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ABSTRACT: Cell penetrating peptides (CPPs) have tremen-

dous potential for use in gene and drug delivery applications.
The selection of new CPPs with desired capabilities from
randomized peptide libraries is challenging, since the CPP
phenotype is a complex selection target. Here we report the
discovery of an unusual new CPP from a randomized peptide
library using a functional selection system based on plasmid
display (PD). After four rounds of screening of a 14-mer
peptide library over PC12 cells, several peptides were identi-
fied and tested for their ability to deliver the green fluorescent
protein (GFP). One peptide (SG3) exhibited a cell penetrat-
ing phenotype; however, unlike other well-known CPPs such
as TAT or Penetratin, the newly identified peptide was not
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highly cationic. The PD protocol necessitated the addition of a cationic lipid (Lipofectamine2000), and in the presence of this
compound, the SG3 peptide significantly outperformed the well-known TAT CPP in the delivery of GFP to PC12 cells and primary
astrocytes. When the SG3 peptide was fused to the pro-apoptotic BH3 peptide from the Bak protein, significant cell death was
induced in cultured primary astrocytes, indicating relevant, intracellular delivery of a functional cargo. The PD platform is a useful
method for identifying functional new CPPs from randomized libraries with unique delivery capabilities.

Peptides that can gain access to the cytosol are potentially
valuable for nonviral mediated gene and drug delivery
applications since these peptides can readily be conjugated to a
variety of cargoes including fluorochromes, proteins, enzymes,
antibodies, DNA, phage particles, liposomes, and nano-
particles." © Several peptides with this ability, termed cell
penetrating peptides (CPPs), have been identified from various
natural protein domains such as the homeodomain of the
transcription factor Antennapeida from Drosophila (called
Penetratin) and the TAT transcription factor from the HIV virus
(called TAT). In general, CPPs tend to be short and contain
mostly basic amino acids. Although these CPPs have generated a
great deal of enthusiasm, their therapeutic application has been
hampered by several limitations including stability, specificity,
and an incomplete understanding of their mechanism of
action.””® While the method by which CPPs, such as TAT,
cross the plasma membrane is debated, it is likely that the process
is initiated by an electrostatic interaction between the positively
charged CPP and negatively charged cell surface proteoglycans,
such as heparan sulfate.'””'® However, since the amount of
glycosaminoglycan (GAG) on the surface of a cell can vary,'®~2°
CPP transduction may vary depending on cell type, cell environ-
ment, and function.'® Therefore, the development of new CPPs
that can be better tailored to a desired target cell or tissue type
would be beneficial for drug delivery applications.
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Several research groups have worked to develop methods to
identify new targeting and delivery peptides with desirable traits,
such as cell type specificity, from randomized libraries. Phage
display techniques have been used by several groups to identify
peptides that associate with different cell and tissue types, which
has led to the identification of “homing peptides” that can target
different cell types in vivo.”' >* In some cases, these experiments
identified peptides that also fortuitously have cell penetrating
abilities,”> " but a significant limitation of this approach is that
the selection protocols employed cannot differentiate between
peptides physically associated with the outside of targeted cells
and those that have entered the cytosol. Better functional
selection systems are needed to identify CPPs with desirable
traits for therapeutic applications which require intracellular
delivery.

High-throughput selection methods rely on linking the pep-
tides to their cognate DNA sequences for subsequent identifica-
tion following separation from the randomized library. A number
of methods are available for this requirement.”®*° Plasmid dis-
play (PD) is a conceptually simple and underutilized method for
this biomolecular association. In this method, the members of the
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Figure 1. Schematic of the selection protocol developed for identifying
new CPPs from a randomized library using the PD platform.
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peptide library are expressed as fusions to a DNA binding protein
domain which enables the peptides to be noncovalently asso-
ciated to its encoding expression plasmid.**~** The PD system
used in this work relies on peptide fusions to the pS0 DNA-
binding domain of the NF-«B protein.** To modify the PD
system into a functional selection platform for selecting new
CPPs, the sequence for a fluorescent protein (EYFP) under the
control of a mammalian promoter was inserted into the plasmid
DNA.* The fluorescent protein gene acts as a mock cargo that
can be delivered to cells by the bound peptides. Therefore, the
expression of the fluorescent transgene within a cell indicates that
the associated CPP successfully delivered the plasmid DNA
cargo into the cell in a functional form which could undergo
transcription.

In this study we report the identification of a new CPP from a
randomized peptide library. A randomized 14-mer library was
displayed on the PD vector, and after four rounds of selection on
PC12 cells, a new CPP, named SG3, was identified. The
functionality of the peptide was verified using fusions to GFP
and to a pro-apoptotic death peptide, the BH3 domain from the
Bak protein. Functional delivery was demonstrated in both PC12
cells and primary astrocytes. The sequence of the SG3 peptide is
substantially different from other known CPPs, which demon-
strates the potential of using PD and combinatorial protein
engineering methods for the identification of novel delivery
peptides.

B RESULTS AND DISCUSSION

The main advantage of using the PD platform for identifying
CPPs from a random library is the delivery of the transgene
incorporated in the plasmid, which indicates that the plasmid
cargo has reached the cytosol, traveled to the nucleus intact, and
has not degraded.”’“i36 However, we have been unable to use a
known CPP, the TAT peptide, to deliver the large plasmid cargo
of the PD complexes to cells unassisted, presumably because of
the pronounced negative charge of the plasmid DNA. We have
identified two methods for assisting TAT-mediated delivery of
the PD complex. First, we have demonstrated that a large amount
of a pSO-GFP-TAT fusion protein (1.89 protein molecules per
base pair of DNA) is capable of delivering plasmid DNA to PC12
cells,*® and second, we have recently developed a method
whereby two copies of the TAT peptide can be used to deliver
the PD system to PC12 cells with the addition of the cationic
lipid Lipofectamine2000 to shield the charge of the DNA.** The
expression of the EYFP transgene was observed in the absence of
a known nuclear localization sequence. The requirement of a
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charge-shielding reagent for CPP-mediated plasmid delivery has
previously been reported by others. For example, Kilk et al.*”
used PEI to deliver a GFP expression plasmid that was con-
jugated to the TP10 CPP through a peptide nucleic acid (PNA)
linkage. In the development of the PD protocol, we experimen-
ted with PEI as a charge shielding reagent, but it was very
sensitive to the N/P ratio, which was difficult to determine in the
PD complexes.*> Therefore in the present work, Lipofecta-
mine2000 was used in the PD selection protocol (Figure 1).

The peptide library was created by randomizing 14 consecu-
tive amino acids followed by an invariant glycine. An oligonu-
cleotide with this randomized sequence was used to replace the
TAT sequence in the pTAT PD vector’” so that the randomized
sequence was added to the C-terminus of the pS0 gene. This
peptide length was chosen since it is intermediate to the TAT
CPP (11 amino acids)® and the Penetratin CPP (16 amino
acids).® Theoretically, there would be 1.18 x 10*! unique DNA
sequences from the complete randomized library made with 14
NNS codons (where N=A/T/C/G and S = G/C), which would
require at least 1.96 mmol of randomized DNA oligonucleotides.
In this study, only a fraction of the potential randomized library
was created and used in the screening experiments (~10°
sequences). DNA sequencing of 60 randomly selected members
of the library showed the expected diversity in both DNA and
amino acid sequences (Supporting Information). In some of the
randomly selected clones from the library, part of the TAT
peptide sequence was found after the inserted library peptide due
to a frame shift coupled with the incomplete digestion of the
pTAT vector. Therefore the initial library contained a fraction of
positively charged TAT-like CPP sequences that could poten-
tially be selected in addition to the randomized peptides.

Protein/DNA complexes from the randomized library were
expressed in E. Coli and partially purified.*®> The complexes were
mixed with Lipofecamine2000 and applied to PC12 cells. Cells
expressing the fluorescent transgene (EYFP) included in the PD
plasmid were selected using fluorescent activated cell sorting
(FACS), and PCR was used to amplify a chosen region of the
delivered plasmids (~600 bp) that contained the CPP sequences
(52 bp). The doubly digested PCR product containing the CPP
sequences (64 bp) was ligated back into the PD vector, which was
used to prepare more protein/DNA complexes (Figure 1). In
each round of selection, the concentration of the protein/DNA
complexes was increased while the Lipofectamine2000 concen-
tration was held constant to increase the stringency of the
selections.

This PD-based selection process is substantially different from
phage display biopanning in which phage are isolated from the
target cells and are used for reinfection of E. Coli.** Phage display
favors isolation of intact phage and selects against phage particles
that are degraded following cellular entry. The PCR amplification
step of the PD process is time-consuming, but it is required to
amplify candidate CPP sequences that delivered functional genes
to the cytosol.

After each round of screening, 20 colonies were randomly
selected for DNA sequencing. Interestingly, the TAT-containing
peptides that were an artifact of the library production process were
selected out of the library by the second round of selection. The
initial library also contained a high level of truncations due to stop
codon insertions, but by the second and third round of selection,
most of the sequences were found to be full-length. Surprisingly,
basic amino acids were not found to be enriched in the peptides
during the selection procedure (Supporting Information).
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After four rounds of selection, there was a significant reduction
in clones yielding readable and full-length sequences, and so the
selection protocol was halted. The library did not appear to
converge to a single optimal sequence, but three peptide
sequences were observed several times in the colonies that were
sequenced after each round. SG1 (N’-VKRLMRWGQELGRC-
C’) was found in a colony after the second round and in a colony
after the third round of screening. SG2 (N'-YNKHEGTTGGR-
TEI-C') was found in two colonies after the third round of
screening, and the peptide SG3 (N'-RLSGMNEVLSFRWL-C’)
was found in a colony after the third round and in a colony after
the fourth round of screening. These three peptides were chosen
for further evaluation.

It is not unexpected that the library did not converge to a
single optimal sequence. In many peptide selection schemes,
peptides with affinity to some target are sought, and the selection
is repeated until the optimal sequence for this purpose is
identified. Since the CPP mechanism is not thought to be a
receptor-mediated process, there is no a priori reason why a
single sequence should necessarily be optimal. It is possible that
many different peptides may be good CPPs as evidenced by the
wide variety in sequence of the known functional CPPs."*° The
optimal amino acids for the CPP phenotype may not need to be
adjacent to each other in the sequence to be functional, and
important features like positive charge may be fulfilled by multi-
ple different side chain configurations.

The PD system is not optimal for quantifying the transduction
abilities of the selected peptides since the yields of the complexes
are low, the samples are difficult to fully purify, the transduction
efficiencies are low as a result of the large DNA cargo, and
experiments require time for expression of the fluorescent
transgene reporter.> Therefore, we chose to use the simpler
method of direct fluorescent protein delivery (GFP) by the three
selected peptides to more thoroughly assess their performance.
The DNA sequences encoding each of the three peptides were
genetically fused to the C-terminus of the GFP protein gene, and
these fusion proteins were expressed and purified as previously
described.*® We were unable to express GFP-SG1 in E. Coli in a
functional form even after various expression conditions were
explored. Therefore, this peptide was not investigated further.
The purity of the remaining fusion proteins as well as GFP and
GFP-TAT was assessed by SDS-PAGE (Supporting In-
formation). The GFP-SG2 peptide was found to undergo some
proteolytic degradation, but the majority of the protein in the
GFP-SG2 samples was full-length. No degradation was observed
with either GFP-TAT or GFP-SG3.

The purified fusion proteins and controls (GFP, GFP-TAT,
GFP-SG2, and GFP-SG3) were incubated with PC12 cells for 4 h
followed by trypsinization for 10 min to remove any fluorescent
fusion protein associated with the external cell membrane before
analysis via flow cytometry. Forward-scatter and side-scatter
plots were used to identify and gate out dead cells and debris.
For the cells treated with the four proteins and the control cells,
approximately 80% of the recorded events were suitable for
analysis, with no significant difference between the five groups.
This indicated that none of the fusion protein constructs had a
negative effect on cell viability.

The transduction of the fusion proteins into PC12 cells as
assessed by flow cytometry is shown in Figure 2a. GFP-TAT and
GFP-SG3 exhibited significant transduction to PC12 cells com-
pared to GFP and GFP-SG2, which did not transduce the PC12
cells. Both GFP-TAT and GFP-SG3 transduced PC12 cells in a
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Figure 2. Delivery of GFP to PC12 cells using peptides identified from
the library selection. (a) Fusion proteins (2.8 nmol) were added to PC12
cells in a 24-well plate and analyzed by flow cytometry. (b) Dose-
dependent uptake of fluorescent fusions by PC12 cells: GFP (M), GFP-
TAT (O), and GFP-SG3 (A). In both panels, each experiment was
performed in triplicate (n = 3) and error bars represent standard errors.
Asterisk () indicates the value is significantly different from the GFP
treated control cells. (c—e). Confocal microscopy analysis of fusion
protein uptake by PC12 cells (green: GFP signal; red: CellTracker Red
CMTPX; yellow arrows: a typical spot on the image of Z plane,
orthogonal X and Y plane). (c) Incubation for 4 h with GFP-TAT,
resulting in an overlap coefficient of 0.983. (d) Incubation for 4 h with
GFP-SG3, resulting in an overlap coefficient of 0.994. (e) Incubation for
4 h with GFP, resulting in an overlap coefficient of 0.978.

dose-dependent manner (Figure 2b), indicating that SG3 is a
bona fide new CPP sequence. In the absence of Lipofecta-
mine2000, GFP-TAT exhibited significantly higher transduction
ability than that of GFP-SG3 at each loading dose. Confocal
microscopy studies support these results as GFP-TAT
(Figure 2c) and GFP-SG3 (Figure 2d) were found within the
PC12 cells with a similar punctate appearance, whereas GFP
(Figure 2e) was not.

The mechanism of action of CPPs has been a subject of much
debate in the literature. We have recently demonstrated that
TAT-mediated delivery of GFP into PC12 cells was dependent
on the presence of GAG, in particular heparin sulfate, on the
surface of the cell and that TAT-mediated delivery can be
competitively inhibited by pretreatment of PC12 cells with
heparin.'® Interestingly, the SG3 peptide was not inhibited by
heparin pretreatment (100 g/mL for 1 h) (Figure 3), suggesting
that the mechanism of cell penetration of SG3 is different from
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Figure 3. Effect of heparin treatment on CPP-mediated delivery of the
fluorescent fusion proteins to PC12 cells. Black bars: untreated cells
incubated with 2.8 nmol of protein for 4 h at 37 °C. White bars: cells
pretreated with 100 ug/mL of heparin before incubation with each
protein. Each experiment was performed in triplicate (n = 3) and error
bars represent standard error. Asterisk (*) indicates the value is
significantly different from the heparin treated cells.

that of the TAT peptide and likely does not involve an electrostatic
interaction with cell surface GAGs. It has been proposed in the
literature that the TAT CPP is internalized through an energy-
dependent macropinocytosis mechanism or clathrin-mediated
endocytosis.!” These mechanisms may also be used by SG3, but
the lack of effect of an interaction with heparin suggests that at least
the initial interactions between the peptides and membrane before
internalization may be different from the TAT peptide.

The addition of a cationic lipid was required for the PD-based
selection procedure, and thus the experiments were repeated in
the presence of Lipofactamine2000 to determine if the selection
procedure resulted in a peptide with a dependency on this
compound. The addition of the cationic lipid dramatically
increased the uptake of GFP-SG3 by the PC12 cells, and under
these conditions, the SG3 peptide significantly outperformed the
TAT peptide in a dose-dependent manner (Figure 4a).

In previous studies, we have shown that the CPP transduction
efficiency can significantly differ between cell lines and primary
cells,'® depending on the GAG content on the membrane of
specific type of cells. In this study, however, similar delivery
efficiencies were observed in primary astrocytes: in the absence
of the cationic lipid, the GFP-SG3 fusion was delivered to cells
better than GFP alone, but it was not as effective as the TAT
fusion protein (Figure 4b and c). Upon the addition of Lipo-
fectamine2000, a significant increase in the delivery ability of the
SG3 peptide was again observed. The addition of Lipofecta-
mine2000 did improve the delivery of GFP but did not have a
significant effect on the delivery of GFP-TAT (Figure 4c), which
may be due to the more neutral charge of GFP-TAT as compared
to the negatively charged GFP (Supporting Information). These
results are consistent with the selection experiment results where,
in the presence of Lipofectamine2000, the TAT-containing
peptides found in the PD library were selected out of the library
by the second round presumably because the TAT peptide is a
less efficient CPP in the presence of the cationic lipid.

In another recent study it has been shown that a tryptophan
side chain found in the full-length TAT protein is involved in
membrane insertion and protein translocation from the endo-
some to the cytosol following endocytosis, while the basic
domain of the TAT protein, which contains the TAT CPP, is
more important for TAT binding to the phosphate groups of the
bilayer phospholipids for the induction of endocytosis.>
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Figure 4. Effect of the cationic lipid Lipofectamine2000 on CPP-
mediated fusion protein delivery. (a) Dose-dependent delivery of proteins
to PCI12 cells in the presence of 10 uL Lipofectamine2000. After 4 h of
incubation with the protein/Lipofectamine2000 complex, cells were
analyzed by flow cytometry. GFP (M), GFP-TAT (O), and GFP-SG3
(a). (b) Sample histograms from flow cytometry analysis of GFP and
GFP-TAT with and without Lipofectamine2000. Protein (2.8 nmol) with
or without Lipofectamine was incubated with primary astrocytes under
the same transduction conditions as panel a. (¢) Comparison of replicate
flow cytometry results as described in panel b. For panels a and c,
experiments were performed in triplicate (n = 3) and error bars represent
standard error. Asterisk () indicates the compared values are significantly
different.

Although molecular dynamics simulations suggest a potential
mechanism for translocation of TAT peptide across lipid
membranes,*
TAT translocation through model membranes.®® Interestingly,
attachment of a tryptophan residue to the TAT CPP was able to
induce membrane insertion into model lipid membranes.*!
Taken together, this work implies that a tryptophan amino acid
may be important for CPP-mediated delivery, and the trypto-
phan residue in SG3 may play a similar role. The addition of
Lipofectamine2000 likely promotes endocytosis, and these

no experimental evidence has demonstrated
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Figure 5. CPP-mediated delivery of the BH3 death peptide into
primary astrocytes. The number of dead cells was compared to the
number of dead cells obtained upon treatment with solvent or solvent
plus Lipofectamine2000 alone. Each experiment was performed in
triplicate (n = 3) and error bars represent standard error. Asterisk (%)
indicates the value is significantly different from the cells transduced by
fusion peptides without the presence of cationic lipid.

synergistic effects may explain the selection of the SG3 peptide in
the presence of the cationic lipid.

To demonstrate the ability of the SG3 peptide to deliver a
protein cargo intracellularly and in a functional (undegraded)
state, we chose to deliver a pro-apoptotic peptide, BH3, to
primary astrocytes to induce cell death, an application that may
have implications for cancer treatment. The Bcl-2 homology 3
(BH3) domain is crucial for the death-inducing and dimerization
properties of pro-apoptotic members of the Bcl-2 protein family,
including Bak, Bax, and Bad.** Previously, the TAT CPP has
been used to deliver the BH3 domain from PUMA (pS3
upregulated modulator of apoptosis)* and the amino-terminus
of Bax (p3Bax) into cancer cells.** Furthermore, the Penetratin
CPP has been used to deliver the BH3 domain of Bak to HeLa
cells.** We purchased synthetic peptides with SG3, SG2, and the
TAT sequence fused to the C-terminus of the BH3 domain of
Bak (N-MGQVGRQLAIIGDDINRRY-C’). The SG2 peptide
was chosen as a size-matched negative control since it was unable
to deliver GFP to the cells (and is therefore not a CPP). The
solubility of all peptide constructs was increased with DMSO and
a nonionic surfactant, Pluronic F-127. In the absence of Lipo-
fectamine2000, the fusion peptide BH3-TAT rapidly induced
cell death in primary astrocytes, whereas BH3-SG2 and BH3-
SG3 did not (Figure S). The results with the SG2 and SG3 fusion
peptides were similar to what has been reported with the BH3
peptide alone, where no effect was observed in HeLa cells, likely
due to the inability of the BH3 peptide to transduce the plasma
membrane on its own.** When Lipofectamine2000 was added,
the delivery of BH3-TAT improved, which was different from
what was seen with GFP-TAT, and this effect was likely due to
the dramatic differences in charge and size between GFP and
BH3 (Supporting Information). In addition, as was observed
with GFP fusions, the addition of Lipofectamine2000 signifi-
cantly enhanced the delivery of the BH3-SG3 construct, which
enabled it to outperform the TAT fusion protein as the BH3-SG3
construct induced the greatest amount of cell death (Figure S).

To rule out a toxic effect of SG3 alone, free SG3 peptide was
incubated with the cells with and without Lipofectamine2000.

The cell viability was no different from the control cells, indicat-
ing that the SG3 peptide was nontoxic under these conditions
(Figure S).

Intracellular therapeutic delivery is a multistep process that
first requires the construct to be invaginated by the plasma
membrane, forming an intracellular vacuole. These often form
endosomes that degrade the internalized contents. For a cargo to
be therapeutically active, it must then escape the endosome prior
to degradation. The punctate appearance of the confocal images
in Figure 2 suggests that a significant amount of the GFP-TAT
and GFP-SG3 fusion proteins were located in vesicles such as
endosomes. However, when combined with Lipofectamine2000,
the SG3 peptide must necessarily possess both functions
(induction of internalization followed by endosome escape)
since the peptide cargo, the BH3 domain, was capable of
inducing cell death. Retention of its biological effect was evidence
that this construct possesses both functions, suggesting the
possibility that SG3 could be fused to other peptide cargoes with
other specific intracellular functions. Future work will explore
whether SG3 is a universal delivery peptide and whether it has
innate nuclear localization ability.

The SG3 peptide is notably different from most other known
CPPs. A BLAST search of the SG3 sequence did not result in
significant homology to any known CPPs or trans-membrane
proteins. Conventional and recently identified CPPs, including
TAT, polyarginine,45 Penetratin,* Transportan 10,% M918,*°
PTD-DRBD,* and CADY,* generally contain a large number of
positively charged amino acids (the TAT sequence N’-
YGRKKRRQRRR-C' contains 8 such amino acids), but the
SG3 peptide (N-RLSGMNEVLSFRWL-C') has just two argi-
nine residues and a single glutamic acid residue resulting in a net
charge of +1 only. Since SG3 is able to deliver GFP to cells (even
in the absence of Lipofectamine2000), this result demonstrates
that a significant positive charge is not an absolute requirement
for an effective CPP.

The fact that 6 of the 14 amino acids in the SG3 peptide are
hydrophobic, including a tryptophan, is notable. CPPs must
interact with cellular membranes, and some CPPs also have some
hydrophobic content in addition to extensive positive charge. It is
tempting to propose that the improvement observed upon
addition of Lipofectamine2000 to SG3 is caused by hydrophobic
interactions between the peptide and the cationic lipid, thereby
producing a cationic, cell penetrating, macromolecular complex.

There has been increasing interest in structural studies of
CPPs as mounting evidence suggests that these peptides can be
intrinsically disordered but that structural transitions may also be
important in the CPP delivery mechanisms.*” Therefore, the
Hierarchical Neural Network (HNN) method®® was used to
predict the presence of secondary structure in the new peptides
(Supporting Information). The TAT peptide was predicted to
possess some helical content, while the Penetratin peptide was
predicted to have 5 sheet content; these predictions are con-
sistent with the experimental results of other researchers.*” When
the method was applied to the new peptides, SG2 was predicted
to be disordered, whereas SG3 was predicted to have both a
helical and 3 sheet structure. When the peptides were fused to
the BH3 domain, the TAT peptide was predicted to gain helical
content, the SG2 peptide was predicted to remain disordered,
and the SG3 peptide was predicted to retain both @ helical and 3
sheet character. These results suggest that, at least structurally,
SG3 could have some resemblance to Penetratin. We performed
circular dichroism CD experiments to try to verify these

dx.doi.org/10.1021/cb100423u |ACS Chem. Biol. 2011, 6, 484-491
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secondary structure predictions with the free SG3 peptide, but
the results indicated that the SG3 peptide is predominantly in a
random coil configuration in solution (data not shown).

We have successfully used the PD platform to identify a new
CPP from a randomized peptide library. There are several
advantages and disadvantages in using the PD platform for this
purpose as compared to other genotype/phenotype linkage
techniques. As discussed above, the biggest advantage is that
the expression of the fluorescent transgene in the target cells
unequivocally indicates that the plasmid DNA has been delivered
to the cytosol intact and transported to the nucleus for transcrip-
tion. In addition, the fluorescent transgene could easily be
replaced with another functional gene so that the PD system
with a selected peptide could easily be used for nonviral gene
delivery to targeted cells. Another advantage is that the DNA
sequences encoding the library peptides are recovered by PCR
after each round of selection and subcloned back into the PD
vector for amplification and re-expression. In many display
systems, including phage display, there is selective pressure for
the truncation or deletion of the displayed proteins. Although the
PCR recovery of the CPP sequences from the cells was time-
consuming, it helped to ensure that the PD plasmid was
unaltered during the selection process, and it eliminates the
clonal selection problem that can plague other amplification
procedures where members of the library with truncations and
deletions can be amplified asymmetrically.

Two significant limitations of the PD platform are the limited
yields and the small library sizes. The yield of plasmid—protein
complexes is quite low by design in order to reduce the
production of proteins not complexed with the expression
plasmids. In addition, since the association between the proteins
and plasmids is noncovalent, care must be taken during the
purification process to ensure that the genotype/phenotype
linkage is not disturbed. The affinity of the pSO domain for the
target DNA sequence is quite high (K4 ~10 pM),>! and it does
not appear that the purification procedure significantly inter-
teres with this noncovalent interaction as the complexes must
have remained intact for the identification of the SG3 CPP. By
the same logic it does not appear that the addition of the cationic
lipid affects the stability of the protein/DNA complexes; further
work will be required to determine if the presence of the cationic
lipid has any effect on the genotype/phenotype linkage of the
PD platform. The second limitation was the library size as the
libraries in the PD platform are made by transforming bacteria
with plasmids containing a randomized DNA sequence. The
size of these libraries is limited by the electroporation efficiency
of the cells, which is much lower than what can be obtained with
other methods such as ribosome display. However, in this
report we were able to identify a potentially valuable new
sequence from a small PD library, which suggests that this
process could be used to find other peptides with interesting
CPP phenotypes.

Conclusions. We have used a new PD-based selection plat-
form to identify an unusual new CPP, SG3, by screening a
randomized peptide library in PC12 cells. By itself, the SG3
peptide was not as effective as the TAT CPP, but the addition of
Lipofectamine2000 to the SG3 peptide rendered it more effec-
tive than the TAT peptide under the same conditions. The
successful selection of SG3 demonstrates the PD system as a
potent selection platform for identifying novel peptides or
proteins with complex functions. The SG3 peptide may be a
useful new vector for cellular gene and drug delivery.
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Library Construction. The plasmid vector expressing a rando-
mized library of peptides, pLIB, was constructed by replacing the
sequence of the TAT peptide in the pTAT vector®® with a random
DNA sequence (NNS),,GCC.

Preparation and Purification of Plasmid Display Com-
plexes. The CPP DNA library, pLIB, was electroporated into electro-
competent M1061 cells and was expressed and purified as previously
described.*® The plasmid (pLIB) concentration in the pdLIB protein/
DNA complex samples was evaluated by q-PCR using the neat pTAT
plasmid as a standard.

Cell culture. PC12 cells were cultured as previously describe
Approximately 6 x 10° cells were plated onto a 24-well culture plate
coated with polylysine a day before transfection or transduction experi-
ments were performed. The cells in each well (~250,000) were
transfected or incubated with a sample (based on the plasmid con-
centration) with or without 10 #L of Lipofectamine2000 following the
manufacturer’s protocol.

Primary astrocytes were isolated from the cortices of 8—10 day old
Sprague—Dawley rat pups and cultured as previously described.'® All
procedures involving animals were approved by the Columbia Univer-
sity IACUC. After culturing for 2 weeks, the astrocytes were trypsinized
and seeded onto uncoated tissue culture 6-well plates at a density of 1 X
10° cells per well. The cells were grown for 3—S days until ~50%
confluent for transduction experiments.

Screening of the Library. The screening procedure is summarized
in Figure 1. Each well containing ~250,000 PC12 cells was exposed to a
partially purified sample of the pdLIB library along with 10 uL of
Lipofectamine2000. Multiple replicate transfections were performed to
accommodate the entire pdLIB sample purified from 6L of bacterial culture.
Control transfections were also performed using neat plasmid pCON and
Lipofectamine2000. After 4 h of incubation, the transfection medium was
changed with fresh growth medium, and the cells were cultured for an
additional 20—24 h to express the EYFP transgene. The cells were
trypsinized, and replicates were combined for FACS using a Becton
Dickinson FACSAria. Gates were set using untreated PC12 cells, and
positive control cells were transfected with the neat pTAT plasmid. Positive
cells with yellow fluorescence from the pdLIB transfected cells were
collected in PBS. The cell resuspension was distributed and pelleted into
PCR tubes with each tube containing ~500 cells. PCR was performed using
Phusion polymerase on a Thermocycler (Eppendorf, Westbury, NY). The
PCR products were agarose gel purified and sequentially digested with Scal
and Bsal before being cloned back into the doubly digested parent plasmid
vector pTAT to make a new pLIB. To increase the stringency of the
selections, the ratio of the Lipofectamine2000 to the pLIB concentration
was varied. In the first round, each well received a pdLIB sample with 5 ng of
plasmid DNA, pLIB. This was increased to 10 ng in the second round, 15 ng
in the third, and 20 ng in the fourth round.

Transduction of Recombinant Fluorescent Proteins into
PC12 Cells and Astrocytes. The fusion proteins (GFP-TAT, GFP-
SG2, and GFP-SG3) and GFP were incubated with cells as previously
described.’® Briefly, the proteins and cells were incubated for 4 h at
37 °C before evaluation of the tranduced cells using a flow cytometer
(Becton Dickinson FACSCantoll). For Lipofectamine2000 assisted
transduction, 10 uL of Lipofectamine2000 was used. The results were
presented as the fold increase in geometric mean fluorescence of the live
population compared to untreated, live, control cells.

Confocal Microscopy. To analyze the subcellular localization of
the fusion proteins in live PC12 cells, the cells were stained with
CellTracker Red CMTPX during the last 30 min of the incubation with
fluorescent fusion proteins before being supplemented with growth
medium and immediately visualized under a Leica TCS SPS confocal
microscope (Wetzlar, Germany).
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Transduction of a Pro-apoptotic Peptide to Primary As-
trocytes. The cell penetrating phenotype of the selected CPPs, SG2
and SG3, was further validated by delivering the BH3 domain peptide
(N’-MGQVGRQLAIIGDDINRRY-C') of the Bak protein to primary
astrocytes in a fusion peptide construct. The fusion peptides (with the
CPPs fused to the C-terminus of BH3 peptide) were purchased from
Neopeptide (Cambridge, MA). Primary astroctytes were incubated with
50 M peptides in 1 mL of DMEM containing 0.1% DMSO and 4%
Pluronic F-127 for 4 h before the cells were trypsinized, washed twice
with ice cold PBS, and stained with 7-aminoactinomycin D (7-AAD)
following the manufacturer’s protocol. The stained cells were kept on
ice, and the viability of the cells was immediately evaluated by flow
cytometry. The live and dead cell populations were gated on the basis of
untreated cells and cells treated with 0.4 mM H,O, overnight. The
percent of dead cells in each sample was normalized to the percent of
dead cells in the sample treated by DMEM containing solvents alone
(DMSO and Pluronic F-127). For Lipofectamine2000-assisted trans-
duction, the peptide stock solution was added to 50 uL of DMEM
containing the solvents and incubated with 50 L of DMEM containing
1 uL of Lipofectamine2000 at RT for 20 min before bringing the total
volume up to 1 mL and incubating with the cells for 4 h. As a contro, the
cells were also incubated with the mixture of solvent in DMEM and
Lipofectamine2000 in DMEM. After incubation, the cells were har-
vested and stained with 7-AAD before being analyzed by flow cytometry
as described above. The percent of dead cells in each sample was
normalized to the percent of dead cells in the sample treated by the
mixture of solvent containing DMEM and Lipofectamine2000.

Statistical Analysis. All statistical analysis was calculated using
Student’s t test or 1-way ANOVA with p < 0.05 being considered
significant.
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