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Abstract

Cell-Penetrating Peptides (CPPs) are known as efficient transporters of molecular cargo across 

cellular membranes. Their properties make them ideal candidates for in vivo applications. 

However, challenges in development of effective CPPs still exist: CPPs are often fast degraded by 

proteases and large concentration of CPPs required for cargo transporting can cause cytotoxicity. 

It was previously shown that restricting peptide flexibility can improve peptide stability against 

enzymatic degradation and limiting length of CPP peptide can lower cytotoxic effects. Here we 

present peptides (30-mers) that efficiently penetrate cellular membranes by combining very short 

CPP sequences and collagen-like folding domains. The CPP domains are hexa-arginine (R6) or 

arginine/glycine (RRGRRG). Folding is achieved through multiple proline-hydroxyproline-

glycine (POG)n repeats that form a collagen-like triple helical conformation. The folded peptides 

with CPP domains are efficiently internalized, show stability against enzymatic degradation in 

human serum, and have minimal toxicity. Peptides lacking correct folding (random coil) or CPP 

domains are unable to cross cellular membranes. These features make triple helical cell 

penetrating peptides promising candidates for efficient transporters of molecular cargo across 

cellular membranes.
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1. Introduction

Molecular transporters across the plasma membrane have been long sought after to improve 

cellular uptake efficiency of therapeutic drugs and imaging agents [1–3]. One of the most 

popular classes of molecular transporters is cell-penetrating peptides (CPPs) [4,5]. CPPs 

proved to be capable of transporting a variety of cargos: small molecules, proteins, nucleic 

acids, quantum dots and contrast agents [6,7]. General classification of CPPs divides them 

into three major groups: (1) cationic peptides where more than eight positive charges are 

needed for peptide cellular uptake, (2) hydrophobic peptides, and (3) amphipathic peptides 

with alternating charged/hydrophobic residues [5].
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Although cationic CPPs are one of the best molecular transporters, their use have limitations 

[8]. The multitude of positive charges located within cationic peptides can lead to side 

effects including diminished cell viability and disrupted membrane integrity upon uptake 

[5,9,10]. It was shown that decreasing the length of CPP effectively diminished peptide 

toxicity [12]. Yet, limiting the number of charges (below eight) prevents cationic peptides 

from entering the cell [13]. The number of charges associated with CPPs can be decreased in 

some amphipathic peptides, where hydrophobic and charged domains within the sequence 

allow the peptide to fold into secondary structure like α-helixes, β-sheets or polyproline 

helixes (PPII) [13–16]. In these cases, cooperation of positive charges, hydrophobic domains 

and, in some cases receptor specific sequence, allows for translocation of peptide with 

molecular cargo across the membrane.

The mechanism of CPP translocation is still a matter of discussion [17]. The similarity in 

sequence, size, and chemical character within the CPP family would suggest a single 

mechanism of cellular entry. This is contrary to experimental observations where several 

different mechanisms of entry have been identified [18–21]. In view of this, the presence of 

the receptor binding sequence or particular secondary structure (or lack of it) is not 

necessary for peptide translocation across the membrane.

The main interest in developing CPPs comes from their potential application in transporting 

therapeutic and imaging agents, but many peptides are susceptible to enzymatic degradation 

[22]. Peptide stability against enzymatic degradation can be often improved by introduction 

of unnatural amino-acids. Another approach is to restrict their conformational flexibility by 

peptide cyclization, sequence-induced folding into well-defined secondary structure or 

introduction of covalent modifications i.e. cysteine knots in collagen-like structures [23–25].

Here we present characterization of synthetic cell-penetrating peptides folded into a collagen 

triple helix. The rationale behind designing new synthetic CPP was to limit the length of a 

CPP sequence to diminish possible peptide toxicity [12]. The number of arginines in the 

designed polyarginine CPP sequence is too small for the peptide to be able to penetrate the 

cell membrane in coil conformation [26–29], but when folded into higher order structure, 

will be able to cross the cell membrane. Therefore peptide folding was used as a strategy to 

accumulate enough charges for peptide internalization. Additional reason to employ peptide 

folding was to decrease peptide flexibility and thus protect it against enzymatic degradation.

To accomplish this goal designed peptides have two domains: “CPP domain” and “folding 

domain”. Two different CPP domain sequences were studied in this work: R6 and 

RRGRRG. Both CPP domains within designed peptides contain insufficient number of 

arginines to penetrate cell membrane when peptide is in coil conformation (unfolded). To 

introduce secondary structure into the peptides the folding domain was used. The folding 

domain is based on collagen peptide sequence: multiple repeats of Proline-Hydroxyproline-

Glycine (POG)n that has a high propensity to form triple helix, and thus allows the peptide 

to fold into a helical conformation.
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In this work, synthesized peptides were characterized with circular dichroism spectroscopy 

and confocal microscopy. Cytotoxicity and enzymatic degradation studies were performed 

in view of potential application of peptides as molecular transporters.

2. Materials and Methods

2.1. Materials

All reagents were used as received unless noted otherwise. All peptides (Table 1) were 

purchased from Tufts University Core Facility (solid support synthesis and HPLC 

purification). All but T5 were modified with FITC (fluorescein isothiocyanate, EX= 494 nm, 

EM= 521 nm) at the N-terminus via a β–alanine-glycine-glycine linker. Distilled water was 

purified by a Milli-Q (Millipore) deionizing system.

2.2. Circular Dichroism

CD measurements were performed with a Jasco J-810 spectropolarimeter equipped with a 

Peltier temperature control system, using quartz cells with a path length of 0.2 cm. Prior to 

measurements, the peptides were thermally annealed: peptide solutions in water (2×10−7 M) 

were pre-heated to 80 °C for 5 min and slowly cooled down to 4°C, then incubated for 24 h. 

The peptide solutions were transferred to a CD cell and equilibrated for 30 min at 37 °C. A 

scan speed of 50 nm/min was used, and four scans per sample were acquired. A reference 

spectrum containing deionized water was subtracted from the final peptide spectrum.

Thermal unfolding curves were obtained by monitoring the decrease in ellipticity in a 25 to 

80 °C temperature range at a wavelength where the CD spectra show a positive maximum 

(224 nm) at a heating rate of 10 °C/h. The derivative of the plotted unfolding curve was 

calculated using Jasco Spectra Manager II software. The minimum of the derivative 

indicates the steepest slope of the unfolding process and determines the helix to coil 

transition temperature (Tm) under described conditions. All experiments were performed in 

duplicates or triplicates.

2.3. Cell Cultures and Cellular Uptake

NIH-3T3 Swiss mice fibroblasts and and Jurkat E6, human leukemia cells were purchased 

from ATCC and cared for according to provided protocols. In short, the cells were grown in 

complete media: DMEM, Mediatech Inc. (3T3) or RPMI, Mediatech Inc. (Jurkats); 10% 

FBS (Cellgrow), 100 U / mL penicillin (Fisher Scientific), and 0.1 mg / mL streptomycin 

(Fisher Scientific). Passages 3–10 were used for all experiments. Peptide uptake studies 

were performed by dissolving given peptide in phosphate buffered saline (PBS, pH=7.4, 

Fisher Scientific) and incubating cells with the peptide for variable times (5 min to 30 min) 

at 37°C. Subsequently cells were washed 3 times and examined with microscopy or flow 

cytometry.

2.4. Confocal Microscopy

Inverted fluorescent microscope (Nikon TE2000) and confocal microscope (Olympus 

Fluoview) were used for cell imaging. 3T3 Swiss mice fibroblasts were seeded at 50,000 

cells in 1000 μL of media per dish in DMEM complete media and incubated overnight in 
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35mm petri dishes with No. 1.5 coverslip as a bottom (MatTek Corporation). The following 

day cells were incubated with studied peptides (PBS, 0.1 μM to 100 μM) for up to 30 min. 

After incubation, cells were washed three times with PBS and 1 ml of PBS was added to the 

plate. The cells were imaged immediately with an Olympus Fluview confocal microscope at 

20X, 40X and 100X oil immersion objectives. If DAPI (Molecular Probes) staining was 

performed, the cells were fixed with glutaraldehyde (Aldrich), washed with PBS and 

stained.

2.5. Flow Cytometry

Jurkat E6 human leukemia cells were used for all flow cytometry assays. Cells (30,000 cells 

in 300 μl RPMI media) were placed in conical tube and 300 μl of studied peptide stock 

solution (in PBS) was added. Peptide concentration in final solution was varied (0.1 to 100 

μM) and cells were incubated for different time intervals from 5 to 30 min. After incubation 

with peptide carriers, cells were spun at 3000 rpm for 2 min., washed three times with cold 

PBS and then resuspended in PBS containing 0.1 % BSA. Cells (10,000/sample) were 

analyzed using flow cytometry (Cell Lab Quanta SC-MPL) to quantify the cellular uptake of 

the peptides.

2.6. Cell Viability assay

Cellular toxicity of the peptides was determined using Trypan Blue assay (BioRad). 3T3 

Swiss mice fibroblasts were cultured into 24 well plates at a density of 185,000 cells in 1 ml 

of complete media and incubated for 24h. The cells were then incubated with 15 μM 

concentration of peptides in PBS for 30 min. Following incubation, the cells were washed 

thrice with PBS and treated with 100 μl of trypsin (Mediatech Inc.) for 2 min. The cells were 

transferred to culture tube, incubated with Trypan Blue for 1 minute and counted on a 

hemocytometer (Bright Line, Hausser Sci.).

2.6. Enzymatic digestion

Enzymatic digestion of peptides was performed according to a previously published protocol 

[30]. In short, stock solutions of each peptide FL4, FL8, T5, V2R, V1 and V2 (10 mg/ml) 

were prepared in distill water . 95 μl of 25% human serum/RPMI (v/v) was equilibrated at 

37ºC for 15 min before adding 5 μl of the given peptide stock solution. The digestion was 

performed for different time intervals at 37ºC. After incubation, 200 μl of 95% ethanol was 

added to stop the reaction and the cloudy sample was incubated at 4ºC for 15 min. 

Following the cooling procedure, the samples were spun at 14,000 rpm for 2 min. to obtain 

the supernatant, free of precipitated serum proteins. Peptides were analyzed by reverse-

phase HPLC (Varian) using a (Vydac, Agilent) C-18 column and a 10 – 100 % gradient 

(0.08% trifluoro-acetic acid in water, 0.08% trifluoro-acetic acid in acetonitrile) over 10 

min. (flow rate = 2 ml/min, detection at 214 nm) at room temperature. Kinetic analysis was 

performed on the bases of peak area and pseudo first order reaction rate was assumed 

according to reference [30].
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3. Results

3.1 Peptides

Peptides were synthesized, purified and characterized (HPLC, MS) by the Tufts University 

Core Facility. Table 1 lists all the sequences studied in this work. With the exception of T5 

all peptides were modified with fluorescein isothiocyanate (FITC) at the N-terminus (via a 

β–Alanine-Glycine-Glycine linker) to visualize cellular uptake. The FITC linker sequence 

was designed to prevent possible quenching of the fluorescence when three peptides fold 

into helical conformation [31]. The C-terminus of all peptides was blocked by amidation to 

avoid unintended reactions.

3.2 Conformational studies of peptides

The secondary structure of all peptides was studied with circular dichroism (CD) 

spectroscopy. The CD spectra of polyarginine-based peptides show only one transition 

(amide ππ* transition at 197 nm), since most of them exhibit coiled conformation without 

well-defined secondary structure. On the other hand, CD spectra of collagen and collagen 

peptides are dominated by two transitions: a negative amide peak at 197 nm (ππ* transition) 

and a positive peak at 224 nm (nπ* transition) [30]. In Figure 1, the CD spectra of peptide 

V1, V2, V2R, FL8, FL4 and T5 peptides recorded at 37°C are presented. The spectra of V1, 

V2 and FL8 peptides show well developed positive peaks at 37°C, confirming their helical 

conformation. The maximum at 224 nm for peptides V2R and FL4 is missing proving their 

random coil conformation.

The good representation of peptide propensity to form triple helical conformation is 

transition temperature (Tm) between helical and coil conformation. Tm also indicates 

peptide’s thermal stability. Higher Tm indicates stronger propensity to form triple helix and 

increased thermal stability. In Figure 2 thermal unfolding of peptides that are helical at 37°C 

(V1, V2, FL8) and their first derivatives are shown. Thermal unfolding is monitored at 

maximum molar ellipticity (224 nm). Peptides V1 and V2 have the same folding domain 

{(POG)n , n=8}, but different CPP domain (Table 1). V1 contains RRGRRG while V2 

contains R6. Tm for V1 = 48.8 (± 0.6) °C, while V2 = 45.6 (± 0.6) °C (Table 2). Peptides 

FL8 and FL4 differ only by number of (POG)n repeats: in FL8 n=8 and in FL4 n=4. Tm for 

FL8 is observed at 63.7 (± 0.6) °C while FL4 exist only in coil conformation for measured 

temperatures (Tm is below 15°C) (Table 2).

Peptide T5 belongs to a different family of peptides and was used in this work as a standard 

positive control for enzymatic decomposition [30]. The CD spectrum of T5 peptide shows 

two minima at 221 and 204 nm, possibly suggesting α-helical conformation; T5 contains 

only 5 residues and on average a single turn of α-helix contains 3.6 residues, thus the 

minima observed as signature of α-helix with CD may be due to higher order organization 

(stacking) of multiple peptides. However this consideration is beyond the scope of this 

report.
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3.3 Cellular Internalization of Peptides

The cellular uptake of studied peptides was performed with two cell lines. To limit the 

potential problems with data analysis adherent cells were used for microscopy and 

suspension cells were used for flow cytometry studies. NIH-3T3 Swiss mice fibroblasts 

were used as a model to visualize peptide uptake with confocal microscopy. Jurkat E6 

human leukemia cells were used to study cellular uptake in population of cells using flow 

cytometry.

Figure 3 shows confocal images of fibroblasts incubated with 15 μM solution of different 

peptides in PBS for 30 min. The images were collected with bright field microscope or 

illuminated with 488nm Argon-ion laser (to excite FITC), or illuminated with 405nm diode 

laser (to excite DAPI) and digitally combined together. In panel A (Figure 3) cells incubated 

with peptide V1 (triple helix conformation, RRGRRG CPP domain) or V2 (triple helix 

conformation, R6 CPP domain) show well visible fluorescence from peptides modified with 

FITC. This proves that peptides V1 and V2 are able to effectively penetrate the cellular 

membrane. Additionally DAPI stain was used to localize nuclei of the cells. The 

colocalization of DAPI and FITC within the nucleus suggests that peptide carriers have 

tendency to accumulate within nucleus. However, the two-color (FITC/DAPI) cell images 

do not clearly show possible differences in V1 and V2 peptide localization due to artifacts of 

DAPI staining protocol. Thus 3T3 fibroblasts were incubated with V1 or V2 peptide and 

imaged without DAPI (Figure 3, panel C). Evidently, V1 accumulates to larger extend in 

cytoplasm than V2, with only small amount reaching the nucleus. V2 has a stronger 

preference to accumulate within the nuclear bodies that contain high concentration of DNA. 

Taking into account the size and number of nuclear bodies, as well as their deep staining 

with DAPI they are likely nucleosomes. The behavior of V2 peptide is very similar to the 

previously observed cationic CPPs containing more than nine arginines in the sequence or 

specific nuclear localization factor [33,34]. Panel B in Figure 3 shows the images of 3T3 

cells incubated with control peptides: FL8 (triple helix conformation, lack of CPP domain), 

FL4 (coil conformation, lack of CPP domain) or V2R (coil conformation, CPP domain: R6) 

that are either lacking CPP domain or correct folding domain, or both. In all of the above 

cases the lack of fluorescence emitted from the cells indicates lack of cellular uptake. 

Clearly these peptides are unable to penetrate the cellular membrane.

Flow cytometry was used to measure the effectiveness of V1 and V2 cellular uptake with 

Jurkat E6 human leukemia cells. The cells were incubated with variable concentration of 

different peptides (in PBS) at 37ºC for 10 min, washed three times with cold PBS and 

analyzed by flow cytometry. In Figure 4 the dependence of peptide concentration during 

incubation period on mean cell fluorescence shows that peptides V1 and V2 are readily 

internalized by Jurkats at concentrations below 10 μM, with noticeably higher uptake of V2 

peptide. Peptide V2R has the same amino acid composition as V2 peptide, but scrambled 

folding domain sequence, thus is lacking the helical conformation of V2. The CPP domain 

in V2R is the same as in V2 (R6). There is a small fluorescence signal from cells incubated 

with very high concentrations of V2R (above 75 μM). The peptides lacking CPP domain 

(FL4 and FL8) are not uptaken by the cells.
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3.4 Enzymatic degradation of peptides in human serum

To measure the resistance against enzymatic degradation studied peptides were treated with 

human serum. According to previously publised protocol, peptides were incubated with 25% 

human serum (HS in RPMI) and analyzed with RP-HPLC [30] . The negative control (PBS 

only added to serum) was used to identify all peaks in chromatogram arising from serum 

proteins and peptides, and to exclude them from the analysis of peptide digestion. The 

positive control of the digestion assay was performed on the T5 peptide, known standard for 

serum digestion [30]. In Figure 5 the area of HPLC peak was measured for each peptide 

after digestion, normalized with respect to the initial area (0 hour incubation time in HS) and 

plotted vs. time. All peptides in a triple helical conformation (V1, V2, FL8) are stable and 

show no visible HS digestion within the tested incubation time (24h). The same conclusion 

is true for FL4, that has random coil conformation at 37°C, but contains the same motif of 

multiple POG repeats as V1, V2 and FL8. Peptides T5 (positive control) and V2R are 

susaptible to enzymatic digestion.

3.5 Peptide cytotoxicity

The cytotoxicity of all studied peptides was measured with a Trypan Blue colorimetric assay 

using 3T3 Swiss mice fibroblasts. The cells viability was measured after 30 minute exposure 

to 15 μM solution of peptide. As shown in Figure 6, peptides V1 and V2 show no significant 

(p>0.05) toxicity compared to the control (media and PBS), however statistically significant 

toxicity (p<0.05) was observed in case of FL4 peptide.

4. Discussion

The peptide sequence was always the primary concern when CPP was chosen for cargo 

translocation. Here, the choice of simple CPP domain containing only 6 arginines (R6) was 

made to study the effect of the peptide folding on the cellular uptake. Previously published 

results showed that R6 sequence does not contain sufficient number of arginines to allow the 

peptide to penetrate cell membrane [11]. The addition of collagen folding domain (POG)n 

forces three peptides to fold into the triple helix. The net number of arginines in the folded 

peptide is 18 thus the peptide V2 should be able to cross the membrane, if the peptide 

conformation has no negative effects on cellular internalization. This hypothesis was 

consistent with our observations. One can argue that the R6 sequence has very low 

propensity to fold into triple helix, so it can be postulated that R6 located at C-terminus of 

peptide is not folded and exist as a coil at the end of the peptide (Figure 7). The folded 

fraction (FF) of peptide at physiological conditions can be calculated based on CD 

measurements with previously published equation [35]:

Equ (1)

where CDx represent molar elipticity measured at 224 nm and subscript denotes the 

temperature at which the measurement was acquired. At the physiological temperature 

(37°C) FF of V2 peptide is 0.82 (Table 2), what is clearly sufficient to translocate the 

peptide across the cell membrane.
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To improve peptide folding into a triple helix, the RRGRRG sequence was designed as the 

CPP domain. This sequence should have higher propensity to fold into triple helix then R6 

due to positioning glycine in the preferred position that decreases steric hindrance in the fold 

and limiting electrostatic repulsion by decreasing number of arginines. Indeed the FF for V1 

peptide containing RRGRRG sequence is 0.90. Additionally, the stability of helical 

conformation can be defined as temperature (Tm) of helix-to-coil transition: higher Tm is 

observed for peptides that are more thermally stable due to tighter folding. Experimentally, 

Tm can be determined with CD spectroscopy by measuring the decrease of the positive peak 

at 224 nm with respect to temperature (Figure 2). We observe that Tm of V2 peptide is lower 

by 3.2°C than Tm of V1 (Table 2). Clearly in case on V2, lack of glycine in a “G” position 

in (POG)n peptide sequence contributes to lower Tm and smaller FF.

Jurkat human leukemia cells were used to compare the internalization of peptides V1 and 

V2. It is visible in Figure 4, that both peptides are able to cross the cellular membrane, 

however V2 is very effective, even at small concentration, while at higher concentration 

both peptides have similar uptake efficiency. This behavior can be attributed to larger 

number of arginine in folded V2 peptide (18) versus V1 peptide (12). Figure 8 presents flow 

cytometry results of Jurkat cells incubated with 15μM V1 or V2 for 10 min. The 

fluorescence intensity from cells exposed to V1 is about 20% lower, than the cells incubated 

with V2. However, the number of cells that uptake V1 is comparable with the number of 

cells that uptake V2 (71.2% vs. 72.8%). These results suggest that number of arginines 

present in the folded peptide is a predominant factor in enabling peptide to cross the cell 

membrane and folding is only necessary to accumulate sufficient number of positive charges 

for the translocation. This conclusion is also supported by the difference in cellular uptake 

between V2 and V2R. Both peptides contain the R6 CPP sequence, but only V2 has folding 

sequence (POG)8, while V2R has the same amino acid composition, but scrambled folding 

sequence. This causes V2 to be folded at physiological temperature into triple helix and 

effectively increases the number of arginines to 18, while unfolded V2R has only 6. Clearly 

based on the confocal microscopy and flow cytometry V2R is unable to cross the cell 

membrane in these conditions. We concluded that in case of cellular uptake efficiency of 

studied peptides, folding is important as a method of accumulating larger charge, but seems 

to have neither positive nor negative effect on the efficiency of peptide translocation. 

Furthermore, our observations indicate that it is not necessary for the CPP sequence to be 

localized within a single strand to promote effective cellular uptake.

The cellular uptake of peptides V1 and V2 is very efficient for both 3T3 Swiss mice 

fibroblasts and human leukemia Jurkat cells, but we note that the internalization of peptides 

takes longer time for the fibroblast than Jurkat cells, what agrees with past observations. 

Both peptides V1 and V2 have very similar structure, vary only by two amino acids, but this 

small difference seem to determine the preferential accumulation site within the cell. While 

V1 tends to distribute within the cytoplasm and to smaller extend in nuclear bodies, V2 has a 

strong preference to accumulate within nuclear bodies that contain high concentration of 

nucleic acids. This fact can be utilized in the potential application of the peptide in drug 

delivery and enable the delivery to either cytoplasm (V1) or nucleus (V2) depending on the 

site of drug action.
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The peptide resistance to enzymatic attack is a potentially useful characteristic in view of 

prospective applications. The (POG)n folding sequence proved to be resistant to enzymes in 

human serum (Figure 5), however the resistance appears to be derived from the sequence 

rather than stabilization due to folding into a secondary structure. All the helical peptides 

(V1, V2 and FL8) are resistant to enzymatic attack as well as FL4, that has the (POG)4 

sequence, however FL4 is not folded into triple helix at 37°C since it has only four POG 

units. Moreover, peptide V2R with the same composition as V2, but a scrambled sequence 

(random coil conformation) is susceptible to HS digestion. In Figure 9 the HPLC peptide 

peak area was correlated with digestion time of peptie suseptible to HS digestion. Pseudo-

first order reaction kinetics was assumed to determine the half-life of V2R peptide digested 

with 25% HS. The half-life of V2R in these conditions was 832 min. The control experiment 

used T5 peptide as a digestion standard. We determined that the half-life of T5 is 210 min. 

under these conditions. This correlates very well with previously reported results by Powell 

et.al. [30].

FL8 peptide has no cytotoxic effect comparing to control. FL8 has analogous sequence as 

FL4 except it contains more (POG)n units, n=8 vs. n=4, thus the only structural difference 

between them is the presence of a triple helix in FL8. Consequently the change in 

conformation from triple helix (FL8) to random coil (FL4) possibly causes an increase in 

cell death (by about 50% within 30 min.). This surprising behavior is consistent with the 

observed cell morphology. It can be seen in Figure 3 panel B where 3T3 fibroblasts 

incubated with FL4 have a different shape and size in comparison with control or with the 

cells incubated with the other peptides. However neither microscopy or flow cytometry 

shows visible binding to the cell surface or uptake of FL4. At this stage of our investigation 

the nature of interactions between FL4 and 3T3 fibroblast is unknown, but it may involve 

activation of apoptosis receptors or changes to cell membrane integrity ultimately causing 

cell rupture.

In summary, cell-penetrating peptides containing triple helical folding domain that 

determines their secondary structure have a potential to be used as molecular transporters 

due to ease of cellular membrane penetration, lack of toxicity and stability against enzymatic 

degradation. Additionally the proposed peptides are self-assembled into triple helix without 

need of complicated synthetic protocols. Yamazaki et. al. show effective internalization of 

collagen-like CPP containing cysteine-knot that keeps peptide chains covalently bound [25]. 

While their approach proves that collagen motif can be used as effective strategy to 

synthesize CPP, complex synthetic protocol would likely prevent scaling up the synthesis of 

the peptide for drug carrier application.
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Figure 1. 
Circular Dichroism spectra of peptides listed in table 1 at 37°C. Arrows indicate peak 

characteristic for triple helical conformation.
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Figure 2. 
Circular Dichroism for triple helical peptides: thermal unfolding shows that the peak (224 

nm) is eliminated in a cooperative transition which indicates the presence of a triple helix. 

The first derivative of molar elipticity is used to indicate the temperature of helix to coil 

transition (Tm).

Shinde et al. Page 13

J Pept Sci. Author manuscript; available in PMC 2015 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Cellular uptake of peptides listed in table 1 by 3T3 Swiss mice fibroblasts. Cells were 

incubated with 15 μM peptide in PBS for 30 min. The images were taken by confocal 

microscope in bright field, with FITC filter, DAPI filter (for coloclization studies), and all 

images were digitally combined. Panel A: peptides containg folding and CPP domains with 

DAPI: V1 and V2, panel B: control peptides FL8, FL4 and V2R. Panel C: peptides containg 

folding and CPP domains without DAPI: V1 and V2
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Figure 4. 
Cellurar uptake of peptides by E6 Jurkat human leukemia cells measured with flow 

cytomerty. Incubation time: 10 min at 37°C.
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Figure 5. 
Peptide degradation performed in 25% human serum/DMEM at 37ºC. Supernatant of 

peptide after digestion was analyzed by HPLC (integraded peak area) and ploted with 

respect to digestion time. Error bars represent standard deviation calculated from 3 repeats.
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Figure 6. 
Histogram of the percentage of viable cells (3T3 fibroblasts) after 30 min. measured with the 

Trypan Blue assay after the addition of 15 μM peptides normalized with respect to the 

control (no incubation). The error bars reflect standard deviation calculated from three 

repeats on two different plates.
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Figure 7. 
Schematic representation of V1 and V2 peptides. The peptide is folded into triple helix 

within the POGn sequence (folding domain). The CPP domain R6 or (RRG)2 is located at C-

terminus. The N-terminus is modified with FITC.
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Figure 8. 
Cellurar uptake of peptides by E6 Jurkat human leukemia cells measured with flow 

cytomerty : histogram of mean fluorescence measured after Jurkat cells were incubated for 

10 min. in 15 μM peptide solution.

Shinde et al. Page 19

J Pept Sci. Author manuscript; available in PMC 2015 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Peptide degradation performed in 25% human serum/DMEM at 37ºC. Plot of pseudo first 

order enzymatic digestion analyzed by HPLC (integraded peak area) for peptides that 

undergo decomposition (T5, V2R). Error bars represent standard deviation calculated from 3 

repeats.
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Table 1

Peptide sequences. “O” represents hydroxyproline.

Peptide Sequence

V1 FITC-AβGG-POGPOGPOGPOGPOGPOGPOGPOG-RRGRRG

V2 FITC-AβGG-POGPOGPOGPOGPOGPOGPOGPOG-RRRRRR

V2R FITC-AβGG-GPPOOGPGGGPOOPGOOPGGOOPP-RRRRRR

FL8 FITC-AβGG-POGPOGPOGPOGPOGPOGPOGPOG

FL4 FITC-AβGG-POGPOGPOGPOG

T5 TTNYT
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Table 2

Peptide properties

Peptide Conformation @ 37°C Tm (°C) FF @ 37°C Label

V1 triple helix 48.8 0.90 FITC

V2 triple helix 45.6 0.82 FITC

V2R random coil --- --- FITC

FL8 triple helix 63.7 0.96 FITC

FL4 random coil >15 --- FITC

T5 random coil --- --- ---
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