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Abstract

Cell surface p32, the target of LyP-1 homing peptide, is upregulated in tumors and atherosclerotic
plaques and has been widely used as a receptor for systemic delivery of payloads. Here we
identified an improved LyP-1 mimicking peptide (TT1, CKRGARSTC). We used this peptide in a
fluorescence polarization—based high-throughput screening of a 50,000-compound chemical
library and identified a panel of compounds that bind p32 with low micromolar affinity. Among
the hits identified in the screen, two compounds were shown to specifically bind to p32 in multiple
assays. One of these compounds was chosen for an /n vivo study. Nanoparticles surface-
functionalized with this compound specifically adhered to surfaces coated with recombinant p32
and, when injected intravenously, homed to p32-expressing breast tumors in mice. This compound
provides a lead for the development of p32-targeted affinity ligands that circumvent some of the
limitations of peptide-based probes in guided drug delivery.
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Graphical Abstract

We identified an improved p32-targeted tumor homing peptide (TT1, CKRGARSTC) and used
screening of a chemical library to identify compounds that bind to p32 at low micromolar affinity.
This study provides a starting point for the development of p32-targeted affinity ligands that
circumvent some of the limitations of peptide-based probes in guided drug delivery.
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Targeted drug delivery into tumors remains a major goal in cancer drug development. The
aim is to achieve effects similar to topical drug administration: high tumor accumulation and
reduction of drug burden in non-target tissues. Drug selectivity can be improved by coupling
a drug to a targeting moiety such as an antibody, aptamer, or peptide. Such synaphic
(affinity-based) targeting relies on overexpression of specific receptor molecules in a
systemically accessible compartment of the chosen target tissue [11.

LyP-1 (CGNKRTRGC) is a widely used tumor-homing peptide originally identified by /n
vivo phage display [2]. This peptide homes to tumors by binding to p32, a mitochondrial
chaperone protein important in the maintenance of oxidative phosphorylation. In tumor
endothelial cells (blood and lymphatic), tumor cells, and tumor macrophages, p32 is also
expressed at the cell surface, making it a tumor-specific target [2:3]. LyP-1 has been used for
targeting of drugs and nanoparticles in breast cancer 4] and metastatic tumors in lymph
nodes [6.71. Interestingly, LyP-1 has a proapoptotic/cytotoxic activity on cultured malignant
cells and it inhibits growth of certain breast tumor xenografts in vivo[8l. LyP-1 peptide has
applications beyond tumor targeting — it also homes to atherosclerotic plagues and penetrates
into their interior [,

Whereas peptides are useful for targeted delivery of drugs /n vivo, they have to be
administered parenterally, and are susceptible to degradation by blood and tissue
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proteases [19]. The stability of peptides can be improved without loss of activity by
modifications such as introduction of reduced peptide bonds or A-methylated amino

acids [111. A methylated version of the tumor-homing peptide CREKA circulates longer and
homes to tumors more effectively than the unmodified peptide [12-14]. There are also some
low molecular weight affinity ligands, such as folate [1°] and cobalamin [18] that are not
peptides. Such alternatives to peptide ligands may have advantages such as greater stability
and potential to be orally active [17:18],

Here, we use a multi-step approach to develop /7 vivo targeting ligands for the tumor-
homing LyP-1 peptide receptor, p32 (Figure 1). First, we screen peptide phage libraries on
purified p32 protein to identify peptides that have more favorable p32 binding properties
than LyP-1. Second, we use a fluorescence polarization-based screening assay to identify
low molecular weight compounds that compete with p32-binding peptides. Third, we show
that one of the low molecular weight compounds from the screen, when coupled to
nanoparticles, acts as an affinity ligand capable of p32-directed payload delivery /in vitroand
in vivo.

To identify low molecular weight mimics of p32-binding homing peptides, we decided to
use fluorescence polarization (FP)-based assay, which is a solution-based, homogeneous
technique requiring no immobilization or separation of reaction components [29-201 (Figure
1C). As a target, we used recombinant 6x-His-tagged p32, which according to sedimentation
velocity analysis was in the expected trimeric form ([21]; Figure S1). The affinity of
synthetic LyP-1 peptide for p32 protein in FP assay buffer, >23uM (Figure 3A), was
suboptimal for a FP-based interaction assay. To identify p32 binding peptides that bind p32
better than LyP-1, we subjected random heptapeptide T7 phage libraries to /n vitro
biopanning on purified p32 protein. After three rounds of biopanning the selected phage
pool showed a robust increase in p32 binding (2060-fold binding over control CG7C phage
and 1560-fold for another control, an X7 library; Figure 2A and Figure S2A). Sequencing of
peptide-encoding phage DNA inserts showed that the bound phage pool had converged to
display a RGXRS pentapeptide consensus motif (Figure 2B and Figure S2B). The binding of
RGXRS-displaying phage pool to p32 was specific, as the pool showed no specific binding
to a control protein, b1b2 domain of neuropilin-1 (NRP-1), known to bind basic peptides and
used for affinity targeting of payloads [22].. Phage clones displaying 3 candidate peptides
from highly enriched phage clones (CKRGARSTC, CKRGNRSMC, and CTRGSRSKC)
showed greatly improved binding to p32 compared to LyP-1 phage (Figure 2C and Figure
S3). The phage displaying the CKRGARSTC peptide (designated TT1), which showed the
strongest binding to p32, was chosen for FP-based screening of compound libraries.

We next optimized the FP-based assay conditions to study the interaction of FAM-labeled
TT1 peptide with p32 protein. The composition of binding buffer had profound influence on
TT1-p32 binding; the K4 in phosphate buffered saline (PBS) was considerably higher (14
UM) than in BIS-TRIS or HEPES buffers (2.3 pM and 1.6 pM, respectively), suggesting that
the higher salt concentration in PBS decreases peptide binding (Figure 3A, Figure S4).
FAM-TT1 binding to p32 was inhibited in a dose-dependent manner by unlabeled TT1 and
LyP-1, but not with the RPARPAR peptide. RPARPAR binds to NRP-1, a receptor with
specificity somewhat similar to that of p32, as both proteins favor positively charged ligands
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([22]; Figure S5). The specificity of interaction of TT1 and p32 was further demonstrated by
lack of binding of TT1 to b1b2 domain of NRP-1 (Figure S6). Thus, TT1 interaction with
p32 is specific, and the mutual inhibition of the binding of one peptide by the other suggests
that TT1 and LyP-1 bind to the same site on the p32 protein.

After establishing and validating the FP assay, we screened a proprietary library of 50,000
compounds (Sanford-Burnham-Prebys Medical Discovery Institute, La Jolla, USA) in 1536-
well format for molecules capable of inhibiting the interaction of TT1 peptide with p32. The
compounds in this library have been selected to provide 2D diversity for extensive
pharmacophore coverage for primary screening and to offer the most attractive features
found in lead- and drug-like compounds. The screening was robust as we obtained the
following assay performance parameters of Z* = 0.68 +0.05 (s.e.m.), S/B = 4.07 £ 0.2
(s.e.m.), and CV = 5.6%. The NIH defines a robust assay [23] as one with z’ >0.5 [24]. 5/B >
4 and CV<10%. This screen led to identification of 7 hit compounds (Supplementary
Material Table S2) that at 100 uM concentration caused greater than 20% inhibition of the
TT1-p32 interaction. Six out of the 7 compounds showed dose-dependent inhibition of
FAM-TT1 binding to p32 (Figure 3B). At the highest concentration used (100 pM), the
inhibition ranged from 50 to 80%. Compound #54778828 was only marginally active, and
was not studied further. Compound #6367577 was less effective than the other active
compounds. We next used an assay based on the binding of the RPARPAR peptide to NRP-1
to study the effect of the 6 active compounds on a different, but somewhat similar peptide-
protein interaction. Compounds #4014008, #9132086, #88361068, and #7933989 had no
effect in this assay; the polarization decrease seen at the highest compound concentrations
was no greater than that caused by the DMSO solvent (Figure 3C). The FP level in the
presence of compound #6367577 at the highest concentration had a negative value,
indicating that the compound itself is a fluorophore. Therefore, compound #6367577 was
excluded from further studies.

Inhibition of TT1 phage binding to p32 was used to confirm the activity of the remaining 5
compounds. At 100 uM, compounds #4014008 and #7933989 inhibited TT1 phage binding
to p32 by 50% and 75%, respectively (Figure 3D). This agreed with the results of the FP
assay measuring TT1 binding to p32 (Figure 4A), where #4014008 showed 75% and
#7933989 80% inhibition. Compounds #88361068, #9132086, and #91984046 inhibited
TT1 phage binding to p32 only by 20%, whereas in the FP assay had given 65% to 75%
inhibition (Figure 3A). Peptides are displayed on the T7 bacteriophage at about 200 copies
per particle [25] and the multivalent phage binding to immobilized p32 is likely to be less
susceptible to inhibition by a free competitor than the TT1 binding to p32. Thus, the affinity
of these latter 3 compounds for p32 may be low. To further confirm interaction of p32 with
the most promising 2 compounds, #4014008 and #7933989, we used NMR analysis. While
the biochemical assays we used are robust, they are not immune to occasional false
positives [31]. To validate the binding of the most promising 2 compounds, #4014008 and
#7933989, we used a direct binding assay based on NMR spectroscopy, which monitors
chemical shift perturbations a ligand induces to the resonances of a protein. As control, we
used the TT1 peptide. Under the same experimental conditions, the TT1 peptide caused
significant perturbations in the 1D 1H-aliph spectra [26] with 5 uM p32 concentration. Both
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compounds #4014008 and #7933989 caused similar perturbations indicating binding to p32
similar to that of TT1 (Figure 4).

The data described above indicate that compounds #4014008 and #7933989 interact
specifically with the homing peptide binding site on the p32 protein and represent potential
affinity ligands for p32-directed payload delivery. We chose compound #401008 for further
studies because its structure is more appealing as lead molecule than that of #7933989;
#4014008 is more amenable to further SAR studies than #7933989, and an amine group in
#401008 provides a readily available coupling group. FP-based FAM-TT1 displacement
assay demonstrated that #4014008 interacts with the p32 specifically albeit at affinity that is
too low to measure reliably (>50uM). On nanoparticles, even weak small molecule targeting
ligands can significantly enhance target-specific avidity (by up to 4 orders of magnitude)
through multivalent interactions. Furthermore, low affinity targeting ligands may be used to
avoid the “affinity site barrier” (getting trapped near the site of entry into the tumor),
resulting in better tissue distribution [32]. Silver nanoparticles (AgNP) coated with
neutravidin 271 and functionalized with biotinylated compound #4014008 (Figure 5A)
showed specific /in vitrobinding to immobilized recombinant p32 protein (Figure 5B). In
contrast, the #4014008 AgNPs showed only background binding to a non-target recombinant
protein. To evaluate #4014008 as an /n vivo targeting ligand, we used iron oxide
nanoparticles, dubbed “nanoworms” (NWs; Figure 5C). These paramagnetic nanoparticles
are PEGylated to extend blood half-life, and have because of their elongated shape more
effective targeting properties than spherical nanoparticles [13.28]. MCF10CalA breast tumor
cells express cell surface p32 /n vitro and p32-binding peptides home to orthotopic
MCF10CalA xenograft tumors that are strongly positive for the presence of systemically
accessible p32 [291. NWs functionalized with #4014008 showed robust homing to the blood
vessels in MCF10CalA tumors (Figure S 7A-C). The pattern was similar to what was seen
with TT1-NWs (Figure S 7 D-F). Among normal tissues, some #4014008-NW uptake was
seen in organs of the reticuloendothelial system (liver and spleen), which non-specifically
scavenge nanoparticles, and in the lungs, but not in other organs studied (Figure S 8).
MCF10CalA breast tumor xenografts express abundant p32 in blood vessels, and p32
immunoreactivity showed overlap with #4014008 functionalized NW signal (Figure 6D—
F). : As a specificity control, tumor mice were injected with FAM-NW functionalized with a
control peptide. In case of control nanoparticles only a residual vascular signal was seen in
tumor (Figure S 9 and 10). These studies show that functionalization with #4014008 renders
nanoparticles selective for p32 binding in vitroand in vivo.

Our study suggests that following initial /77 vivo biopanning and peptide receptor
identification, secondary /n vitro phage screening on purified receptors may yield homing
peptides possessing improved properties, in our case increased affinity for the tumor-
associated p32 receptor over the original peptide. The increased affinity we obtained in this
manner made it possible to screen for small molecular weight p32-binding compounds, for
which the affinity of the original peptide was too low. Library screens using broadly diverse
compounds, even those selected for “drug-like” properties generally do not typically yield
high-affinity binders, especially for the target class of peptide-protein and protein-protein
interactions inhibitors. Rather, moderate affinity lead compounds, such as #4014008, are
identified and have to be subjected to further chemical optimization to obtain high-affinity
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binders. Importantly, we show that a lead compound with moderate affinity, such as
#4014008, can be used for targeted delivery /n vivo when rendered polyvalent through
coupling to nanoparticles. It may greatly shorten the path to clinic in cases where multivalent
presentation is feasible, or desirable, such as in nanomedicine. Of course, compound
#4014008 can also serve as a lead for the development of conventional drug-like compounds
by medicinal chemistry.

Our demonstration that the p32 receptor can be accessed with a drug-like compound has
important implications. First, it shows a peptide used as a discovery tool for tumor delivery
can be converted to a chemistry that is likely to expand what can be accomplished with
peptides. For example, the sensitivity of peptides to proteolytic degradation would be
circumvented. Second, these findings bring up the prospect of designing synaphically
targeted drugs that are orally active. Lastly, the compounds identified through the peptide
screening combined with subsequent drug screening may have inherent biological activities.
As discussed elsewhere, peptides that bind to proteins generally bind at binding pockets for
compounds that modify the activity of the protein [39]. As such, they are likely to have
inherent biological activities. A prime example is the integrin-binding RGD peptides,
probably the most frequently used peptide motif in the design of tumor-targeting drugs and
nanoparticles [3%]. These peptides inhibit integrin activity and drugs based on RGD are in the
clinic and in clinical trials. The chemical compounds modeled after the p32-binding peptides
may have similar potential.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

AgNP Silver nanoparticles

BSA Bovine serum albumin

DAPI Diamidino-2-phenylindole

DTT Dithiothreitol

ELISA Enzyme-linked immunosorbent assay
FAM 5(6)-carboxyfluorescein

FP Fluorescence polarization

HPLC High pressure liquid chromatography
Ky Dissociation constant

NMR Nuclear magnetic resonance

NRP-1 Neuropilin-1 (NRP-1)

NW Iron oxide nanoworms
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Figure 1. Multistep development of systemic homing compounds using reiter ative biopanning
and FP-based screening

A) In vivo phage display is used for mapping of systemically accessible diversity of vascular
beds. It yields primary homing peptides that can be used for biochemical identification of
binding partners, “receptors” (denoted as a red square with cavity). B) In vitro biopanning
on purified receptors is used for identification of secondary receptors of improved binding
properties. C) Fluorescence polarization assays is used for high-throughput screening of
compounds that bind to peptide binding site on target receptors. 7gp. when the rapidly
rotating FAM-labeled peptide binds to its larger partner protein, its rotation approximates the
slower rotation of this larger protein, so the polarization of the excitation light is retained in
the emitted light (Yight green emission thunderbolts aligned with light blue excitation
thunderbolts). Below: in the presence of competitor compound, an increased concentration
of free fast-rotating FAM-labeled peptide is seen as decrease in fluorescence polarization
(divergent excitation thunderbolts)
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Figure 2. In vitro identification and char acterization of novel p32 binding peptides
A) CX7C peptide library was used for /n vitro selection on hexahistidine-tagged

recombinant p32 protein immobilized on Ni-NTA magnetic beads (Qiagen, Hilden,
Germany). Binding of phage particles in each selection round is expressed fold control
phage displaying heptaglycine peptide (G7). B) Representative peptide sequences recovered
after three rounds of ex vivo selection. TT1 peptide (CKRGARSTC) was present 3 times
among 30 sequenced phage clones. Note emergence of RGXRS consensus motif in selected
peptide pool. C) Binding of TT1, CKRGNRSMC, CTRGSRSKC and LyP-1 phage to
immobilized p32 protein. The data are representative of four independent binding
experiments. Binding is expressed as fold over control phage displaying polyglycine
heptapeptide (G7). Statistical analysis was performed by one-way ANOVA (F: 15.2; F crit
3.4) Error bars indicate s.e.m.; triple asterisk, p<0.001, n=4..
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Figure 3. FP- and phage binding- based validation of p32 binding peptides and hit compounds
A) Fluorescence polarization (FP) measurement of binding affinity of FAM-LyP-1 and

FAM-TT1 peptides to p32 protein, and dissociation constants (Kp) based on binding curves
fitted on Michaelis-Menten kinetics. Measurements were performed with PheraStar FS plate
reader (BMG Labtech, Ortenberg, Germany) on 384-well plate. B) Affinity of the 7 hit
compounds in dose-dependent (8.25 uM to 100 pM) inhibition of FAM-TT1 binding to p32
in FP assay. C) Assessment of hit compound binding to a non-target secondary protein,
NRP-1 to determine the specificity of the hit compounds in FP assay. A known NRP-1
binding peptide, RPARPAR, was used as a control. D) Effect of the hit compounds on the
TT1 phage binding to p32 protein. TT1 phage binding to p32 in the presence of 100 uM hit
compounds was determined in ELISA-type of binding assay.Library compounds can be
converted into Pubchem Compound identifiers using the utility by Chembridge: http://
www.chembridge.com/conversion_tool/index.php. Statistical analysis was performed by
one-way ANOVA. Significance of differences between individual data points was
determined by paired t-test. *P < 0.05, **P < 0.005 and ***P < 0.001. Each data point
presents average + S.D., n=4.
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Figure 4. NMR based evaluation of binding of compounds 4014008 and 7933989 to P32 protein
The 1D 1H-aljph spectra of 5 uM P32 in the absence (black) and presence of compounds

#4014008 (A) and #7933989 (B) (red for 100 uM and blue for 500 uM) were collected. As a
control, the spectrum of p32 in the presence of the known peptide binder, TT1 at 70 UM, was
also collected (green). In presence of both compounds there is a shift in the peak at around
-0.3 ppm (dashed line) and the concomitant appearance of a shoulder peak (indicated by
arrows) similar to what observed in presence of the reference peptide TT1.
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Figure 5. Nanoparticles functionalized with #4014008 bind to p32 protein and hometo p32-
positive breast tumors
(A) The compound coupled to fluorescent silver nanoparticles showed specific binding

toward plate well bound p32 protein, relative to wells having a non-target control protein
N3A. Increased concentration of silver nanoparticles caused a dose-dependent increase in
fluorescent signal due to nanoparticle binding to the surface of the well. (B-D) Confocal
imaging of tissue sections of MCF10CalA breast tumors from mice injected with FAM-
#4014008 -NW. Red: p32; green: NW; blue: nuclei. Arrows point to vascular structures that
show co-localization of nanoparticle and p32 signals. Representative fields from multiple
sections of three independent mice are shown. Scale bars = 100 pm.
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Table 1

Volumes and final concentrations of the reagents used in high-throughput fluorescence polarization screening
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of chemical compound library.

Volume | Final concentration
FAM-peptide 15uL 10nM
p32 protein 1.5uL 6 uM
Library compounds | 37.5nL 25 uM
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