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a b s t r a c t

A series of transcriptional activator (TAT)–protein transduction domains (PTDs) modified with hydropho-
bic amino acids were used as model cationic amphiphilic peptides to study the effect of hydrophobicity on
interaction of such peptides with plasmid DNA. The peptide–DNA complexes were analyzed by dynamic
light scattering and gel electrophoresis to determine their size and electrokinetic properties at various +/−
charge ratios. Peptides in solution were found to have a tendency to aggregate and the hydrodynamic size
of the aggregates depends on the structure of peptide. Peptides with smaller hydrophobic residues at the
N-terminal formed smaller complexes with DNA compared to the ones with larger hydrophobic tails. DNA
article size
eta potential

complexes having peptides with more than one hydrophobic moiety at the N-terminal had a tendency to
aggregate. Among the peptides having single hydrophobic amino acid at the N-terminal, DNA complexes
of Tyr-TAT and Phe-TAT were found to be stable in solution. The size of the hydrophobic domain and the
type of hydrophobic amino acid at the N-terminal of cationic amphiphilic peptides play an important role
not only in the complex formation but also in stabilizing the system. The studies presented here indicate
that there is a potential for strategic development of these peptides into potential non-viral gene delivery
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vectors.

. Introduction

Considering the significant importance gained by cationic
mphiphilic peptides as non-viral vectors for gene delivery, there
s a need for a better understanding of their interaction with DNA
or improving their efficiency. The size and surface charge of the
ationic peptide–DNA complexes not only influence their colloidal
tability in vitro but also their stability in vivo and subsequently
heir efficiency. Therefore, it is very important to understand how
tructural features of the cationic peptide influence these proper-
ies.

Interaction of peptides with DNA involves both electrostatic
nd hydrophobic interactions. Electrostatic interactions come from
hosphate groups on DNA and amino groups of the peptides. The

mportance of the hydrophobic components becomes apparent
pon consideration of the DNA duplex. Though dominated by the

hosphate groups within the backbone, this structure also displays
everal non-polar regions. One strategy in the design of DNA-
inding molecules is to occupy these regions with complementary
ydrophobic bulk, excluding water from this interface. The resul-
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ant favorable binding to these regions, including the C5, C6 of
yrimidine, 5-methyl group of the thymine, C2′, C5′ and other atoms
rom the sugar ring found in the groove walls and the space between
he base pairs of DNA are the available hydrophobic regions on DNA.
ydrophobic side chains of amino acids can make hydrophobic
ontacts with one of the hydrophobic sites on DNA, thus stabiliz-
ng the complex. Three types of interaction account for selective

olecular recognition and binding between DNA and proteins in
iological systems. These are (i) shape specific interactions between
romatic side chains, such as the indole moiety of Trp or the aro-
atic side chains of Phe and Tyr, and DNA bases; (ii) hydrogen

onding interactions between hydrophilic side chains (Tyr, Asn,
er, Thr, and His) and nucleotides; (iii) ionic interactions involving
ositively charged side chains (Arg, Lys, and His) and the phospho-
iester backbone of DNA (Keller et al., 2002). There are at least two
ypes of hydrophobic forces that have been experimentally verified
or small molecule–DNA interactions. They are (i) intercalation of
lanar aromatic residues between base pairs of DNA and (ii) exter-
al hydrophobic type binding of large “hydrophobic” cations, like

teroidal amines (Gabbay and Kleinman, 1970). The intercalation
f the aromatic amino groups needs lot of energy and bending of
he molecule. In recent times, many models have been proposed
or interaction of oligopeptides with DNA. According to the model
f complimentary interaction between ds DNA and small peptides,

http://www.sciencedirect.com/science/journal/03785173
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rnal o

p
b
c
h
g
n
l
a

s
t
c
a
K
s
t
w
f
c
(
c
t
D
t
G
t
1
b
b
t
a
a
a
a
B
t
e
o

p
g
b
d
v
m
p
u
u
e
e
8
e
i
p
m
a
g
c
D
w
t
d
T
r
e

p
c
s
u
a
p

t
a
S
a
i
i

2

2

o
w
f
(
P
p
t
i
h
h
(
F
L
a
(

2

s
w
a
f
w
t
i
fi
e
r
d
r
(
w
p

2

p
b

G.N. Goparaju et al. / International Jou

olar interactions between the peptide and base pairs in the dou-
le helix are determined by electrostatic interactions of peptide
arboxyl groups with amino groups of adenine and cytosine, by
ydrogen bonds of proton-carrying amino groups and carboxyl
roups of the peptide with nitrogen atom 7N of adenine and gua-
ine. Hydrophobic interactions in the system are determined by

ateral groups of the peptide and methyl groups of thymine (Malinin
nd Khavinson, 2005).

Considering the above factors, it becomes apparent that the
tructural features of the peptide influence their complex forma-
ion with DNA. Binding of polycations was found to induce DNA
ompaction due to compensation of electrostatic charges of DNA
nd hydrophobic interactions of the complexed sites (Kabanov and
abanov, 1995). Apart from the clustering of polycations, other
tructural elements like hydrophobicity of the polycation and spa-
ial arrangement of the charges is also important. Yoshikawa et al.
orked with diaminoalkanes [(NH3

+9CH2)n NH3
+, where n = 1–6]

or condensation and concluded that when n = 3 and 5, DNA was
ondensed and there was no condensation when n = 2, 4 and 6
Yoshikawa and Yoshikawa, 1995). Niidome et al. showed that
ationic peptides containing three or six repeats of tetra pep-
ide units Leu-Ala-Arg-Leu were observed to bind and condense
NA, but the binding was significantly reduced when some of

he leucines were substituted by serines (Niidome et al., 1997).
ottschalk et al. showed that condensation of DNA improved when

ryptophan (Tryp) was present in the peptide (Gottschalk et al.,
996). It was suggested that the improved condensation might
e due to the increase in hydrophobicity of the peptide or possi-
ly a more specific role of tryptophan in intercalating into DNA
o provide a more ordered condensation. The nature of uncharged
nd basic amino acids, the length of fatty acid chains covalently
ttached to the peptide and carboxy-terminal modifications have
lso been shown to have a significant influence on DNA binding
nd gene transfer efficiency (Smith et al., 1998; Mahato et al., 1999;
lessing et al., 1998; Wadhwa et al., 1997). Therefore, it is important
o understand how the hydrophobic sites in cationic peptides influ-
nce the interaction with DNA and as a result affect the properties
f these complexes as applicable to gene delivery.

In this study, for the purpose of developing novel amphiphilic
eptides with a short chain length as non-viral vectors for
ene delivery, and to understand the effect of the hydropho-
ic N-terminal on interaction of the peptides with DNA; we
esigned and synthesized peptides based on transcriptional acti-
ator (TAT)–protein transduction domains (PTDs) by sequentially
odifying the N-terminal. TAT–PTD is a member of proteins called

rotein transduction domains or cell-penetrating peptides (CPPs)
seful for intracellular delivery of various cargoes with molec-
lar weights several times greater than their own (Chakrabarti
t al., 1989). This process of protein transduction was discov-
red first by Green and Frankel independently; who found that
6-mer trans-activating transcriptional activator from HIV-1 was
fficiently taken up by various cells, when added to the surround-
ng media (Arnheiter and Haller, 1988; Straubinger et al., 1985). The
rotein transduction sequence for TAT includes residues 47–57 (11-
er; Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg) (Schwarze et

l., 2000). While investigating the role of arginine rich motifs in
ene delivery, it was demonstrated that the oligomers of TAT–PTD
ompacted plasmid DNA to nanometric particles and stabilized
NA toward nuclease degradation. Such TAT peptide complexes
ere superior to standard polyethyleneimine vectors in terms of
ransfection efficiency. In addition, gene transfer was enhanced
ue to TAT nuclear localization sequence (Rudolph et al., 2003).
AT–PTD interacted with plasmid DNA electrostatically and the
esulting complexes were transferred to mammalian cells by the
ndocytosis-mediated pathway (Ignatovich et al., 2003). In the

o
p
i
o
g

f Pharmaceutics 369 (2009) 162–169 163

resent study we used TAT–PTD and modified TAT–PTDs as model
ationic amphiphilic peptides. The N-terminal of TAT–PTD was
ystematically varied with hydrophobic amino acids in order to
nderstand the influence of the hydrophobic N-terminal of cationic
mphiphilic peptides on size and electrokinetic properties of com-
lexes with DNA.

The primary goal of this study is to evaluate the influence of
he hydrophobic N-terminal of the cationic peptides on the size
nd the electrokinetic properties of the DNA–peptide complexes.
tudies of this type, not only help in identifying the physical char-
cteristics that are beneficial for non-viral vectors but also for
dentifying the factors that influence the stability of the complexes
n vitro.

. Materials and methods

.1. Materials

TAT–PTD and other modified peptides were synthesized in
ur laboratory by solid phase peptide synthesis (SPPS). TAT–PTD
as modified to obtain additional peptides containing dif-

erent residues of tyrosine (Tyr), phenylalanine (Phe), valine
Val), leucine (Leu) and tryptophan (Tryp) at the N-terminal.
lasmid DNA, gWiz GFP (5.75 kbp) encoding green fluorescent
rotein (GFP), was generously provided by Nucleonics Inc. All
he other materials such as sodium phosphate, sodium hydrox-
de, N,N′diisopropylcarbodiimide (DIC), 1-hydroxybenzotriazole
ydrate (HOBT), piperidine, dichloromethane (DCM), methanol,
exane, trifloroacetic acid (TFA), thianisole, dimethylformamide
DMF), and ether were obtained and were used as provided by
isher Scientific Co. (Fair Lawn, NJ) or Sigma Chemical Co. (St.
ouis, MO). Fmoc-Tyr, Fmoc-Phe, Fmoc-Gly, Fmoc-Arg, Fmoc-Gln
nd Wang resin were purchased from American Peptide Company
Sunnyvale, CA).

.2. Peptide synthesis

All the peptides were synthesized by solid phase peptide synthe-
is. Initially Arg-wang resin was wetted and was kept for swelling
ith dichloromethane. It was further washed with DCM. The

rginine was deprotected with 20% piperidine solution in dimethyl-
ormamide. The weighed quantity of appropriate Fmoc amino acid
as activated using HOBt and DIC. The activated amino acids were

hen added to the deprotected resin and stirred for 1.5 h. Follow-
ng the reaction, the peptide solution was drained and washed
ve times with DMF. After this step, the final peptide was recov-
red or the next amino acid was added after deprotection. The
esin were washed with DMF, DCM, methanol and hexane and
ried after completion of each peptide. The peptides from the dry
esins were cleaved by adding the cleavage reagent TFA/TIS/water
95 ml/2.5 ml/2.5 ml) and were left stirring for 2 h. The peptides
ere collected and further purified by adding cold ether and their
urity was analyzed by reverse phase (RP)-HPLC.

.3. Preparation of pDNA–peptide complexes

All peptides and pDNA solutions were dialyzed against 10 mM
hosphate buffer of pH 7.4 overnight using a dialysis mem-
ranes of MWCO 500 and 3500, respectively. Different proportions

f 1 mg/ml of pDNA solution and peptides were mixed to get
eptide–DNA complexes at the desired +/− ratios. Here +/− ratio

ndicates the ratio of number of positive charges from amino groups
f peptides to the number of negative charges from phosphate
roups of DNA The complexes were kept at room temperature
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Table 1
List of peptides used in the study.

Peptides Amino acid sequence Molecular weight Number of charges

I TAT Tyr-Gly-Arg-Lys-Lys-
Arg-Arg-Gln-Arg-
Arg-Arg

1558 +8

II Tyr-TAT 1721 +8
III Tyr3-TAT 2047 +8
IV Tyr5-TAT 2862 +8
V Phe-TAT 1705 +8
VI Phe3-TAT 1999 +8
VII Phe -TAT 2293 +8
V
I
X
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residue, the concentration being a key parameter in controlling
the self-assembly of the peptides (Fung et al., 2003; Peggion et
al., 1970; Sjögren et al., 2005; Sjögren and Ulvenlunda, 2005).
The presence of the same hydrophobic amino acids (tyrosine pep-

Table 2
Size of the peptides in solution as measured by dynamic light scattering.

Peptide Size from volume distribution (nm)

TAT 2.0 ± 0.4
Tyr-TAT 305.9 ± 44.2
Tyr3-TAT 159.1 ± 27.3
Tyr5-TAT 296.8 ± 36.4
Phe-TAT 1.6 ± 0.2
64 G.N. Goparaju et al. / International Jou

efore transferring to the gel for electrophoresis or for size and
eta potential analysis.

.4. Gel electrophoresis

The extent of DNA charge neutralization by TAT–PTD and mod-
fied TAT–PTDs was studied by estimating the mobility of the
omplexes in a 0.75% (w/v) agarose gel using 0.5× TBE buffer. The
eptide–DNA complexes were analyzed at different +/− ratios in
horizontal gel electrophoresis unit for 1.5 h at 90 V. The gel was

mmersed in ethidium bromide solution of concentration 0.5 �g/ml
or 30–45 min after completion of electrophoresis. The gel was then
mmersed in water for 20 min to remove the excess ethidium bro-

ide. A UVA Image station was used to digitally image the gel.

.5. Size and zeta potential analysis

The size and zeta potential of the complexes as a function of
/− ratio were analyzed by dynamic light scattering (DLS) using
ALVERN Zeta Sizer Nano. The instrument was initially validated

sing the standards for size and zeta potential provided by the man-
facturer. Standard of 60 nm for size and −15 mV for zeta potential
ere used for validation. All the measurements were performed

n 10 mM phosphate buffer with pH 7.4. The final pDNA concentra-
ion was maintained at 50 �g/ml for all the measurements. The size
nd zeta potential of pDNA alone were also determined. Refractive
ndex for these measurements was set at 1.335. Polydispersity index
PDI) of the samples was also estimated during size analysis. The
ize data from cumulant analysis and volume distribution has been
ompared to make final conclusions about size. Z-average diame-
er for peptide–DNA complexes has been reported in this study. The
eta potential was measured from the electrophoretic mobility of
he samples. All the data has been expressed as mean ± standard
eviation.

. Results and discussion

.1. Design of peptides

All the peptides used in the study were synthesized by solid
hase peptide synthesis using F-moc chemistry. The purity of
he synthesized peptide derivatives was determined by reversed
hase-HPLC and all the peptides have purity over 98%. The peptide
equence used in the study for TAT is the amino acid sequence of
he protein transduction domain pertaining to 47–57 aminoacids
f TAT protein. TAT–PTD was sequentially modified at the N-
erminal to have varying hydrophobicity. TAT–PTD has glycine
Gly), lysine (Lys), arginine (Arg), glutamine (Glu) and tyrosine
Tyr). Due to its small size, glycine imparts flexibility to any pro-
ein/peptide. Arginine and lysine contribute towards the cationic
harges. Hydrophobic amino acids tyrosine and phenylalanine were
dded to have 1, 3, or 5 hydrophobic residues at the N-terminal of
AT–PTD. Attaching neutral hydrophobic amino acids will preserve
he existing high positive charge present in TAT–PTD and at the
ame time increases the hydrophobicity of these derivatives. Later
n, during the course of the study additional peptides with one
eucine or valine or tryptophan were synthesized for further eval-
ation. The primary structure, molecular weight, and number of
harges on the peptides are shown in Table 1. Hydrophobicity of
hese peptides increases with increasing number of hydrophobic

mino acids at the N-terminal. Valine, leucine and phenylalanine
re more hydrophobic than tyrosine and tryptophan (Table 4). Tyro-
ine, tryptophan and phenylalanine are aromatic in nature. Based
pon the hydrophobic nature of the attached amino acids, the
eptides can be arranged in increasing order of hydrophobicity as

P
P
L
V
T

5

III Leu-TAT 1672 +8
X Val-TAT 1657 +8

Tryp-TAT 1744 +8

hown below:

TAT < Tyr-TAT < Tryp-TAT < Phe-TAT < Leu-TAT

< Val-TAT < Tyr3-TAT < Tyr5-TAT < Phe3-TAT < Phe5-TAT

.2. Size analysis of peptides

As seen in Table 2, the hydrodynamic diameter of TAT, Phe-TAT,
eu-TAT, Val-TAT, and Tryp-TAT is very low ranging from 1.97 to 2.47.
he hydrodynamic diameter is 305.9 nm for Tyr-TAT. It can be seen
hat peptides with tyrosine form larger aggregates compared to
eptides containing phenylalanine. The data represented here cor-
esponds to the volume distribution of size analysis obtained from
ynamic light scattering. The polydispersity index of the peptides
as found to be below 0.4. Size analysis of 1 mg/ml peptide solution

n water by dynamic light scattering indicates aggregation behavior
or some peptides. The peptides used in this study are small with
heir molecular weight ranging approximately from 1500 to 2800
Table 1). Size analysis data indicates aggregate formations which
ontain monomers as low as 2 to as high as 100 or 150 depend-
ng on the type of peptide. The simultaneous presence of distinct
nteractions (e.g., hydrogen bonding, electrostatic, and hydrophobic
nteractions) in the system leads to rich and subtle molecular self-
ssembly behavior. It is understood that the aggregation of peptides
s a result of subtle interplay between various intra- and inter-chain
nteractions, i.e., interactions within a single chain and interaction
etween different chains, respectively. The presence of aromatic
esidues is thought to be important to stabilize the aggregate to
orm critical aggregation nucleus which is the first step towards
urther growth of the aggregate (Gsponer et al., 2003). The stabil-
ty of the formed aggregates depends on the type of hydrophobic
he3-TAT 119.5 ± 2.3
he5-TAT 156.2 ± 3.3
euc-TAT 2.1 ± 0.3
al-TAT 2.5 ± 0.6
ryp-TAT 2.0 ± 0.2
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Fig. 1. Gel electrophoresis of peptide–DNA complexes. The values shown on the
figures are +/− ratios of the complexes. The left most lane in each figure indicates
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Table 3
Optimal +/− ratio where immobility of DNA was seen in gel electrophoresis.

Peptide +/−
Tyr3-TAT 21.0
Tyr5-TAT 30.1
Phe3-TAT 78.0
Phe5-TAT 18.7
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TAT–DNA complexes are almost constant throughout +/− charge
ratios studied and ranges between 0.28 and 0.35. Tyr3-TAT–DNA
and Tyr5-TAT–DNA complexes indicate a PDI ranging between 0.25
and 0.42 (Fig. 4A). PDI of Phe1,3,5-TAT peptides ranges between 0.3

Table 4
Hydrophobicity values of hydrophobic amino acids used in the study.

Amino acid Hydrophobic index (kcal/mol)a

Tryptophan −0.9
he mobility of DNA alone in the gel. Subsequent lanes from left to right indicate
obility of DNA in the presence of peptide at various +/− ratios indicated above the

ane. (A) TAT; (B) Tyr-TAT; (C) Phe-TAT.

ides) at the N-terminal resulted in formation of smaller aggregates
hen compared with the peptides having different hydropho-

ic amino acids (phenylalanine peptides). More in-depth studies
ould be required to establish, the type of aggregates formed

or each peptide used in this study and their critical aggregation
oncentration.

.3. Gel electrophoresis

Charge neutralization of DNA was examined by electrophoretic
obility of the peptide–DNA complexes in a 0.75% agarose gel. DNA
as detected by staining with ethidium bromide. The gel elec-

rophoresis pictures are shown in Fig. 1. In all the gels, DNA by
tself indicates maximum migration. The mobility of DNA gradu-
lly decreases as we move from lower +/− ratios to higher ratios.
his is because of increase in the extent of neutralization of charge
n the DNA by increasing concentration of the peptides. For all
he peptides except Phe3-TAT, the DNA shows complete neutral-
zation of charge between +/− ratios of 3.2 and 30. The optimal +/−
atios at which complete retention of DNA was observed are given
n Table 3. For Phe3-TAT, neutralization is indicated at +/− ratio
f 78. This indicates a rather poor interaction of this peptide with

NA. Gel electrophoresis for Leu-TAT, Val-TAT and Tryp-TAT and
NA complexes was performed from lower +/− ratio of 0.4. These
omplexes showed precipitation at +/− ratio of 6.4. As the pep-
ide concentration in the system increases, the charge on the DNA

T
P
L
V

euc-TAT 6.4
al-TAT 3.2
ryp-TAT 3.2

s neutralized. The surface charge of the complexes also increases
radually towards a less negative value because of charge neutral-
zation of DNA. When the concentration of the peptide is enough
o neutralize 90% of the charge on DNA, the DNA is condensed into
ompact particles. This can be clearly seen in the gel electrophore-
is data (Fig. 1A–C and Table 2). The presence of different bands
n the gel might be because of the presence of a small percent of
inear and nicked DNA as well as partially condensed DNA in the
ample. Electrophoretic mobility of the samples in the gel depends
n various factors like the size, shape and surface charge of the
omplexes.

.3.1. Size analysis of peptide–DNA complexes
The hydrodynamic size of native DNA was found to be

9.11 nm ± 5.7. Data from size analysis of peptide–DNA complexes
s shown in Fig. 2A–C. Tyr-TAT and Phe-TAT result in much smaller
omplexes whose hydrodynamic size ranges between 78.15 to
02 nm, and 67–89 nm, respectively. The polyplexes produced by
AT have a hydrodynamic size ranging from 300 to 470 nm. The
ize of DNA complexes formed by Tyr3-TAT shows lower size com-
ared to TAT, which range from 108.4 to 310.5 nm. Tyr5-TAT results

n DNA complexes of maximum size ranging between 248.5 and
46.5 nm (Fig. 2A) compared to other tyrosine containing peptides.
mong peptides containing phenylalanine, again Phe3-TAT–DNA
omplexes are larger compared to TAT–DNA, Phe-TAT–DNA com-
lexes. DNA complexes formed from Phe5-TAT show a larger size

nitially up to +/− ratio of 5.0 and the size decreases thereafter
Fig. 2B). DNA complexes formed by Leu-TAT, Val-TAT and Tryp-
AT show a size range of 105.83–266 nm between +/− ratios of 0.4
nd 3.2. DNA complexes formed from these peptides are unstable
n solution above +/− ratio of ∼6.0 as indicated by precipitation at
igher +/− ratios.

.3.2. Polydispersity (PDI) of the peptide–DNA complexes
PDI is an indication of heterogeneity of the various size popula-

ions in the sample. The PDI of the complexes is given in Fig. 4A–C.
he PDI of TAT–DNA complexes ranges from 0.35 to 0.54. It increases
p to +/− ratio of 17.2 and decreases afterwards. PDI of Tyr-
yrosine −1.3
henylalanine 2.8
eucine 3.8
aline 4.2

a Kyte and Doolittle scale of amino acid hydrophobicity (Kyte and Doolittle, 1982).



166 G.N. Goparaju et al. / International Journal of Pharmaceutics 369 (2009) 162–169

Fig. 2. Particle size (z-average diameter) of peptide-complexes at various +/− ratios
as analyzed by dynamic light scattering. Values expressed as mean ± S.D., n = 3. Stan-
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Fig. 3. Zeta potential of peptide-complexes in 10 mM phosphate buffer, pH 7.4 at
various +/− ratios. Values expressed as mean ± S.D., n = 3. Standard deviations in (C)
have not been indicated to maintain the clarity of the graph. S.D. ranged from 1.32 to
1
[

z
p
p
o
t
r
show similar change in zeta potential (Fig. 3C). Moreover, the zeta
ard deviations in (C) are not indicated to maintain clarity of the graph. Standard
eviations ranged from 2.3 to 135.4. (A) [×] TAT, [�] Tyr-TAT, [�] Tyr3-TAT, and [�]
yr5-TAT. (B) [×] TAT, [♦] Phe-TAT, [�] Phe3-TAT, and [�] Phe5-TAT. (C) [–] Leu-TAT,
×] Val-TAT, and [©] Tryp-TAT.

nd 0.54 (Fig. 4B). The PDI of Leu, Val, Tryp-TAT–DNA complexes
anges from 0.4 to 0.7. The high PDI of the complexes at +/− of 1.6 is
n indication of aggregation at charge neutralization of complexes
urther leading to precipitation (Fig. 4C).

.3.3. Zeta potential analysis of peptide–DNA complexes
The zeta potential of DNA was found to be −52.3 mV ± 1.7. The

hange in zeta potential of DNA complexes formed by TAT pep-
ides containing tyrosine, indicate that the surface charge of the
NA is increased upon interaction with the peptides (Fig. 3A–C). As

he concentration of the peptide increases, the net zeta potential
ecomes less negative from −52.3 mV, indicating interaction of the
eptides with DNA. DNA complexes of TAT and Tyr-TAT show a sim-
lar change in net zeta potential. DNA-Tyr3-TAT complexes show a
igher net zeta potential compared to the other complexes at all
/− ratios and it almost remains constant after +/−6.5 (Fig. 3A).
yr5-TAT and DNA complexes though initially show an increase in

p
t
s
c

3.5. (A) [×] TAT, [�] Tyr-TAT, [�] Tyr3-TAT, and [�] Tyr5-TAT. (B) [×] TAT, [♦] Phe-TAT,
�] Phe3-TAT, and [�] Phe5-TAT. (C) [–] Leu-TAT, [×] Val-TAT, and [©] Tryp-TAT.

eta potential; there is a gradual decrease after +/− 2.0. Among the
eptides containing phenylalanine, Phe-TAT indicates DNA com-
lexes with higher surface charge followed by TAT. DNA complexes
f Phe3-TAT and Phe5-TAT show very low change in zeta poten-
ial with increase in peptide concentration, even at very high N/P
atios (Fig. 3B). DNA complexes of Leu-TAT, Val-TAT and Tryp-TAT
otential reported here is a reflection of the concentration at which
he samples were prepared, the solution parameters such as ionic
trength, the buffer species, etc. These values will change when the
onditions mentioned change.
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Fig. 4. Polydispersity index (PDI) of peptide-complexes at various +/− ratios. Values
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xpressed as mean ± S.D., n = 3. (A) [�] TAT, [ ] Tyr-TAT, [�] Tyr3-TAT, and [ ] Tyr5-
AT. (B) [�] TAT, [ ] Phe-TAT, [�] Phe3-TAT, and [ ] Phe5-TAT. (C) [�] Leu-TAT, [
Val-TAT, and [�] Tryp-TAT.

.4. Final discussion

A closer observation of the hydrodynamic size of the polyplexes
ndicates that Tyr-TAT and Phe-TAT peptides show smaller com-
lexes compared to TAT (Fig. 2). The size of complexes formed by
AT correlates to the hydrodynamic size of the polyplexes formed
y using cysteine flanked TAT at both the ends (Cys-TAT-Cys) in a
tudy done by Manickam et al. (2005). There are two important
eatures of Tyr-TAT and Phe-TAT interaction with DNA. First, these
eptides are able to efficiently condense DNA into smaller parti-
les than any other peptides; secondly they are able to stabilize
he system without further aggregation within +/− ratios studied.

he polydispersity index of the formed complexes is also low com-
ared to other peptide–DNA complexes (Fig. 4A–C). The mixing of
ucleic acid and polycation aqueous solutions results in binding of
lectrostatically complimentary chains. When the polycation has
hydrophobic domain, it sticks to the nucleic acid because it has

T
T
(
i
p
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o hide from the surrounding aqueous environment (Kabanov and
abanov, 1995). When this hydrophobic site is small such as tyro-
ine or phenylalanine (Tyr-TAT and Phe-TAT), it can interact with
he hydrophobic areas of the DNA and when 90% or more of the
harge on DNA is neutralized, the DNA condenses into a tightly
acked structured particle. This might be the case with Tyr-TAT
nd Phe-TAT. This model for interaction is depicted in Fig. 5. How-
ver, it is important to note here that the N-terminal of TAT also has
ne tyrosine, which means we are looking at two tyrosines in Tyr-
AT, and tyrosine and phenylalanine in Phe-TAT. It has been shown
reviously that condensation of DNA strongly depends on the struc-
ure of the polycation. A study done on collapse of DNA using
sovalent polyamines spermine and a series of its homologues,

2N(CH2)3NH(CH2)n=2–12NH–(CH2)3NH2 (n = 4 for spermine) indi-
ated formation of compact particles of hydrodynamic radius (Rh)
f 40–50 nm for compounds with n = 3–6. The hydrodynamic radius
ncreased further with increase in methylene chain length separat-
ng amino groups of the polyamines (Rh = 60–70 nm for n = 7–10 and
100 nm for n = 11 and 12) (Vijayanathan et al., 2001).

Stability of the size of polyplexes formed by Tyr-TAT and Phe-
AT at higher +/− ratios could be explained by considering the
tructure of the peptides (Fig. 2A). The size and zeta potential for
hese complexes has been studied from +/− ratio of 1.7–30 approx-
mately. The size of these complexes is fairly constant within the
/− ratios studies. This indicates that the polyplexes formed by
yr-TAT and Phe-TAT are stable in the presence of excess cationic
eptide. From the peptide size analysis, aggregation of the pep-
ides is clearly seen at a concentration of 1 mg/ml. The PDI of the
ormed complexes is also low compared to other peptide–DNA
omplexes (Fig. 4). Though the critical aggregation concentration
f the peptides has not been determined, there is always a possibil-
ty of formation of aggregates of the excess free peptide in solution if
he concentration of the free peptide reaches critical aggregate con-
entration. Whether the formed aggregates are small or large, they
re able to stabilize the system by electrostatic repulsion because
he hydrophobic domain of the peptide would be buried in the inte-
ior of the aggregate while the hydrophilic domain would extend
ut into solution. However, if the free peptide concentration does
ot reach critical aggregate concentration, then the free peptide
an stabilize the polyplexes by a phenomenon which is similar
o stabilization of DNA condensates by surfactants (Sharma et al.,
005). The hydrophilic charged domain of the peptide extends into
ater and sterically hinders the complexes from approaching each

ther while the small hydrophobic domain interacts with the poly-
lexes. Moreover, it is a proven fact that the excess cationic agent
n the polyplexes is in equilibrium with the free cationic agent in
he surrounding solution (Kabanov and Kabanov, 1995).

It was important to see if other TAT peptides containing single
ydrophobic amino acid at the N-terminal would behave similarly.
n order to look into this aspect, Leu-TAT, Val-TAT and Tryp-TAT
ere observed. One major difference between these peptides and

yr-TAT and Phe-TAT peptides in that the polyplexes formed by
hese peptides precipitate at +/− ratio of approximately 6. Gel elec-
rophoresis for these peptide–DNA complexes indicates decreasing

obility of DNA in the gel as we move from peptide: DNA +/− ratio
f 0.4–3.2. There is clear band of DNA seen in the well at higher
atios. This might be because of precipitation of the complexes.
herefore, the size analysis was performed at +/− ranging from 0.4
o 3.2.

The size of the polyplexes formed with Leu-TAT, Val-TAT and

ryp-TAT indicate hydrodynamic sizes less than 300 nm and Val-
AT typically indicates polyplexes ranging between 105 and 118 nm
Fig. 2C). When the +/− ratio is close to 1, the size of the polyplexes
ncreases for Leu-TAT and Tryp-TAT and upon further addition of the
eptide, the size decreases and finally when more peptide is added
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Fig. 5. Model for interaction

he polyplexes precipitate out of solution for all the three peptides.
his becomes more prominent at high +/− ratios. Isothermal titra-
ion calorimetry studies on these complexes indicate condensation
f DNA close to +/− ratio of 3.2 for Leu-TAT and Val-TAT (data not
hown here). This indicates that these peptides do condense DNA.
owever, the condensed particles are not stable in solution. They
ggregate and finally precipitate out of solution. The aggregation of
he complexes is also evident from the high polydispersity index of
hese complexes given in Fig. 4C. Aggregation might occur because
f increased hydrophobicity of the complexes (Fig. 5). Out of all the
mino acids used, valine and leucine are the most hydrophobic with
ydrophobicity values of 3.8 and 4.2, respectively. They do not have
n aromatic structure. They can interact with other hydrophobic
reas on the DNA. This increases hydrophobic sites on the surface
f the polyplexes as more and more peptide is added. At some point
he complex reaches a critical composition and its hydrophobicity
ncreases to such an extent that further binding of the polycation
hould lead to precipitation of the complex. When the zeta poten-
ial of the supernatant after precipitation (+/− of 4) is analyzed, we
ee a change in the zeta potential, indicating presence of some sol-
ble complexes in solution (Kabanov et al., 1991; Miller and Batch,
968). Tryp-TAT shows low interaction with DNA compared to the
ther TAT peptides containing single hydrophobic residue at the N-
erminal as seen from the zeta potential analysis. Tryptophan is the

ost hydrophilic amino acid amongst all the hydrophobic amino
cids studied. Cationic vector/DNA complexes show a pronounced
endency to aggregate through Vander Waals and hydrophobic
nteractions when they are not highly charged (Erbacher, 1996).
ryptophan is known to intercalate between the base pairs of DNA
the interaction with DNA as seen from ethidium bromide assay is
AT ∼ Tyr-TAT ∼ Phe-TAT ∼ Leu-TAT > Val-TAT > Tryp-TAT) (data not
hown here).

Polyplexes formed from Tyr3-TAT and Tyr5-TAT have a relatively
arge size when compared to TAT or Tyr-TAT. The increase in zeta
otential upon interaction of Tyr3-TAT is more pronounced than
yr-TAT and TAT (Fig. 2A). This indicates that Tyr3-TAT modifies the

urface characteristics of DNA while interacting moderately. This
ight be because of aggregation of the peptides and interaction

f these aggregates with DNA. The cationic charges on Tyr3-TAT
ould interact with the phosphate charges on DNA. However, the

nteraction of the hydrophobic domain of the peptide with the

d
t
t
b
w

hiphilic peptides with DNA.

ydrophobic interior of DNA might be either reduced or prohibited
ecause of the size of the hydrophobic domain. Therefore, these
eptides might lie perpendicular to the surface of the DNA. The
nly way these hydrophobic domains could hide from the exterior
queous environment is by aggregation.

Interaction of DNA with Phe3-TAT and Phe5-TAT indicates a
light increase in the zeta potential initially and upon further addi-
ion of the peptide, it becomes more negative and the size of the
omplexes formed indicates aggregation (Figs. 3B and 5). This phe-
omenon which, sometimes happens with lipid–DNA interaction,
an be explained by the fact that as the DNA gets accumulated
ear the surface of peptide aggregates, the negative charge den-
ity increases. The hydrodynamic size that we see is a reflection of
he size of aggregates of peptides and uneven distribution of the
eptides and DNA. The low interaction might be because of more
ropensity of the peptide to aggregate. Tyr5-TAT also behaves sim-

larly because of the bulky hydrophobic domain that it has (Fig. 5).
Preliminary transfection studies indicated transfection effi-

iency that varied from 10 to 20% for hepatocytes HUH7 cells.
ighest transfection efficiency was shown by the peptides con-

aining more than 2 tyrosine residues on the N-terminal end of
AT–PTD. Tyr3-TAT showed the highest transfection efficiency in
epatocyte HUH7 cells compared to its counterparts. A detailed
valuation of transfection efficiency and uptake characteristics
eeds to be done. A similar study done with Hel series peptides
aving a symmetrically varied hydrophobic–hydrophilic balance
howed that the peptides with a large hydrophobic region took
lpha helical structures and formed larger aggregates and also
howed higher transfection efficiency. Their high efficiency was
ttributed to formation of stable aggregates which can be internal-
zed by endocytosis and remain resistant to digestion in lysosomal
ehicles (Ohmori et al., 1998).

Considering the size and electrokinetic properties of peptide–
NA complexes, we can classify the interaction of these peptides
ith DNA into two types (Fig. 5). Peptides having small hydropho-

ic area at N-terminal have a capacity to form smaller complexes

epending on the nature of the hydrophobic domain, while pep-
ides having larger hydrophobic tail at N-terminal have a tendency
o aggregate forming larger complexes. However, the colloidal sta-
ility depends both on the nature of the hydrophobic domain as
ell as the type of complex formed.
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. Conclusion

The results obtained from gel electrophoresis, size and zeta
otential analysis of TAT and modified TAT peptide–DNA com-
lexes indicate that the presence of a hydrophobic domain at
he N-terminal of the peptide does influence the complexation
f the peptides with DNA. Peptides with smaller hydrophobic
omain form smaller complexes and their stability in solution
epends on the nature of the hydrophobic amino acid. The peptides
ith more than one hydrophobic aminoacid at N-terminal have a
ropensity towards aggregation and the resulting complexes can
e either complexes of DNA–protein aggregates or an aggregate of
NA–peptide complexes.
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