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Research Paper

Cell-penetrating peptides, also called protein 
transduction domains (PTDs), are short cation peptides 
that can traverse the cell membranes[1-3]. During their 
cellular uptake, they can deliver various molecules 
into cells; these molecules include peptides, proteins, 
oligonucleotides, and nanoparticles[4-8], most of which 
otherwise cannot cross the cell membranes by their 
own. Transacting activator of transcription protein 
transduction domain (Tat-PTD) is derived from the 
Tat protein of human immunodeficiency virus (HIV) 
and is widely used to deliver different molecules 
into cells with causing non cellular injury and no  
toxicity[3, 9,10]. The cell-penetrating property of Tat-PTD 
results from its basic epitope (amino acids 49-57), which 
is the minimal transduction domain of Tat protein, 
includes two lysine’s and six arginine’s within a linear 
sequence of nine amino acid residues (RKKRRQRRR). 
Tat (49-57) is a short cationic peptide, possessing a 
high net positive charge at physiological pH. Recent 
studies proved that TAT can form transient pores and 
translocate across the membranes by diffusing on these 
pores, on account of the strong electrostatic attraction 
between positively-charged Tat (49-57) and negatively-
charged phospholipid[3,11].

After penetrating the cell membranes, Tat-PTD 
locates in the cell nucleus[12,13], and the uptake into the 
nucleus precedes its digestion[14], thereby suggesting 
that the intracellular Tat-PTD can bind to DNA. DNA 
possesses a crucial role in the whole biological process; 
consequently, DNA becomes a pharmacological target 
for various kinds of antimicrobial drugs[15]. Thus, 
illuminating the binding mode of Tat-PTD with DNA 
can help understand the molecular mechanisms of 
drug action and can provide modification guidelines to 
enhance the clinical efficacy and bioavailability of Tat-
PTD and its derivatives.

High affinity of the peptide Tat for DNA has been 
investigated[14]. However, the binding mode and 
main type of non-covalent interactions in the binding 
process between Tat (49-57) and DNA have not yet 
been illustrated in detail. Therefore, we systematically 
investigated the binding mode and stability of Tat 
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(49-57) to double-stranded DNA by using various 
techniques. Furthermore, peptide Tat (49-57) is an 
Arg-rich cationic peptide that is capable of penetrating 
the membrane to target nucleus, which indicates 
the potential of Tat (49-57) as a novel antimicrobial 
peptide[16]; hence, the antimicrobial activities of Tat 
(49-57) were also tested.

MATERIALS AND METHODS

Fmoc-Arg (Pbf)-Wang resin, Fmoc-Arg (Pbf)-OH, 
Fmoc-lys (Boc)-OH, Fmoc-Gln (Trt)-OH, 2-(7-Aza-1H-
benzotriazole-1-ly)-1,1,3,3-tetramethyluronium hexa 
fluorophosphate (HATU), N,N-diisopropylethylamine 
(DIEA), and trifluoroacetic acid (TFA) were purchased 
from GL Biochem, Shanghai, China. Calf thymus DNA 
(ct-DNA) was obtained from Sigma Ltd., Shanghai, 
China, and ethidium bromide (EB) was purchased 
from Fluka Chemie.

Bacterial strains, including Gram-positive 
Staphylococcus aureus (ATCC 29213), S. epidermidis 
(KCTC 1917) and Bacillus subtilis (KCTC 3068) 
and Gram-negative bacteria Escherichia coli (ATCC 
25922) and Salmonella typhimurium (CMCC 50013) 
were provided by the School of Biological Engineering, 
Henan University of Technology.

Peptide synthesis:

Peptide Tat (49-57) was synthesized in accordance 
with standard Fmoc solid-phase peptide synthesis 
procedures[17]. The crude peptide was purified 
by reversed phase high-performance liquid 
chromatography (HPLC) with a semi-preparative 
Agilent C18 column (pore size: 300 Å, partial size:  
5 μm, 250 mm×9.4 mm). The buffer system consisted 
of buffer A: 0.1% (v) TFA in MeCN/H2O 10:90 (v/v) 
and buffer B: 0.1% (v) TFA in MeCN/H2O 50:50 (v/v). 
Gradient elution with buffer A to buffer B in 20 min 
was used at a rate of 2 ml×min−1. The molecular mass 
of peptide Tat (49-57) was confirmed using LCQ Fleet 
MS (Thermo Scientific, USA).

UV spectroscopic method:

UV/Vis spectra were recorded on UV-3600 
spectrometer (Shimadzu Corporation, Japan) using 
quartz cuvettes (10 mm path length). Absorption 
titration experiments were conducted by maintaining 
the concentration of ct-DNA (50 µM) and changing the 
Tat (49-57) concentration. The UV/Vis measurements 
were carried out after the solutions were equilibrated 
for 10 min. During absorption measurements, equal 

concentration of Tat (49-57) was subtracted to eliminate 
the background absorption in the range of 190-350 nm.

Fluorescence measurements:

Fluorescence spectra were recorded in 10 mm quartz 
cells on a Cary Eclipse spectrofluorometer (Agilent, 
Australia). EB was used in fluorescence measurements 
as fluorescence probe. About 3 ml of ct-DNA-EB 
complex solution containing ct-DNA (50 µM) and EB 
(5 µM) was constant and titrated with peptide Tat (49-
57). The mixtures in all experiments were allowed to 
stand for 10 min to equilibrate before measurement. 
Emission spectra were measured in the range of 500-
750 nm at the excitation wavelength of 262 nm.

DNA melting studies were carried out via monitoring 
the fluorescence intensities of DNA-EB and DNA-
EB-Tat (49-57) complex at 20-100°. The temperature 
was monitored by a thermostat attached to the sample 
holder. The melting temperature (Tm) of DNA was 
determined as the transition midpoint.

Circular dichroism (CD) studies:

CD measurements were conducted on a Mos-500 
spectropolarimeter (Bio-Logic, France). The ct-DNA 
solution (50 µM) in Tris-HCl buffer (pH 7.4) was 
titrated with Tat (49-57). Equal concentrations of Tat 
(49-57) were subtracted from the corresponding spectra 
of samples. The CD spectra were recorded in the range 
of 220-320 nm using 10 mm path length cell at 37°.

Viscosity measurements:

Viscosity measurements were conducted via Ubbelodhe 
viscometer maintained at 25±0.1° in a thermostat water 
bath. Different amounts of Tat (49-57) were added to 
ct-DNA with constant concentration (50 µM). After 
equilibrium for 15 min, the flow time of samples was 
measured in triplicate to obtain the concurrent values 
using a digital stopwatch. The data were presented as 
(η/η0)

1/3 versus CTat (49–57)/CDNA, where η0 and η are the 
specific viscosity of DNA in the absence and presence 
of Tat (49-57), respectively.

Antimicrobial activity test:

Broth microdilution method[3] was used to examine the 
antibacterial activities of Tat (49-57). About 100 µl of 
Tat (49-57) solution (serial two-fold dilutions in sterile 
water) was added to 100 µl of bacterial suspension 
(2×104 CFU/ml) in 1% peptone. The medium without 
bacteria was used as negative control. After incubation 
at 37° for 20 h, the minimal inhibitory concentration 
(MIC) was determined.
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Haemolysis activity assay:

Haemolysis activity of Tat (49-57) was tested against 
human erythrocytes. Human blood was collected in 
a tube containing heparin sulphate from a healthy 
volunteer after written informed consent under a 
protocol approved by Zhengzhou University Life 
Science Ethics Committee. The fresh blood was 
centrifuged (2000×g, 3 min, 4°) to collect erythrocytes 
and subsequently washed with PBS (10 mM phosphate 
buffer, pH 7.4) for 5 times[18]. Serial two-fold dilutions 
of Tat (49-57) were performed in PBS buffer and 
added to 4% (v/v) erythrocytes dispensed in 96-well 
plates. The mixture was incubated at 37° for 30 min. 
Erythrocytes without Tat (49-57) and 0.1% (v/v) Triton 
X-100 were employed as negative and positive controls, 
respectively. The supernatants were obtained, and the 
absorbance was measured at 570 nm. The hemolysis 
was calculated using the following Eqn., haemolysis 
(%)=[(ATat (49–57)–APBS)/(ATriton–APBS)]×100.

RESULTS AND DISCUSSION 

Tat (49-57) was synthesized via solid-phase peptide 
synthesis procedures on Wang resin and purified 
through RP-HPLC. The final product was white powder 
of 97.2% purity and characterized by electrospray 
ionization mass spectrometry (ESI-MS, fig. 1). The 
sequence of Tat (49-57) was RKKRRQRRR, and its 
theoretical molecular weight was 1339.62 g×mol-1. MS 
(m/e): 670.50 [M+2H]2+, 447.50 [M+3H]3+, 336.00 
[M+4H]4+, 269.08 [M+5H]5+, 485.08 [M+3K]3+ was 
consistent with the molecular peptide Tat (49-57).

UV/Vis spectroscopy is an effective technique to detect 
interactions between DNA and small molecules. The 
mode of the interactions is reflected from the changes in 
the position of the peak and absorptive intensity[19]. The 
UV spectra of ct-DNA with different concentrations of 
Tat (49-57) are shown in fig. 2. A slight reduction in 
the absorption band at 260 nm occurred upon the initial 
addition of Tat (49-57). Hyperchromism was observed 
upon the subsequent addition of Tat (49-57) to ct-DNA 
solution. Hypochromism was due to the electrostatic 
interaction of DNA phosphate groups with the side 
chains of Tat (49-57). This interaction tightened the 
double strands of DNA to prevent aromatic bases from 
becoming increasingly exposed and resulted in the 
reduced absorption intensity[20,21]. With the increase in 
the concentration of Tat (49-57), when the groove of 
ct-DNA was padded by Tat (49-57), the interaction of 
side chains containing guanidine and amino groups of 

Tat (49-57) destabilized the base pairs of DNA, caused 
the aromatic bases to become exposed, and resulted 
in hyperchromism of DNA[22]. The structure of Tat 
(49-57) very closely resembles DNA minor groove 
binders netropsin[23,35], possessing positive charges and 
linearity. Therefore, according to the experimental data, 
minor groove binding interactions might have occurred 

Fig. 1: Molecular mass and HPLC spectrum of Tat (49-57) 

(RKKRRQRRR)

Fig. 2: Interaction of Tat (49-57) with ct-DNA using UV/Vis 
spectroscopy
UV/Vis absorption spectra of ct-DNA (50 μM) in presence of 
increasing concentrations of Tat (49–57) (0-6 μM) in 50 mM 
Tris-HCl buffer (pH 7.4). Tat (49-57): ■ 0; ● 1; ▲ 2; ▼ 3; ◄ 
4; ► 5; ♦ 6
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between ct-DNA and Tat (49-57), and the interactions 
of Tat (49-57) with ct-DNA disrupted the accumulative 
force between DNA base pairs.

Fluorescence probe should be utilized because of 
the non-fluorescence of Tat (49-57) and the minimal 
practical usefulness of intrinsic fluorescence from 
DNA[24]. In this work, EB was used as the fluorescence 
probe. The fluorescence intensity of DNA can be 
enhanced after interaction with EB because EB can 
intercalate into the DNA base pairs[25-27].

Fig. 3 shows the fluorescence spectra of ct-DNA-
EB with different concentrations of Tat (49-57). The 
fluorescence intensity at 600 nm weakened remarkably 
upon the addition of Tat (49-57) to ct-DNA-EB 
complex. This result suggests that EB in the DNA-EB 
complex might have been substituted by Tat (49-57) 
and led to the decrease in fluorescence intensity or a 
new DNA-EB-Tat (49-57) complex that did not have 
any fluorescence was formed by Tat (49-57) binding 
with DNA-EB. The high affinity of EB with DNA was 
hardly be disrupted by Tat (49-57) because the binding 
constant (2.63×105 l×mol-1) between Tat (49-57) and 
DNA was lower than that of the classical intercalation 
binding of DNA-EB complex (2×106 l×mol-1)[22]. 
Therefore, the formation of non-fluorescence complex 
DNA-EB-Tat (49-57) was the probable cause of the 
decrease in the fluorescence intensity of DNA-EB 
complex. We therefore deduce that the interaction 
between Tat (49-57) and DNA is not intercalation 
binding. The quenching mechanism of DNA-EB by 
Tat (49-57) was analysed with the Stern-Volmer Eqn., 
F0/F=1+Kqτ0[Q], where, F and F0 are the fluorescence 
intensities of DNA-EB system in the presence 
and absence of Tat (49-57), respectively. Kq is the 
quenching rate constant, and Q is the concentration of 
Tat (49-57). τ0 is the average lifetime of fluorophore 
without Tat (49-57), and its value is approximately 
10-8 s[28].

The quenching type, which can be classified as dynamic 
quenching and static quenching, was analysed with the 
Stern-Volmer Eqn. Kq was obtained from the intercept 
of the linear of F0/F versus Q (fig. 4). For Tat (49-57), 
the value of Kq was 6.41×1012 l×mol-1×s-1, which was 
much higher than the value of the maximum scatter 
collision quenching constant of various quenchers with 
biomolecules (2.0×1010 l×mol-1×s-1)[29]. This finding 
suggests that the quenching type of Tat (49-57) binding 
with DNA is static quenching. The binding constant 
(K) and binding site (n) of Tat (49-57) with the DNA-

EB complex was evaluated with the following Eqn., 
log[(F0-F)/F] =logK+n log [Q]. Log [(F0-F)/F] versus 
log [Q] was plotted, and a line with a good linear 
correlation was obtained (fig. 5). According to this 
line, binding constant K was determined to be 2.63×105 
l×mol-1, and n was 1.12. K was similar to the value 
that had been well-established among groove binding 
agents[30].

In this experiment, the melting temperature (Tm) 
was measured with the fluorescence technique. The 
intercalative binding mode can stabilize the helix 
structure of DNA and causes the melting temperature 
to increase by about 5-8°, but the electrostatic and 
groove binding interactions cause no obvious or 
minimal change in Tm

[15,24]. The melting curves  
(fig. 6) showed that the Tm of ct-DNA-EB in the absence 

Fig. 3: Effect of Tat (49-57) on the fluorescence spectra of DNA-
EB 
Fluorescence quenching spectra of DNA-EB (CDNA=50 μM, 

CEB=5.0 μM) upon addition of increasing amount of Tat  
(49-57); ▬ 0, ▬ 1, ▬ 2, ▬ 3, ▬ 4, ▬ 5, ▬ 6 μM

Fig. 4: The Stern-Volmer plots for the quenching of DNA-EB 
by Tat (49-57) 
CDNA=50 μM, CEB=5.0 μM
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(fig. 6a) of Tat (49-57) was 87.3±1°, and the Tm of ct-
DNA-EB-Tat (49-57) complex (fig. 6b) was 85.6±1° 
under the experimental conditions. The interaction of 
Tat (49-57) with ct-DNA caused Tm to decrease. The 
interaction of Tat (49-57) decreased the stability of ct-
DNA double helix structure and affected the affinity of 
EB with DNA. The change in the Tm of ct-DNA-EB 
complex after the addition of Tat (49-57) was less than 
5°, revealing that the interaction of Tat (49-57) with 
DNA is electrostatic or groove binding.

The changes in the secondary structure of DNA during 
molecule-DNA interactions can be determined through 
CD spectroscopy[31]. The specific CD spectrum of 
B-form DNA consists of a negative band at 247 nm 
caused by the right-handed helicity of DNA and a 
positive band at 275 nm caused by the accumulation of 

base pairs[15]. The CD spectra of ct-DNA with Tat (49-
57) are shown in fig. 7. The positive band at 275 nm 
decreased remarkably with an apparent red shift, and 
the band at 245 nm gained slight negativity without a 
major red shift. The decrease in the positive band at 275 
nm indicated that the binding of Tat (49-57) weakened 
the stacking interactions between base pairs of DNA[32], 
and the slight increase in the negative band at 245 nm 
revealed that the interaction of Tat (49-57) with DNA 
tightened the double helix of DNA. These results are 
consistent with the UV/Vis spectroscopy results.

The intercalative binding mode generally causes 
DNA viscosity to increase significantly because 

Fig. 5: Plot of log (F0-F)/F versus log[Q]

Fig. 6: Effect of Tat (49–57) on the melting temperature of 
DNA-EB 
Melting curves of DNA-EB in the absence (a) and presence (b) 
of Tat (49-57) (CDNA=50 μM, CEB=5.0 μM and C Tat (49–57) =5.0 μM)

Fig. 7: Effect of Tat (49-57) on CD spectra of ct-DNA 
CD spectra of ct-DNA (50 μM) in 50 mM Tris-HCl (pH 7.4) with varying concentration of Tat (49-57), 0-6 μM. ▬ Free Tat (49–
57); ▬ free DNA; ▬ DNA+Tat (49-57), 2 μM; ▬ DNA+Tat (49-57), 4 μM; ▬ DNA+Tat (49-57), 6 μM
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Fig. 8: Effect of increasing concentration of Tat (49-57) on 
viscosity of ct-DNA 
Concentration of ct-DNA was kept constant (50 μM) while 
varying the concentration of Tat (49-57)

Peptide
MIC (µM)

E. coli S. typhimurium B. subtilis S. epidermidis S. aureus
Tat (49–57) 8.04±0.08 16.12±0.08 15.93±0.10 8.07±0.17 16.25±0.12

Melittin 2.13±0.13 4.15±0.18 2.02±0.12 1.97±0.13 1.96±0.25

TABLE 1: ANTIMICROBIAL ACTIVITY OF PEPTIDES

Each value of antimicrobial activity is expressed as the mean±SD of three independent experiments. MIC was determined from three 
independent experiments performed in triplicate

Peptides (µM) 256 128 64 32 16 8 4 2

% Haemolysis
Tat (49–57) 4.16 3.29 1.88 1.41 0.47 0 0 0

Melittin 100 100 100 100 98 91 92 68

TABLE 2: HEMOLYTIC ACTIVITY OF PEPTIDES

the intercalative mode requires the DNA base pairs 
to separate sufficiently at intercalative sites to 
accommodate the binding molecule; this separation 
increases the effective length of DNA. However, the 
non-intercalative binding mode causes less change 
in the viscosity of the DNA solution[26,30]. As shown 
in fig. 8, the viscosities of ct-DNA increased slightly 
upon continued addition of Tat (49-57); this increase 
is not as pronounced as that observed in the classical 
intercalator[33] but very similar to distamycin[34] a 
well-known classical DNA minor groove binder. This 
result confirmed that Tat (49-57) preferred to interact 
with DNA through groove binding mode rather than 
classical intercalative interaction.

The broth microdilution method was utilized to 
measure the antibacterial activities of Tat (49-57). The 
MIC values of Tat (49-57) against bacterial strains, 
including two Gram-negative and three Gram-positive 
species, are summarized in Table 1. Compared with 
melittin, Tat (49-57) displayed potent antibacterial 
activity, with the MIC value within the 8-16 µM range. 

We also examined the haemolytic activity of Tat (49-57) 
against human erythrocytes. It did not show haemolysis 
of human erythrocytes in all the tested concentrations 
(Table 2). The side chains of Tat (49-57) have two 
cationic tail groups (guanidine). The structural features 
of Tat (49-57) are similar to head-to-head pyrrole 
tetraamides[34,35], that can display antibacterial activity 
and also bind to the minor groove of DNA. Several 
other studies also revealed that agents that can bind to 
DNA. 

In the proposed study, the interaction between 
Tat (49-57) and ct-DNA was studied through UV/
Vis spectroscopy, fluorescence spectroscopy, CD 
spectroscopy and viscosity measurements. The results 
indicated that Tat (49-57) can bind to DNA through 
minor groove binding. The results were supported by 
competitive binding assay with EB, DNA melting, 
and viscosity measurement studies. Tat (49-57, 
RKKRRQRRR) is an Arg-rich peptide, similar to Q/
RGR-motif peptides[36]. Its side chains have the first 
and last residues (R). Tat (49-57) may directly contact 
the minor groove of AT-rich sequences via inserting 
guanidine and amino groups from Tat (49-57) side 
chains into the minor groove. Tat (49-57) also displayed 
antibacterial activity, with an MIC value within the 
8-16 µM range; it showed no haemolysis of human 
erythrocytes in all the tested concentrations. This study 
on the antibacterial activity and DNA binding of Tat 
(49-57) is expected to provide valuable information on 
the mechanism of the antimicrobial activity of Tat (49-
57) and could be useful for peptide drug design with 
highly effective bioactivity.
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