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Abstract

The use of proteins or nucleic acids as therapeutic agents has been severely hampered by their
intrinsic inability to cross the cell membrane. Moreover, common techniques for driving the
delivery of macromolecules lack the ability to distinguish between healthy and diseased tissue,
precluding their clinical use. Recently, receptor-mediated delivery (RMD) has emerged as a
technology with the potential to circumvent the obstacles associated with the delivery of drug
targets by utilizing the natural endocytosis of a ligand upon binding to its hormone. Here, we
describe the synthesis of variants of substance P (SP), an eleven amino acid neuropeptide ligand of
the neurokinin type 1 receptor (NK1R), for the delivery of various types of cargo. The variants of
SP were synthesized with an N-terminal maleimide moiety that allows conjugation to surface
thiols, resulting in a non-reducible thioether. Cargos lacking an available thiol are conjugated to
SP using commercially available cross-linkers. In addition to the delivery of proteins, we expand
the use of SP to include nuclear delivery of DNA fragments that are actively expressed in the
target cells. We also show that SP can be used to deliver whole bacteriophage particles as well as
polystyrene beads up to 1 um in diameter. The results show the ability of SP to deliver cargo of
various sizes and chemical properties that retain their function within the cell. Furthermore, the
over-expression of the NK1R in many tumors provides the potential for developing targeted
delivery reagents that are specific towards diseased tissue.

Targeted delivery of drug molecules to diseased cells without affecting healthy tissue is of
great importance for therapeutic applications. While transfection reagents are commonly
used to transport nucleic acids across the cell membranes of eukaryotic cells, such reagents
can be associated with a great deal of toxicity and lack cell type specificity, precluding their
use for in vivo applications!—3. Recently, receptor-mediated delivery (RMD) strategies have
been developed to overcome the hurdles associated with targeted drug delivery*—. RMD
takes advantage of the over-expression of a receptor on the surface of diseased tissue in
comparison to the surrounding healthy cells. By conjugating a drug to the ligand of the over-
expressed receptor, the drug is internalized along with the ligand as part of the natural
endocytic pathway associated the ligand-receptor interaction. Several examples of RMD
have been reported with varying degrees of success, and some have been employed for in
vivo deliveryl0. 11,

Previously, we and others developed substance P (SP), an eleven-amino acid neuropeptide
(Sequence: RPKPQQFFGLM-NH,), into a robust vehicle for the delivery of synthetic
antibodies (sABs)8 and toxins!2. SP is internalized through a high-affinity interaction with
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the neurokinin 1 receptor (NK1R)13: 14, a tachykinin receptor that is highly over-expressed
in many tumors!®: 16 particularly in brain cancers’: 18 compared to normal human
astrocytes, where its expression is undetectable8. SP-conjugated proteins were shown to
specifically target glioblastoma cells. Importantly, we demonstrated a sufficient fraction of
the introduced cargos escape the endosome to elicit and phenotype that resembles their
function in vitro8,

Here, we utilize two synthetic variants of SP (SPv and SPv-NLS) for the conjugation and
delivery of molecular cargo that vary in size and chemical properties. Both SPv and SPv-
NLS were synthesized to contain an N-terminal maleimide moiety followed by a 6-carbon
linker. SPv-NLS contains an additional nuclear localization sequence between the N-
terminal melimide and the SP sequence. The maleimide of SPv and SPv-NLS can be
conjugated to cysteine residues on a protein surface or a thiol-containing crosslinkers.
Additionally, the nuclear localization sequence of SPv-NLS mediated the delivery of cargo
to the nucleus. We present a general method for the conjugation of SP variants to highly
diverse types of molecular cargo and demonstrate that conjugation to SP can be used to
deliver proteins, double stranded DNA fragments, phage particles and polystyrene beads up
to 1 um in diameter to cells expressing the NK1R. The high affinity of the interaction
between SP and the NK1R, combined with the over-expression of the receptor in many
cancers makes SP-mediated delivery a potential tool for the development of highly specific
therapeutic agents.

The maleimide moiety of SPv is designed to directly react with a cysteine residue on a cargo
protein to form a stable thioether. However, for many proteins, a surface cysteine residue
may not always be available for conjugation. To establish a general method for attachment
of SPv to proteins that have no modifiable surface cysteines, we used GFP (green
fluorescent protein) as a cargo. Additionally, the fluorescence of GFP serves to directly
detect uptake by mammalian cells expressing the NK1R. First, GFP was reacted with the
heterobifunctional crosslinker SPDP (N -Succinimidyl 3-(2-pyridyldithio)-propionate),
which modifies surface lysine residues to produce a pyridyldithiol functional group (Fig.
1A). Second, the isolated SPDP-GFP conjugate was reacted with a 50-fold excess of SPv in
the presence of 1 mM TCEP (tris(2-carboxyethyl) phosphine). Upon reduction of the
pyridyldithio-group by TCEP, the exposed thiol reacts with the maleimide of SPv to produce
a stable thioether linkage between the peptide and the protein. Finally, the SPv-GFP
conjugate was isolated by size-exclusion chromatography.

To examine the ability of SPv to mediate the delivery of GFP, we utilized U87 glioblastoma
cells, which highly express the NK1R1?. The cells were seeded on cover slips in a 24-well
plate and treated with 100 nM of the SPv-GFP conjugate for 2 hours. The cells were then
washed 3 times with phosphate buffered saline (PBS) to remove un-internalized conjugate
and fixed with 4% p-formaldehyde. DAPI was used for nuclear staining followed by
mounting of the cover slips on glass slides and visualization under confocal microscopy.
The images show that GFP is readily internalized by U87 cells demonstrating that SPv
conjugation results in uptake of the protein cargo by cells containing the NK1R (Fig. 1B).

The specific delivery of genetic material to a diseased cell is a great challenge in gene
therapy. To examine the ability of SP variants to deliver a gene that can be functionally
expressed in mammalian cells, we designed a linear DNA fragment that includes the CMV
promoter followed by the enhanced green fluorescent protein (eGFP) gene. The fragment
was designed to utilize GFP expression as an indication of functional expression of the DNA
molecule. The fragment was generated by PCR using oligonucleotides with incorporated
modifications at the 5’ ends. The sense primer was designed with a 5’ Alexa 647 fluorescent
group and the anti-sense primer included a 5° amine modification. We conjugated the PCR
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fragment to SPv-NLS using SPDP in a two-step reaction (Fig. 2A). First, the amine-reactive
NHS-ester of SPDP was reacted with the amine modification of the PCR fragment, followed
by size exclusion chromatography to isolate the SP-DNA conjugate. Second, the conjugate
was mixed with a 50-fold molar excess of SPv-NLS in the presence of TCEP to allow the
maleimide of SPv-NLS to react with the pyridylodithio-group of SPDP to form a thioether
linkage (Fig. 2A). The final product was purified by size exclusion chromatography, and the
5’ Alexa 647 group was used to estimate the concentration of the conjugate.

To demonstrate SP-mediated delivery of an expressible gene, we utilized HeLa cells
transfected with a plasmid that codes for the NK1R. The cells were treated with 200 pM of
the SP-linear DNA conjugate 48 hrs after transfection, where expression of the NK1R was
confirmed by western blot (supporting figure). After 2, 24 and 48 hrs incubation with the
conjugate, cells were fixed and stained with DAPI and examined using confocal
microscopy. The results show that cells expressing the NK1R readily internalize the linear
DNA conjugate within 2 hrs of treatment (Fig. 2B). Further, the conjugate appears to
localize throughout the cytoplasm and the nucleus. GFP expression was observed after 48
hrs of incubation with the conjugate (Fig. 2C) compared to cells treated with the PCR
fragment alone (Fig. 2D), indicating the ability of the conjugate to retain its activity
following internalization through the SP-NK1R interaction. The results also show that a
subnanomolar concentration of the SP-gene conjugate can effectively result in functional
expression in the target cells.

For the potential therapeutic utilization of the delivery of genetic material, protection of the
DNA molecule can serve to elongate the life of the cargo within circulation by avoiding
degradation. We sought to deliver DNA molecules packaged within bacteriophage particles,
a strategy that provides several advantages. First, the simple architecture of the phage coat
proteins is highly stable providing protection of the encapsulated DNA molecule. Second,
the self-assembly of the phage components can be used to easily package any plasmid that
contains an F1 origin of replication. Third, the N-termini of the thousands of copies of the
major coat protein pVIII are solvent exposed and can be used for attachment of SP variants
without interfering with the DNA molecule itself. While receptor mediated delivery of
phage particles has previously been reported, the efficiency of delivery and functional
expression of the encoded gene has been poor!® 20, This is because the packaged DNA is
single stranded, and therefore, successful delivery of useful genetic material using phage
particles requires disassembly of the phage coat upon internalization, release of the DNA
cargo and conversion of the sSDNA into dSDNA. Each of these steps can potentially form an
obstacle for the delivery of transcriptionally competent DNA.

To generate phage particles packaged with peGFP-F ssDNA (Fig. 3A), mid-log phase XL-1
blue cells carrying the peGFP-F plasmid were infected with KO7 helper phage and
incubated overnight at 37°C, followed by polyethylene glycol/NaCl precipitation of the
phage particles. We modified the surface amines of the phage particles using a 20-fold
excess of SPDP, followed by 3 phage precipitation/re-suspension steps to remove excess
crosslinker, and addition of 100-fold excess of SPv. The surface amines were also used to
attach NHS-cy5 for visualization of the internalized phage particles. Incubation of U87
glioblastoma cells with the SP-phage conjugate results in internalization of the phage
particles as indicated by confocal microscopy (Fig. 3B). After 72 hrs of incubation, GFP
expression was observed only in cells treated with the conjugate (Fig. 3C, D), indicating
selective targeting of the conjugate by SP to U87 cells. While the efficiency of delivery of
the phage particles is high, the efficiency of GFP expression is low. FACS analysis indicates
that ~1 in 500 cells that internalize the conjugate are able to express GFP. While this is
significantly above background green fluorescence (1 in 10,000 cells), this percentage
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remains low, and correlates with previously published studies where genetically modified
phage particles displaying a protein ligand are used for gene delivery®: 20,

We establish here that SP can deliver molecules of size and volume several times greater
than the previously reported cargos® 12. To determine the size limit of the cargo that can be
delivered using SP, we investigated the ability of the engineered SP variants to deliver
polystyrene bead that are 1 or 6 um in diameter. The beads, which contain an amine-
derivatized surface, were conjugated to SPv using SPDP. Additionally, NHS-cy5 was added
to the reaction to fluorescently label the surface of the beads, which were then isolated from
excess crosslinker, SPv and fluorophore by centrifugation (Fig. 4A). Confocal imaging of
U87 cells treated with SPv conjugated to 1 um beads shows that the beads were internalized
(Fig. 4B). A z-stack series of the cells shows that the beads lie within the cytoplasm
surrounding the nucleus (supporting video). The cells failed to internalize larger-sized beads
conjugated to SP, providing an estimate of 1 um for the upper limit for the size of cargo that
can be delivered using SP. However, the large size of the beads produced protrusions of the
cell membrane surrounding the internalized beads (Fig, 4C), distorting their shape compared
to untreated cells (Fig. 4D). Delivery of beads, to our knowledge, has not previously been
reported. This capability of SP variants can potentially be utilized to carryout optical
trapping experiments to measure the forces exerted on a modified bead within live cells,
provided that the beads do not interfere with the viability of the cells.

In this work, we describe the synthesis of two variants of the neuropeptide Substance P and
their utilization as tools for the conjugation and receptor mediated delivery of a wide variety
of molecular cargos to mammalian cells. Both variants (SPv and SPv-NLS) contain a
maleimide moiety at the N-terminus allowing conjugation to myriad molecular cargo types.
Using thiol- and amine-reactive groups, all the conjugation reactions described here can be
carried out efficiently under mild conditions that preserve the activity of the cargo.

Utilizing SP as a vehicle for the delivery of molecular cargo offers notable advantages over
many other ligands. Unlike large proteins, the 11-amino acid sequence of SP can be easily
synthesized allowing the incorporation of a variety of chemical groups for conjugation to the
cargo. Additionally, SP binds to the NK1R with high affinity (~100 pM)21, requiring a small
dose of the SP-cargo conjugate for successful delivery. Importantly, the NK1R is highly
over-expressed in many tumors compared to the surrounding tissue®-18: 22 providing a tool
for specific targeting of the tumor tissue without affecting healthy cells. Further, the
incorporated cargos adequately escape the endosome in most cases.

Our results demonstrate the versatility of the engineered SP variants for the delivery of
various types of molecules. Cargos as large as a 1 um bead can be readily internalized upon
conjugation to SPv. In addition, we demonstrate that SP variants can transport genetic
material across the cell membrane in two forms; dsDNA fragment and phage-packaged
ssDNA. In both cases, the DNA was functionally expressed as indicated by green
fluorescence. However, the mechanism by which the cargo is released from the endosome is
still not clear and may be cargo-dependent. Even with efficient internalization, a low level of
endosomal escape can contribute to the low efficiency of the function of the delivered cargo.
For the case of delivering protein cargos via SP conjugation, endosomal escape appears to
be relatively efficient, although it is difficult to quantify. In the cases of gene delivery
described here, a small number of DNA molecules that escape the endosome can translate
into a significant amount of gene expression. This may be different for the delivery of other
types of cargo that require larger doses for intracellular activity. Clearly, more work must to
be done to increase the efficiency of the function of the delivered cargo. Nonetheless, the
utilization of SP variants for delivery of DNA can lead to the development of novel
approached to gene-based therapies.
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Figure 1.
Delivery of GFP. A. The cross linker SPDP is used to modify the amine group of a lysine

residue (blue) to pyridyl-dithiol. Reduction using TCEP exposes a free thiol (yellow), which
reacts with the N-terminal maleimide moiety of SPv to form a thioether. B. U87 cell treated
with 20 nM GFP-SPv conjugate; nuclear stain (left), GFP fluorescence (center), merged
channels (right). (Scale bar = 10 pm).
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Fig. 2.

Delivery of functionally-expressed DNA fragment. A. A DNA fragment coding for GFP
was generated by PCR with the introduction of Alexa-647 fluorophore (red) and a free
amine (blue). SPDP was used to conjugate the DNA fragment to SPv-NLS, which contains
an N-terminal maleimde, followed by a nuclear localization sequence (orange) and the SP
sequence. B. Hela cells transfected with the NK1R show internalization of the DNA
conjugate (red) with both cytoplasmic and nuclear localization after 2 hrs of treatment with
200 pM DNA-SPv-NLS conjugate, and C. GFP expression (green) after 48 hrs of treatment.
D. Hela cells treated with DNA fragment not conjugated to SP. (Scale bar = 10 pm).
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Figure 3.
Delivery of bacteriophage. A. M13 KO7 phage particles carrying sSDNA coding for GFP

were conjugated to SPv via SPDP and labeled with cy5. B. U87 cells treated with phage-SPv
conjugates showing internalization of the phage particles (red) after 2 hrs. C. GFP
expression (green) in U87 cells, 72 hrs after treatment with the phage-SPv particles. D. U87
cells treated with cy5 labeled phage not conjugated to SPv, 72 hrs following treatment.
(Scale bar = 10 pm).
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Figure 4.

Delivery of polystyrene beads. A. Amine-modified 1 um polystyrene beads were conjugated
to SPv using SPDP, and labeled with cy5. B. U87 cells treated with SPv-conjugated beads
readily uptake the beads (red) 2 hrs following treatment. C. Merged channels in B with DIC
showing distortion of cell membrane upon internalization of beads. D. Untreated cells.
(Scale bar = 10 pm).
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