Å) 27.3 27.3 27.3 27.3 

 Width (Å) 4.3 7.8 5.4 5.2 

 Occupancy (%) 49.1 69.7 75.1 83.6 

Gaussian 2 Position (Å) 5.0 6.2 5.0 6.1 

P/L ratio 0% 1% 3% 5% 10% 

D-repeat (Å) 53.9 54.1 54.2 53.9 56.7 

Bilayer thickness (Å) 36.6 35.6 35.5 35.5 35.5 
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 Width (Å) 4.9 3.5 4.5 3.8 

 Occupancy (%) 50.9 30.3 24.9 16.4 

Table 3. Summary of the Gaussian fit parameters for the calculated peptide (difference SLD) profiles 
in reciprocal space. Five orders of diffraction were used in the fitting procedure. The position of TAT 
peptide is expressed as the distance from the center of the bilayer. The width is the full width at half 
height.  
 
As seen in Figure 3 and Table 3, the best fit to the observed peptide profile shows that the 
interactions between TAT peptides and a neutral DOPC lipid bilayer took place at two discrete 
positions. One involved deep insertion into the bilayer core region a depth of 6.0 Å from the center 
of the bilayer, a position close to the double bond of the fatty acyl chain. While the second one was 
more peripheral at a depth of 27.3 Å from the center of the bilayer, the edge of centrosymmetric unit 
cell, representing the aqueous bulk between adjacent bilayers. When the TAT peptide concentration 
increased from 1 to 10 mol%, the positions of two peptide populations across the bilayer did not shift. 
Interestingly, the population increase could only be observed in the peripheral aqueous phase 
between adjacent bilayers but not in the hydrophobic core region of the bilayer, upon the 
introduction of more peptides into the bilayer (Figure 3). This change was found to be highly 
proportional to the molar ratio of peptide introduced (R2=0.90, data not shown).  
 

Water distribution in DOPC lipid bilayer 

 

Figure 4. Summary of Gaussian fitting results to observed water (difference SLD) profiles at a series 
of TAT peptide concentrations in neutral DOPC bilayers. The interbilayer water compartment is at 
the two edges of the graph. A pair of phospholipid molecules is shown above the graph to illustrate 
the orientation of the lipid bilayer. All comparisons are set on the same D-repeat. 
 

Water distribution Pure Lipid L/P=100:1 L/P=100:3 L/P=100:5 L/P=100:10 

Gaussian 1 Position 
(Å) 

23.5 22.5 21.7 
 

21.4 22.2 

 Width (Å) 7.2 7.2 7.5 7.8 5.6 

 Occupancy 
(%) 

100 100 100 100 76.2 
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Gaussian 2 Position - - -  6.8 
 Width (Å) - - -  3.9 

 Occupancy - - -  23.8 
 
Table 4. Summary of the parameters of fitting Gaussian distribution to the calculated water 
(difference SLD) profiles in reciprocal space. Five orders of diffraction were used in the fitting 
procedure. The position of water is expressed as the distance from the center of the bilayer. The 
width is the full width at half height.  
 
The water distribution across the bilayer provided additional support to the interaction of TAT 
peptides with a DOPC lipid bilayer. The observed water profiles were calculated by subtracting the 
structure factors at 8.06% 2H2O from those at 25% 2H2O. All fitted water profiles are compared in 
Figure 4 and the resultant parameters from the Gaussian fitting are summarized in Table 4. 
Increasing amount of water is seen in Figure 4, where the water distribution grows in width and 
moves toward the center of the bilayer when more peptides are introduced (1 to 5 mol%). This 
suggests more water molecules were needed to maintain the TAT peptides hydrated, when more 
peptides occupied a deeper position of the bilayer. However, no water penetrates into the 
hydrophobic core region of the DOPC lipid bilayer, as the water density in the center of the bilayer is 
marginal at all peptide concentrations lower than 10 mol%.  
 
A significant change on the water profile was found at the highest peptide concentration investigated 
(10 mol%). The best fit to this water profile can only be modeled by two discrete Gaussian peaks, 
representing two water populations across the bilayer. 24% of water population deeply intercalated 
into the glycerol backbone region at a depth of 6.8 Å from the center of the bilayer, a position close 
to the double bonds of the oleoyl acyl chain, while 76% of water population kept in the aqueous bulk 
between adjacent bilayers at a depth of 22.2 Å from the center of the bilayer. As the width of the 
deep intercalated water distribution (3.9 Å) covers almost the entire hydrophobic core region of the 
bilayer, it is very clear evidence that a transbilayer water pore was formed at the highest peptide 
concentration investigated (10 mol%). 
 

DISCUSSION 
Our neutron diffraction data clearly shows that the interactions of TAT peptides with a neutral DOPC 
lipid bilayer were varied in a concentration-dependent manner. The bilayer thickness significantly 
shrank and water densities greatly shifted when 1 mol% peptide was firstly introduced into the 
bilayer. No obvious bilayer thinning and water moving toward the bilayer core were detected, when 
the peptide concentration was further increased up to 5 mol%. A significant structure distortion – a 
transbilayer water pore – was only found at the highest peptide concentration investigated (10 mol%). 
In fact, similar water defect formations have been implicated by previous MD simulation studies. 
MacCallum’s group demonstrated that the translocation of an arginine across the pure DOPC bilayer 
accompanied by the formation of a water defect that keeps the arginine hydrated even at the center of 
the bilayer  (30). Li and his colleagues showed that any attempt to hold the location of a single 
charged arginine deeper in the bilayer than its free energy location would severely distort the pure 
DPPC bilayer by opening a hole above it that will draw in water (31). Furthermore, it was 
demonstrated that octa-arginine (R8) peptides interacted with each other in a cooperative manner to 
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prolong the life-time of transient pores presented in the DPPC bilayer, thereby facilitating the rapid 
translocation of peptides. When a threshold concentration of octa-arginine peptide in the bilayer was 
reached a steady-state water pore would form (25). 
 
It should be noted that the neutron diffraction form factors measure an equilibrium state of lipid 
bilayer samples (27,28). If the form factors obtained from experiments were agreed with a water pore 
structure, it would indicate that the pore structure in the bilayer was at steady state and not transient. 
Conversely, any non-equilibrium structure like a transient water defect which has been constantly 
implicated by other studies could not be extracted from the neutron diffraction method. Although the 
water defect formations by drawing lipid headgroups and water molecules into the bilayer core is 
partially supported by the bilayer thinning and the water densities moving towards the center of the 
bilayer observed in our experiments. 
 
Similar concentration-dependent behaviors of the arginine-rich peptides have been described by 
other studies (25,32). A critical peptide concentration was needed for a water pore formation when 
hexa-arginine peptides interacted with a DMPC/DMPS anionic lipid bilayer (32). Another intriguing 
study reported that the translocation of arginine molecules into the DOPC lipid bilayer is highly 
nonadditive (30). Once a water defect was formed and the free energy penalty had been paid by the 
first arginine, relatively small free energy was required to transfer additional arginine molecules into 
the existing water defect. No significant change would be expected from the distribution of water or 
lipid headgroups (30). All above early findings are in good agreement with our current observations. 

 

The driving force of direct membrane translocation 

Like most of the early studies on polycationic CPPs, we had initially assumed that the strong 
electrostatic attractions between the positively charged TAT peptides and the negatively charged 
headgroups of phospholipid are the key factor for the translocation of TAT peptide (18,33). The 
interactions of TAT peptides with a negatively charged DOPC/DOPS lipid bilayer were previously 
investigated using the neutron diffraction, when two populations of the TAT peptide across the 
anionic lipid bilayer were detected (26). One is in the peripheral aqueous phase between adjacent 
bilayers at 25 Å and the other is below the glycerol backbone region at a depth of 14 Å from the 
center of the bilayer, under all peptide concentrations investigated (from 0.1 to 10 mol%). Most 
notably, at the highest peptide concentration investigated (10 mol%), no deep insertion of TAT 
peptide into the hydrophobic core region of the DOPC/DOPS bilayer was found and most of peptides 
were still constrained on the glycerol backbone region of bilayer (26). We proposed that the negatively 
charged headgroups of lipid bilayer prevented the TAT peptides from their intrinsic intercalation into 
the hydrophobic core region of the bilayer, leading to more surface distribution of peptides in the 
peripheral aqueous phase of the bilayer and diminished translocation efficiency. It has prompted us to 
speculate the role that the electrostatic attractions between the negatively charged headgroups of 
phospholipid and the positively charged TAT peptides play in the translocation of TAT peptide may 
be less important than previously thought. 

 

The above argument is convincingly supported by our current data where the TAT peptides deeply 
intercalated into the hydrophobic core region of a neutral DOPC lipid bilayer at a depth of 6.0 Å 
from the center of the bilayer, a position close to the double bond of the fatty acyl chain. Obviously, 
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the TAT peptide can intercalate into a much deeper position in the bilayer, without the negatively 
charged phospholipids. This notion is well corroborated by other previous studies using different 
techniques. A very recent work using X-ray scattering showed that the bilayer thinning and the 
disruption of acyl chains were observed when the TAT peptides interacted with a neutral DOPC lipid 
bilayer, and such bilayer deformations were not affected by the increasing DOPE lipid content (34). 
An atomic force microscopy work showed that the TAT peptide can bind to a neutral 
DOPC/SM/cholesterol mixture lipid bilayer without any negatively charged lipids (35). A solid-state 
31P NMR spectroscopy study demonstrated that the TAT peptide only induced pronounced isotropic 
lipid morphology in a pure neutral DMPC lipid bilayer, but not in a pure anionic DMPG lipid bilayer. 
The isotropic signal of lipid morphology significantly decreased when the anionic DMPG lipid 
content increased (36). Therefore, we conclude that the electrostatic attractions between the positively 
charged TAT peptides and the negatively charged headgroups of phospholipid are not a prerequisite 
for the direct membrane translocation. As many previous studies have demonstrated that the 
internalization of CPPs might occur through distinct pathways in the same time, including direct 
translocation and endocytosis (13,14), we do not preclude the potential role of the electrostatic 
attractions plays in the initiation of endocytosis pathway. In fact, we suggest such electrostatic 
interaction on the surface of lipid bilayer might function as a switch to control the different 
internalization mechanisms of CPPs under various physiological conditions.  
 
Concerning the basic driving force of the membrane translocation of TAT peptide, accumulating 
studies are leading to a more reasonable explanation that the multidentate hydrogen bonds formed 
between the guanidinium ions on arginine residues and the phosphate moieties on lipid headgroups 
play a unique role in facilitating the translocation of TAT peptide (19,22-25). A previous MD simulation 
study demonstrated that the like-charge ion pairing was found to shape when transferring 
guanidinium ions inside a POPC lipid bilayer, thereby leading to transient pore formations (23). They 
concluded that the guanidinium ion pairing was the key factor that facilitates the highly charged 
peptide to compress inside the membrane defect without affecting the membrane integrity. This 
seems to be supported by our observation that no severe distortion of bilayer was found under the 
low peptide concentrations investigated (1 to 5 mol%). 
 

The insertion of TAT peptide in the hydrophobic core region of lipid bilayer 

From the conventional view based on the continuum electrostatic model, the translocation of charged 
molecules from an aqueous solution to a low dielectric lipid membrane is strongly disfavored. Our 
observation that the deep intercalation of a highly positively charged TAT peptide (carrying a net 
charge of +8) in the hydrophobic core region of lipid bilayer is opposing the prevailing view in 
membrane biophysics. An intriguing question is raised by our surprising observation that whether the 
charged amino acids like arginine can remain in a low dielectric lipid hydrocarbon environment. This 
question was highlighted by the recent model of voltage-gated ion channel which utilizes the 
arginine side chains to detect transmembrane voltage changes (37,38) and the active membrane 
translocation of arginine-rich CPPs (22-25). If the interactions between arginine molecules and a 
membrane bilayer are governed by a Born-type free energy model, the cost of transferring an 
arginine from the water to the membrane center should be as high as ~170 kJ/mol (39). However, the 
lipid membrane is a flexible and dynamic structure which should not be simply treated as rigid slabs 
of hydrocarbon. The ion-membrane interactions cannot be simply described by the continuum 
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electrostatic model. In fact, MD simulations from several groups have found that the free energy cost 
for placing an arginine into the bilayer core is ~60 to 80 kJ/mol, which is much smaller than 
traditionally thought (30,39,40). Intriguingly, a water defect structure in the bilayer was adopted to 
maintain the arginine residues hydrated by drawing water molecules and lipid headgroups into the 
bilayer core, when transferring an arginine across the bilayer. There were one lipid headgroup and 
four or five water molecules coordinated with an arginine (30,31). This seems to be supported by the 
thinning of DOPC bilayer under low peptide concentrations investigated (1 to 5 mol%) and the 
presence of transbilayer water pore at the highest peptide concentration investigated (10 mol%) from 
our observations. Therefore, the free energy costs for transferring an arginine across the bilayer are 
not only associated with dehydration, but also associated with the bilayer deformations to maintain 
the arginine molecule hydrated. Without bilayer deformations, the free energy costs will be doubled, 
which would lead to a complete deprotonation of arginine (41).  
 
Moreover, biological membranes are composed of many different types of lipid, carbohydrate, and 
protein - along with an asymmetric distribution of lipids between membrane leaflets, the energy to 
overcome the dielectric barrier could differ substantially depending on the exact composition of the 
membrane. Accumulating evidences are showing that the introduction of nonopolar amino acids, 
helical proteins and specific lipid molecules into the biological membrane will provide additional 
stabilization to water defects and further lower the free energy cost (31,41,42). It is reasonable to argue 
that the free energy cost of ~ 60 kJ/mol for transferring an arginine into the bilayer core from current 
experimental and computational studies is still overestimated for the passive diffusion of 
arginine-rich CPPs in a biological - rather than model - membrane. In short, all above evidences 
suggested that considerably less free energy is required to place the arginine residues in the center of 
the bilayer than might be expected. This hypothesis would confidently satisfy our observation that 
the deep intercalation of TAT peptides into the hydrophobic core region of DOPC bilayer and bring 
important implications for the efficient membrane translocation of arginine-rich and polycationic 
CPPs. 
  

CONCLUSIONS  

In summary, the study presented here was completed by using the neutron lamellar diffraction 
method to investigate the interactions between TAT peptides and a neutral DOPC lipid bilayer. When 
compared to our previous study on an anionic DOPC/DOPS lipid bilayer, much deeper intercalation 
of TAT peptide was found in the hydrophobic core region of the neutral DOPC lipid bilayer at a 
depth of 6.0 Å from the center of the bilayer, a position close to the double bond of fatty acyl chain. 
These observations lead to an unambiguous conclusion that the electrostatic attractions between the 
positively charged TAT peptides and the negatively charged headgroups of phospholipid like 
phosphoserine are not a prerequisite for the efficient translocation of TAT peptide.  
 
Moreover, we propose a mechanism of the translocation of TAT peptide across the neutral DOPC 
lipid bilayer. A limited number of peptides first associate with the phosphate moieties on the lipid 
headgroups by using the guanidinium ions pairing. Then the energetically favorable water defect 
structures are adopted to maintain the arginine residues hydrated by drawing water molecules and 
lipid headgroups into the bilayer core. Such bilayer deformations consequently lead to the deep 
intercalation of TAT peptides into the bilayer core at a depth of 6.0 Å from the center of the bilayer, a 
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position close to the double bond of fatty acyl chain. Once a threshold concentration of TAT peptide 
in the bilayer is reached, a significant rearrangement of lipid bilayer will happen and steady-state 
water pores will form. 
 
Our findings show that the lipid composition and the peptide concentration present can cast a 
profound effect on the direct translocation of TAT peptide. Understanding the mechanism by which 
arginine-rich CPPs interact with the lipid bilayer will greatly contribute to our fundamental 
knowledge of the mechanism behind internalization of charged molecules through the cell membrane, 
and the design of more efficient transporters for bioactive drug delivery.  
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Highlights 

· The interactions between TAT peptides and a DOPC lipid bilayer was studied by neutron diffraction. 

· TAT peptides was found in the core region of DOPC bilayer at a depth of 6.0 Å from the center of bilayer  

· The interactions were found to vary in a concentration-dependent manner. 

· A threshold concentration of TAT peptide in the bilayer is reached, water pores will form. 


