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Gene therapy and DNA vaccination trials are limited by the lack of gene delivery vectors that combine effi-
ciency and safety. Hence, the development of modular recombinant proteins able to mimic mechanisms
used by viruses for intracellular trafficking and nuclear delivery is an important strategy. We designed a
modular protein (named T-Rp3) composed of the recombinant human dynein light chain Rp3 fused to an
N-terminal DNA-binding domain and a C-terminal membrane active peptide, TAT. The T-Rp3 protein was
successfully expressed in Escherichia coli and interacted with the dynein intermediate chain in vitro. It
was also proven to efficiently interact and condense plasmid DNA, forming a stable, small (~100 nm) and
positively charged (+28.6 mV) complex. Transfection of HeLa cells using T-Rp3 revealed that the vector is
highly dependent on microtubule polarization, being 400 times more efficient than protamine, and only
13 times less efficient than Lipofectamine 2000™, but with a lower cytotoxicity. Confocal laser scanning
microcopy studies revealed perinuclear accumulation of the vector, most likely as a result of transport
via microtubules. This study contributes to the development of more efficient and less cytotoxic proteins
for non-viral gene delivery.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Gene therapy can be defined as the introduction of nucleic acids
into cells with the goal of altering gene expression to prevent, halt
or reverse a pathological process (Kay, 2011). Despite the great
potential of these new therapies, gene therapy still faces major chal-
lenges because DNA requires a vector to protect and to transport
it into the cell. An ideal vector should be safe, efficient and stable.
However, finding such a vector remains a major challenge (Ganta
et al., 2008; Ruponen et al., 2009). Viral vectors, biological carriers
that have naturally evolved to transfer genetic materials into host
cells(Lvetal.,2006), are efficient, although they are associated with
several adverse effects ranging from inflammation to death, rais-
ing doubts about their safety (Edelstein et al., 2007; Vazquez et al.,
2008). Non-viral vectors are less efficient but are considered to be
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safer, are cheaper to produce and have no limitations on the size of
the DNA sequence delivered (Kay, 2011).

DNA delivery systems must overcome multiple extra- and
intracellular barriers before reaching the nucleus. These barriers
include binding to the cell surface, cell entry/endocytosis, endo-
somal escape, evasion of cytosolic nucleases and nuclear entry
(Azzoni et al., 2007; Medina-Kauwe et al., 2005; Ruponen et al.,
2009). One important obstacle that is often neglected in strategies
that mimic viral trafficking is transport throughout the cytoplasm.
Plasmid DNA cannot depend solely on diffusion during traffic-
king to the nucleus. Microinjection studies have demonstrated
that naked pDNA larger than 2000 bp diffuses poorly if at all in
the cytoplasm (Douglas, 2004; Lukacs et al., 2000; Suh et al,,
2003). Additionally, free pDNA in the cytosol is rapidly degraded
by endonucleases (Mastrobattista et al., 2006). Therefore, it has
been suggested that dyneins may serve to improve the trans-
port of pDNA toward the minus-end of microtubules (MT), which
are usually located close to the cell nucleus (Déhner et al., 2005;
Mesika et al., 2005; Moseley et al., 2010; Tzfira, 2006). Dynein
is a multi-subunit protein complex formed by two dynein heavy
chains (HC; ~530kDa, responsible for ATP hydrolysis and binding
to microtubules), two dynein intermediate chains (IC; ~74 kDa),
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several dynein light intermediate chains (LIC; ~52-61kDa) and a
number of dynein light chains (LC; ~10-25 kDa). The dynein light
chains are from the LC8, TcTex/Rp3 and LC7/roadblock families and
are responsible for cargo binding and the regulation of motor activ-
ity (Dohner et al., 2005; Holzbaur and Vallee, 1994).

Many viruses exploit microtubules via dynein motors to translo-
cate to the nuclear periphery. For example, the herpes simplex virus
type 1 binds to the dynein light chains Rp3 and TcTex1 to reach the
nucleus (Dodding and Way, 2011; Douglas, 2004; Medina-Kauwe
etal., 2005). The relevance of the microtubule network to the trans-
port of pDNA complexes has been demonstrated (Suh et al., 2003),
and the protein p53 also exploits this machinery to accumulate
in the nucleus (Lo, 2004). Recently, Moseley et al. (2010) demon-
strated that dynein light chain association sequences enhance the
nuclear accumulation of exogenous proteins by exploring the MT
network.

Our group recently demonstrated that the dynein light chain
LC8 can be modified by inserting a synthetic DNA-binding motif
while still maintaining the ability to interact in vitro with the dynein
intermediate chain (Ferrer-Miralles et al., 2008; Toledo et al., 2012),
forming positive particles that efficiently transfect HelLa cells in
vitro. This process is dependent on MT transport and is minimally
cytotoxic. We have also characterized the human dynein light chain
Rp3 and shown that the simple addition of a DNA binding sequence
transforms this dynein light chain into a promising gene delivery
vector (Toledo et al., 2013). The human Rp3 has a molecular mass
of approximately 13 kDa and is a member of the Tctex dynein light
chain family. It exists in homodimeric and heterodimeric forms and
is associated with Tctex1, although the heterodimer form is unable
to bind to the dynein intermediate chain (King, 2000).

Here, recombinant Rp3 was fused to a N-terminal DNA binding
domain and to the C-terminal TAT sequence, a cell penetrating pep-
tide (CPP) (Azzoni et al., 2007; Won et al., 2011), to form a novel
protein named T-Rp3. Cell penetrating peptides are also known as
protein transduction domains (PTDs) and are usually short pep-
tides that are rich in basic amino acids (Said Hassane et al., 2009).
These peptides originate from proteins that are naturally capable
of crossing membranes and have been used to study the delivery of
bioactive molecules, including nucleic acids (Yamano et al., 2011).
The better-known CPP is represented by TAT, an arginine-rich pep-
tide derived from HIV-1 trans-activator protein (Won et al., 2011).
The mechanism of TAT entry into the cell is the subject of some
debate, but entry has been shown to be concentration and cell
type-dependent (Ferrer-Miralles et al., 2008; Gump and Dowdy,
2007; Moschos et al., 2007). TAT is also promising for gene deliv-
ery because it has an additional ability of entering the cell nucleus
with much faster kinetics than nuclear import mediated by the
nuclear localization signal (NLS) (Nitin et al., 2009). In resume,
this work presents a step forward on the development of modular
proteins for non-viral gene delivery based on dynein light chains.
Besides the inclusion of a new domain on the Rp3 protein, the TAT
cell penetrating peptide, we could better characterize and evaluate
the pDNA-protein complexes, transfection efficiency and cellular
uptake of the non-viral particles, adding new information to the
development of non-viral gene delivery vectors based on modular
proteins.

2. Materials and methods
2.1. Plasmid DNA vector

The plasmid DNA used in this study was previously described
by Toledo et al. (2012). Named pVAX1-Luc, the plasmid was con-

structed by replacing the GFP-encoding sequence of the pVAX1-GFP
plasmid (Azzoni et al., 2007) with the luciferase gene sequence

N — H6 DNAbinding. Rp3 TAT —C
— d ———
TMGSSHHHHHHSSGLVPRGSHWRRRGFGRRRMEEYHRHCDEVGFNAEEAHNIVK
ECVDGVLGGEDYNHNNINQWTASIVEQSLTHLV AYKYIVTCAVVQKSAYGFH
TASSCFWDTTSDGTCTVRWENRTMETNCIVNVF LYGRKKRRQRRR%?

Fig. 1. The T-Rp3 recombinant protein. Illustrative distribution of functional mod-
ules in T-Rp3 and the amino acid sequence of the protein construct, which contains
a histidine tail (H6 - in blue), the synthetic DNA-binding sequence (green), the Rp3
human dynein light chain (orange), and the TAT sequence (red). The residues result-
ing from the cloning process are shown in black. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)

obtained from the pGL3-Luc control vector (Promega). Purifica-
tion of the pVAX1-Luc plasmid used in all transfection studies was
performed as described by Freitas et al. (2007).

2.2. Recombinant protein expression and purification

The TAT DNA sequence was cloned into the pET28a expression
vector (Merck). The TAT sequence was synthesized as two com-
plementary single oligonucleotide strands containing the amino
acid sequence YGRKKRRQRRR (Nitin et al., 2009) optimized for
expression in Escherichia coli. The complementary sequences were
annealed and phosphorylated prior to cloning in pET28a, which
was previously digested with EcoRI and Xhol. The vectors were then
transformed into E. coli strains.

The fusion protein DNA-binding domain WRRRGFGRRR (named
DNAb4) was previously designed by Toledo et al. (2012) for
peptide and protein domains with high DNA binding and con-
densing capacity. The DNAb4 domain was fused to the Rp3
sequence amplified from HeLa cell cDNA as described previously
(Toledo et al., 2012). The Rp3 protein sequence containing the
DNA-binding sequence was amplified and inserted in the pET28a
plasmid encoding the TAT sequence described above using specific
primers (forward: 5-GATAATGCTAGCTGGCGTCGCCGTGGTTTTG-
3’ and reverse: 5-GCAAGCCTTAAGAAGAACAATAGCAATGGCAA-
3’). The fragment was cloned into the pET28a vector (Merck) using
the Nhel and EcoRI restriction sites. The resulting fusion protein
(DNADb4-Rp3-TAT) is named T-Rp3 (Fig. 1).

The recombinant T-Rp3 was expressed in E. coli BL21 (DE3).
Briefly, cells were grown in 1 L of LB media at 37 °C with shaking at
300 rpm until an optical density of 0.8 AU was reached (measured
at 600 nm). Protein expression was induced with 5.6 mM lactose for
an additional 20 h at 28 °C and shaking at 200 rpm. After centrifu-
gation, the cell pellet was resuspended in 50 mM Tris (pH 7.0), 1M
NaCl, 0.1 mM EDTA, 15mM [(-mercaptoethanol and 1 mM PMSF
(phenylmethylsulfonyl fluoride). Cell lysis was achieved by sonica-
tion and the lysate was clarified by centrifugation (12,000 x g for
20 min). The T-Rp3 in the clarified lysate was purified by a single
Ni-NTA affinity chromatography step and eluted using an imidaz-
ole gradient in suspension buffer. The protein was then dialyzed
in 40 mM HEPES buffer (pH 7.3), a condition that favored protein
stability.

2.3. Invitro interaction of T-Rp3 with the dynein intermediate
chain

To assess the interaction of the recombinant T-Rp3 with the
dynein complex, we expressed and purified the N-terminus (first
300 amino acids) of the human dynein intermediate chain DYNIC2,
isoform C, according to the protocol described by Toledo et al.
(2012). The purified protein was subsequently immobilized in
CNBr-activated Sepharose resin (GE Healthcare) following the
manufacturer’s protocol. The resin was packed into a 1-mL grav-
ity column (Bio-rad). The protein solution loaded onto the resin
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was composed of an equimolar mixture of T-Rp3 and Lc8 in 40 mM
HEPES buffer (pH 7.3). The Lc8 intermediate chain was produced as
previously described (Toledo et al., 2012). The inclusion of Lc8 was
based on the premise that the presence of one light chain enhances
the affinity of a second light chain to the dynein intermediate chain
(Makokha et al., 2002; Hall et al., 2009). The washing step was con-
ducted using adsorption buffer and elution was performed with an
increasing concentration of salt (0.1, 0.5 and 1.0 M Nac(l). A final
desorption step was performed at pH 3.0. The pH of the latter elu-
tion fractions was immediately raised using Tris buffer (pH 9.0).
Finally, the protein profiles of the collected fractions were analyzed
by SDS-PAGE.

2.4. Evaluation of pDNA-protein interaction by gel retardation
assay

To evaluate the ability of T-Rp3 and protamine to interact and
condense pDNA, we performed a gel retardation assay. Proteins
were dialyzed in 40 mM HEPES (pH 7.3) and incubated with 1 pg
of pVAX1-Luc vector (previously in PBS) at different pDNA:protein
molar ratios (1:100, 1:200, 1:500, 1:1000, 1:4000 and 1:8000) in a
final volume of 50 wL. Protamine sulfate powder was resuspended
in PBS. The samples were incubated at room temperature for 1h,
followed by the addition of 50 L of non-supplemented F-12 media
and an additional incubation for 20 min. Samples were run on a 0.8%
agarose gel and visualized by ethidium bromide staining.

2.5. Zeta potential and dynamic light scattering assays

Zeta potential measurements were performed to comparatively
evaluate the surface charge of complexes formed by pDNA:T-Rp3
at different molar ratios. Complexes were formed as previously
described for the gel retardation assay, but without adding F-12
media. Each sample was measured six times using the Malvern
Zetasizer Nano ZS (Malvern). The average hydrodynamic diameter
and size distribution (number-weighted) of the complexes were
measured via the dynamic light scattering (DLS) as described by
Toledo et al. (2012). The pDNA:T-Rp3 complexes were measured
at a molar ratio of 1:8000. Complexes were formed with 1 ug of
pDNA and the corresponding amount of protein in a final volume of
800 L. Each sample was subjected to multiple readings in a 60-min
period.

2.6. Culture and transfection of HeLa cells

HelLa cells were grown in a F-12 (Ham) nutrient mixture (Gibco)
containing 10% (v/v) fetal bovine serum (growth medium, Gibco).
The cells were cultured in 75 cm? culture flasks and incubated in a
5% CO, humidified environment at 37 °C. Following growth to con-
fluence, cells were trypsinized and seeded in 24-well culture plates
(5 x 10 cells per well). The cells were incubated for 48 h (to 70%
confluence) and then transfected with pDNA:protein complexes
formed as described previously for gel retardation assays, using the
same molar ratios. When indicated, transfection was carried out
using the Lipofectamine 2000™ reagent (Invitrogen) according to
the manufacturer’s instructions (1 ug pDNA plus 1.5 pL reagent in
100 L of medium per well) or protamine sulfate (Sigma-Aldrich,
Germany). All transfections were carried out in the presence of
serum. The medium containing the transfection solution remained
on the transfected cells for 6 h and was then replaced with fresh
growth medium. Cells were collected 24 h post-transfection and
luciferase activity was determined by utilizing the Luciferase Assay
System (Promega) according to the manufacturer’s instructions.
Luminescence intensity was normalized against the protein con-
centration in each transfection sample, determined by the Micro
BCA Protein Assay Kit (Thermo Scientific). We used Lipofectamine

2000™ 35 a control because it is regarded as an effective and fast-
acting transfection agent. The transfection assays were performed
as three independent replicates (experiments performed indepen-
dently), except using protamine (eight independent replicates),
T-Rp3 (twelve independent replicates) and Lipofectamine 2000™
(six independent replicates).

To evaluate the contribution of the microtubule network in the
intracellular trafficking of the complexes, cells were pre-incubated
for 2h with nocodazole (25 wM) (Sigma-Aldrich) to disrupt the
microtubules. The drug was dissolved in DMSO and an equal
volume of drug-free DMSO (0.4%) was used as a control. Transfec-
tions were performed in the presence of chloroquine to evaluate
the contribution of lysosomal degradation of pDNA:protein com-
plexes. Cells were pre-incubated for 4 h with chloroquine (100 wM)
(Sigma-Aldrich). For these assays, pre-treated cells were incu-
bated in the presence of different complexes for 4 h, after which
the medium was replaced with fresh growth medium. After 24 h,
cells were collected, and the luciferase activity was measured as
described above. The experiments were performed as three inde-
pendent replicates and the results were normalized as percentages,
and the value of luciferase expression (in RLU/mg) of the control
was defined as 100%.

2.7. Invitro toxicity

Cytotoxicity of the delivery vectors was assessed using the Cell
Proliferation Reagent WST-1 (Roche Applied Science) following the
manufacturer’s instructions. Briefly, HeLa cells were grown in 96-
well plates to 70% confluence and then transfected as described
above with pDNA:protamine (pDNA:protein molar ratio of 1:8000)
or pDNA:T-Rp3 (pDNA:protein molar ratio of 1:8000) complexes
with and without Lipofectamine 2000™; pDNA alone served as
the control. The experiments were performed as six independent
replicates. The complexes were prepared as previously described
(item 2.5) using a final volume (20 L) proportional to the 96 wells.
The mass of pDNA used per well was 0.2 pg and all pDNA:protein
molar rations were kept the same. Lipofection using Lipofectamine
2000™ was carried out using 0.2 g pDNA plus 0.3 pL reagent in
20 pL of medium per well. The cells were exposed to the com-
plexes for 6h, when the medium was replaced. The plates were
analyzed 24 h post-transfection. Analysis was done by adding 10 pL
of WST-1 reagent to each well, followed by incubation for an
additional hour. Absorbance was recorded at 440 nm in an ELISA
reader.

2.8. Cellular uptake

Cellular uptake and trafficking of vectors were examined using
a Zeiss LSM780-NLO laser scanning confocal microscope with a
Plan-Apochromat 63 x oil objective (NA 1.45). Plasmids pVAX1-LUC
were covalently labeled with Cy3™ (Label IT, Mirus) and used for
HelLa cell transfection as previously described. Cells were collected
at different time points (6, 12 and 24 h post-transfection), rinsed
with PBS, fixed (formaldehyde 3.7% in PBS for 5 min), permeabil-
ized and blocked. For microtubule staining, cells were incubated
with anti-a-tubulin overnight followed by incubation with Alexa
Fluor™ 488-coupled secondary antibody (both from Molecular
Probes-Invitrogen) for 2 h. After washing in PBS, cells were stained
with 4,6-diamino-2-phenylindole (DAPI), washed again and kept
in PBS. The 3D image measurements through the depth of the cell
were reconstructed and deconvoluted using AutoQuantX2 (Media
Cybernetics Inc., USA). All deconvoluted image stacks were fur-
therreconstructed by voxel-based volume and isosurface rendering
using Imaris (Bitplane) to determine the localization of the vector
particles within the cells.
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2.9. Time-lapse microscopy

Time-lapse imaging assays were performed on live HeLa cells
(phase) transfected with pDNA:T-Rp3 complexes (Cy3-labeled
pDNA, in red). HeLa cells were seeded on a sterile 35-mm glass
bottom dish (Hi-Q4 culture dish) and grown to 40% confluence.
The medium was then replaced by a fresh medium containing the
labeled complexes and the culture dish was placed into the live-
imaging chamber of a Nikon BioStation IM-Q (Nikon). Multiple
image capture points were selected and captured for 11 h using
20x magnification. Time-lapse microscopy was also performed in
the presence of chloroquine.

2.10. Statistics

Statistical significance of the transfection results (transfection
level, effect of drugs and cytotoxicity) was determined using
the two-tailed Student’s t-test, assuming unequal variances, at
a significance level p<0.05. The data were presented as the
mean + standard deviation. The number of independent experi-
ments in each analysis is presented in Section 2. Analyses were
performed using the Microsoft Excel Data Analysis ToolPack 2007
(Microsoft).

3. Results and discussion
3.1. T-Rp3 fusion protein expression in E. coli

During the design of a novel modular protein, special care should
be taken to avoid steric hindrance of the functional domains or
sequences. We have recently reported the cloning, purification and
structural characterization of human Rp3 to determine its poten-
tial use as a gene carrier (Toledo et al., 2013). Here, the cloning
of a new protein (T-Rp3) was performed with the insertion of a
TAT sequence at the C-terminus of the Rp3 protein, in addition to
the fusion of the histidine tail and the DNA-binding domain to the
N-terminus (Fig. 1). This construction was chosen to prevent the
blockage of domains involved in the interaction with the dynein
motor complex, based on the available structural data for TcTex
(Williams, 2005) and dynein complex formation data (Barbar et al.,
2001). We also took into consideration a low-resolution structural
model generated by SAXS for the recombinant Rp3 (Toledo et al.,
2013). The short TAT sequence (11 amino acid residues) was fused
to the C-terminus of the Rp3 protein to increase the probability of
this membrane active sequence to be exposed following complex
formation with pDNA.

3.2. T-Rp3 interaction in vitro with dynein intermediate chain

After the successful expression and purification of T-Rp3 (Sup-
plementary data, Fig. 1S), we evaluated whether the recombinant
protein retained the ability to interact with the dynein interme-
diate chain in vitro. Since C-terminal region of T-Rp3 contains
TAT peptide and is probably involved in light chain dimerization
and interaction with the dynein complex (Makokha et al., 2002),
we analyzed the interaction of recombinant T-Rp3 with human
dynein intermediate chain DYNIC2 (isoform C) in vitro. The results
of the affinity chromatography assay indicated a strong interaction
between T-Rp3 and the immobilized intermediate chain, as shown
in the SDS-PAGE gel prepared with the fractions collected during
the chromatography steps (Fig. 2A). The T-Rp3 could only be eluted
from the column containing the immobilized intermediate chain
under strongly acidic conditions (pH 3.0). Additionally, this inter-
action could not be disrupted by a salt gradient, which also pointed
to a specific interaction between the recombinant light chains and
the immobilized intermediate chain. As a control, we performed

A MLe8TR3SFW 1 2 3 E
25kDa s

18.4kDa .
14.4kDa N o= -

B ML8TR3 F W 1 2 3 E
25kDaps

18.4kDa

14.4kDa£‘ e -
’.

Fig. 2. T-Rp3 interacts with the dynein intermediate chain. The T-Rp3 interaction
with the dynein intermediate chain was evaluated in the presence of Lc8 by affinity
chromatography in immobilized intermediate chain Sepharose resin. The fractions
collected were analyzed in a SDS-PAGE gel. The lanes labeled T-Rp3 and Lc8 repre-
sent the proteins alone, before preparation of the equimolar solution. We observed
a much stronger interaction in the resin with the immobilized intermediate chain
(A) than with the control resin (B). After flow-through (lane F) and washing (lane
W), three additional washing steps were performed with an increasing salt gradient
(lanes 1-3), and a final step using a pH 3.0 elution buffer (lane E).

A

Protamine,
DNA 1:100 1:200 1:500 1:1000 1:4000 1:8000

B
pDNA 1:100 _1:200 _1:500 1:1000 1:4000 1:8000
ERE =0 - — ‘ e @S . -—

T-Rp3

Fig. 3. T-Rp3 interacts with and condenses pDNA. The ability of protamine (A) and
T-Rp3 (B) to interact with and to condense plasmid DNA was analyzed by gel retar-
dation assays. Six pDNA:protein molar ratios were studied, as shown in the gel
captions.

the chromatography using a resin without the intermediate chain
(CNBr-activated Sepharose blocked with Tris) and observed only
nonspecific interaction, with most of the T-Rp3 being eluted during
the flow-through, washing and salt gradient steps (Fig. 2B). Taken
together, these are strong indications that the recombinant T-Rp3
retains the ability to interact with the dynein intermediate chain
in vitro.

3.3. T-Rp3 interaction with plasmid DNA

Gel retardation assays (Fig. 3) demonstrate that the interaction
of T-Rp3 with pDNA is molar ratio dependent, with similar results
to protamine, an arginine-rich protein important in spermatogen-
esis, responsible for inducing torus formation and DNA packaging
(Brewer, 1999). This effect can be attributed to the addition of
DNA-binding and TAT domains, as both are positively charged. In
agreement with this observation, wild-type Rp3 (without DNA-
binding or TAT) exhibits no significant capacity to interact with
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Protamine WtRp3 Rp3-Db T-Rp3
Transfection

Lipofectamine

Fig. 4. Compared efficiency of T-Rp3. Transfection efficiency of HeLa cells compar-
ing naked pDNA, protamine, wild-type Rp3 (Rp3), Rp3 containing the synthetic
DNA-binding sequence (Rp3-Db), T-Rp3 (containing the DNA-binding and TAT
sequences), and Lipofectamine 2000™. The molar ratio used for all pDNA:protein
complexes was 1:8000. Transfection efficiency was assessed by measuring the activ-
ity of the luciferase reporter enzyme. Error bars indicate the standard deviation of
replicates (See Section 2). The signal (*) indicates that the results are significantly
different (p <0.05) when compared between the pairs. The y-axis is presented using
alogyo scale.

PDNA, even at higher molar ratios (data not shown). Analysis of
the zeta potential of the pDNA:T-Rp3 particles shows that it has
a positive charge (+28.6 mV) at the 1:8000 molar ratio, while the
pDNA:protamine net charge was +14.3 mV. Furthermore, dynamic
light scattering assays indicate that at a molar ratio of 1:8000, the
PDNA:T-Rp3 particles are smaller and more stable when compared
to protamine under the same conditions. While pDNA:protamine
particle size increased from 213 to 575nm in 1h, T-Rp3 formed
smaller particles (77 nm) that did not increase much in size (95 nm)
after the same period (Supplementary data, Fig. 2S).

3.4. Evaluation of T-Rp3 mediated gene delivery in cultured HeLa
cells

The efficiency of pDNA delivery mediated by T-Rp3 in cultured
HeLa cells was evaluated and compared to the efficiency of the wild-
type Rp3 (wtRp3) and a T-Rp3 construct lacking the TAT sequence
(Rp3-Db), as well as protamine. As observed in Fig. 4, wtRp3 pre-
sented a significant but limited efficiency to deliver pDNA. This can
be explained by the low theoretical isoelectric point of wtRp3 (pI of
6.0), which results in a weak electrostatic interaction with pDNA,
as verified by the gel retardation assay (data not shown). The inser-
tion of the N-terminus synthetic DNA-binding (Rp3-Db) increased
luciferase expression by 260 times. However, the addition of the
TAT and DNA-binding sequences to Rp3 (T-Rp3) was associated
with an approximately 2000-fold increase in luciferase expression.
In fact, the transfection efficiencies of T-Rp3 and Rp3-Db were not
much different as initially expected. However, although these two
proteins have not been compared under every aspect, the addi-
tion of the TAT domain to Rp3-Db (T-Rp3) still increased the vector
efficiency by 7.6-fold (p<0.05). Moreover, T-Rp3 is more stable
and allows easier manipulation during protein purification steps,
probably as a result of the higher pI and reduced propensity to
electrostatic aggregation (data not shown).

Compared to protamine, T-Rp3 presented a 400-fold increase
in transgene expression, and a 13-fold increase was found in com-
parison to the previously reported LD4, the LC8 based recombinant
protein (Toledo et al., 2012). The molar ratios used were chosen
based on our previous experience (Toledo et al., 2012) and from
preliminary studies comparing the transfection efficiency of pro-
tamine and T-Rp3 at different molar ratios (data not shown). The
1:8000 pDNA:protein molar ratio was found to be the best, similarly
to our previous results with LD4 (Toledo et al., 2012). High molar
ratios are necessary to form particles with high zeta potential val-
ues, which may contribute to areduced propensity to aggregate and
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Fig. 5. Evaluation of the cytotoxicity of different delivery vectors for HeLa cells.
The assays were performed using the WST-1 reagent (Roche Applied Science). We
assayed cell viability following transfection with complexes formed by pDNA and
Lipofectamine 2000™, protamine and T-Rp3 as previously described. Error bars
indicate the standard deviation of six replicates performed independently. The sig-
nal (*) indicates that the results are significantly different (p <0.05) when compared
between the pairs.

to promote high transfection efficiencies. Furthermore, in the case
of T-Rp3, the increase in the number of TAT sequences on the sur-
face of the cargos (complexes) may also increase their efficiency of
escape from endosomes/lysosomes during intracellular trafficking
(Erazo-Oliveras et al., 2012).

In addition, we compared the transfection efficiency of T-Rp3
to Lipofectamine 2000™, a cationic lipid that is highly efficient
in vitro. The pDNA delivery mediated by Lipofectamine 2000™
resulted in a luciferase expression 13 times higher than that found
for T-Rp3 (Fig. 4). Lipofectamine 2000™ is known to improve endo-
somal escape and delivery to the cytosol, including a fast nuclear
translocation capability (Akita et al., 2004). For a better evalua-
tion of the T-Rp3 efficiency, we performed transfections using the
pVAX1-GFP plasmid, which differs from pVAX1-Luc by the pres-
ence of a GFP reporter gene instead of luciferase (Azzoni et al.,
2007). Flow cytometry analysis of the HelLa cells transfected by the
pDNA:T-Rp3 complexes resulted in a value of 14% of positive cells,
while the value found for Lipofectamine 2000™ was 23%.

3.5. Evaluation of cytotoxicity

Transfection efficiency is not the only important characteristic
of anon-viral vector designed for in vivo studies. Vectors should also
be of low cytotoxicity and immunogenicity. An advantage of T-Rp3
is that most of its amino acid sequence is composed by the human
dynein light chain Rp3, which is endogenously expressed in human
cells (King, 2000). In a comparative study of efficiency and toxicity
of four different protein transduction domains, the TAT sequence
was found to be of low cytotoxicity to HeLa cells (Sugita et al., 2009).
We also performed an evaluation of the in vitro toxicity of T-Rp3,
protamine and Lipofectamine 2000™ by measuring the activity of
mitochondrial dehydrogenase (Fig. 5). Protamine and T-Rp3 had a
reduced toxic effect and, as expected, Lipofectamine 2000™ had
the highest cytotoxicity for HeLa cells, with a decrease in cell via-
bility of approximately 30%. The cytotoxic effects of cationic lipids
and especially Lipofectamine 2000™ have been reported by others
(Spagnou et al., 2004; Zhang et al., 2007).

3.6. Microtubule involvement and endosomal escape

As discussed above, among the desired features of pDNA:T-Rp3
particles have the ability to interact with the microtubule net-
work for fast intracellular trafficking and an improved endosomal
escape capability. To evaluate the dependence of these particles on
the microtubules, we performed transfections in the presence of
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Fig. 6. Involvement of microtubules and endosomes in the transfection efficiency
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The involvement of microtubules was studied using nocodazole. Chloroquine was
used to investigate the effect of the endosomal/lysosomal entrapment as a barrier to
gene delivery. Error bars indicate the standard deviation of triplicate measurements
performed independently. The signal (*) indicates that the results are significantly
different (p <0.05) when compared between the pairs.

nocodazole, a microtubule-depolymerizing agent that is expected
to decrease the delivery efficiency of T-Rp3. In fact, in the presence
of this drug, luciferase expression was reduced by 92%, suggesting
that T-Rp3 is highly dependent on microtubules for pDNA deliv-
ery (Fig. 6). This is an interesting result and an indication that
microtubules are involved in the transport of T-Rp3 complexes.
For comparison, transfections performed with protamine and Lipo-
fectamine 2000™ exhibited much smaller decrease in luciferase
expression in the presence of nocodazole (56% and 41%, respec-
tively). However, these results were not statistically significant at
a significance level of o =0.05 (data not shown). Although this is

Protamine:pDNA
1:8000

not a proof of direct and specific interaction with dyneins, these
results indicate that pDNA:T-Rp3 complexes strongly rely on active
transport along microtubules to reach the nucleus.

Additionally, we assessed the level of entrapment of pDNA:T-
Rp3 particles inside endosomes and lysosomes, which is another
major limiting step in efficient gene delivery. Transfections were
performed in the presence of chloroquine, a weak base that is often
used to investigate endosomal entrapment. Chloroquine accumu-
lates in acidic organelles such as late endosomes and lysosomes,
raising the luminal pH of the organelles and preventing enzy-
matic degradation of non-viral vectors. Under the conditions tested,
we observed that chloroquine promoted an approximately 4-fold
increase in the reporter enzyme expression (Fig. 6). This find-
ing indicates that endosomal entrapment remains an important
limiting factor despite the presence of an N-terminal histidine
tail and a C-terminal TAT sequence. Although it is reported that
TAT-delivered cargos frequently remain trapped inside endocytic
organelles (Brooks et al., 2005; Erazo-Oliveras et al., 2012), the
presence of histidine residues (six in T-Rp3) tends to induce a
proton sponge effect in such organelles, which increases their
osmolarity, promotes swelling and, ultimately, lysis. For this rea-
son, during the design of a gene vehicle, we should also take
in consideration that an excessive increase in endo/lysosomal
escape capability can result in higher cytotoxic effects due to vesi-
cle disruptions and the release of pro-apoptotic and cytotoxic
proteases.

3.7. Investigation of cellular uptake using confocal microscopy

Generally, the internalization of plasmid DNA particles medi-
ated by TAT or arginine-rich peptides (such as the synthetic
DNA-binding sequence in T-Rp3) occurs by endocytosis, mostly
via the clathrin-dependent pathway, although a multiplicity of
different entry pathways also tends to occur in parallel (Brooks
etal., 2005). Here, we visualized the cellular uptake of pDNA:T-Rp3

T-Rp3:pDNA
1:8000

Fig. 7. Intracellular distribution of Cy3-labeled plasmid DNA in transfected HeLa cells. Transfections were mediated by protamine or T-Rp3 and images were collected at
different time points by laser scanning confocal microscopy. Plasmid DNA can be seen in red (Cy3), microtubules are shown in green (Alexa Fluor 488), and the nuclei in blue
(Dapi). Scale bars represent 20 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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and pDNA:protamine complexes by HeLa cells at three different
time points (6, 12 and 24 h post-transfection) (Fig. 7). The first
difference observed was that, after washing and fixing, a higher
amount of pDNA was internalized by cells transfected using T-
Rp3, confirming the higher efficiency indicated by the luciferase
expression results (Fig. 5). The pDNA distribution pattern, mainly
in large and well-defined spots, is consistent with internalization
by endocytosis and entrapment inside vesicles that tend to reduce
in number overtime. This observation is also consistent with the
results of the transfections performed in the presence of chloro-
quine (Fig. 6). However, despite the risk of artifacts due to fixation
procedures, a difference in distribution pattern can be observed
between the pDNA delivered by T-Rp3 and protamine. Compared
to the protamine-mediated delivery, pDNA internalized by T-Rp3 is
frequently observed not only inside large vesicles but also as small
particles in the cytosol, indicating differences in the cellular uptake
pathway and/or improved endosomal escape capability. This result
is consistent with our data indicating that transfection efficiency
mediated by protamine increases 10-fold in the presence of chloro-
quine (Toledo et al., 2012) in comparison with the 4-fold increase
observed in T-Rp3 mediated transfections (Fig. 6).

At 6 h post-transfection, pDNA can be observed in the nucleus.
This result was expected because a significant level of luciferase
activity is detected at this time point (Supplementary data, Fig.
3S). Over time, pDNA red fluorescence is reduced, probably due to
the degradation inside endosomal/lysosomal vesicles, as indicated
by the presence of large red vesicles observed at 12h post-
transfection. Interestingly, differently from protamine, a significant
amount of pDNA can be observed in the cells 24 h after T-Rp3 medi-
ated transfection. Additionally, the vectors (Cy3-labeled pDNA,
seen in red) are frequently concentrated at the perinuclear region
of the cells, tending to co-localize with a dense concentration
of microtubules (probably centrosomes), as can be observed in
Figs. 8 and 4S. In contrast, protamine-mediated transfection fre-
quently leads to cells containing only one or two large red spots,
probably formed by pDNA trapped inside vesicles, and usually
not co-localizing with dense microtubule concentrations (Fig. 7).
The significant differences in cell uptake between T-Rp3 and

0 hours, 20x

3 hours, 20x

Time lapse (T-Rp3)

Fig. 8. Three dimensional distribution of Cy3-labeled pDNA (red) in HeLa cells trans-
fected with pDNA:T-Rp3 complexes (A), indicating the presence of pDNA at the
proximity of the nuclei (blue). Images were taken 24 h post-transfection using a laser
scanning confocal microscope and were deconvoluted during post-processing. (B)
Microtubules are stained in green (Alexa Fluor 488) and pDNA tends to co-localize
with a dense concentration of microtubules. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

protamine-mediated transfection were also captured by time-lapse
live cell imaging (Videos 1 and 2, Supplementary data).

The images of intracellular trafficking of Lipofectamine 2000™.-
mediated transfections are not presented here, due to the distinct
nature of this cationic lipid in comparison to protein vectors,
and to the fact that it has been the subject of previous stud-
ies (Akita et al., 2004; Kamiya et al.,, 2002). Although cellular
uptake of pDNA:Lipofectamine complexes occur mainly by endo-
cytosis, escape from endosomal/lysosomal vesicles and nuclear
translocation is faster and more efficient than peptide-mediated
transfections, which is consistent with the high transfection effi-
ciency of this lipid (Akita et al., 2004).

Time-lapse microscopy of the transfected cells in the presence of
chloroquine indicated that perinuclear localization of the complex
is fast (within less than 1 h), occurring during the period necessary
for the setting of the live image equipment (Fig. 9). The pDNA:T-Rp3
complexes tended to accumulate in the perinuclear region of the
cells even in the presence of chloroquine. This observation suggests

0 hours, 40x

7 hours, 20x

Fig.9. Sequences of photographs taken from time-lapse imaging experiment at three different times after the transfection of HeLa cells (phase) with pDNA:T-Rp3 complexes
(Cy3-labeled pDNA in red) and in the presence of chloroquine. The images taken at “0 h” (corresponding to approximately 1 h post-transfection, due to the time necessary to
set the equipment) show a high level of complex internalization. The images also indicate that pDNA tends to accumulate at the proximity of the nuclei even in the presence
of chloroquine. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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that active transport of the complexes occurs as a result of not only
the movement of endocytic vesicles toward lysosomes but also the
interaction of free pDNA:T-Rp3 complexes with microtubules.

4. Conclusion

We designed the recombinant protein T-Rp3 as a modular pro-
tein with the intention to mimic viral vectors that take advantage
of the microtubules for a faster intracellular movement toward
the nucleus. The protein proved to efficiently interact with and to
condense pDNA, forming small positively charged particles. These
are regarded as crucial features for effective non-viral gene deliv-
ery vectors and may contribute to the T-Rp3 performance during
transfection. Transfection assays using HeLa cells showed that T-
Rp3 is a very efficient delivery vehicle, even when compared with
Lipofectamine 2000™, presenting a reduced cytotoxicity. The con-
focal microscopy studies indicated fast perinuclear accumulation of
PDNA following transfection, co-localizing with dense concentra-
tions of microtubules. The results presented here strongly indicate
that the cell microtubule network plays an important role in the
trafficking of pDNA:T-Rp3 particles. However, due to the complex
nature of these vectors and the diversity of cellular entry pathways
and intracellular trafficking, investigating the pDNA:T-Rp3 routes
inside the cells is a very challenging tasks. Vectors may rely on the
microtubule network by different forms, including direct or indirect
interaction and also transport inside endocytic vesicles. These dif-
ferent intracellular routes may also happen as parallel events. The
detailed understanding of the mechanisms involved in the intracel-
lular trafficking of modular protein vectors is one of the major goals
of our group and the studies are still in progress. Taken together,
the results presented here indicate that the strategy of exploiting
dynein light chains for the design of modular recombinant proteins
is promising and may significantly contribute to the development
of more efficient non-viral gene delivery vectors.
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