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Peptide Array Screening Resemble Fibronectin Sequences
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ABSTRACT: Peptides containing the Asn-Gly-Arg (NGR)
motif are known to bind CD13 isoforms expressed in tumor
vessels and have been widely used for tumor targeting.
Residues flanking the NGR sequence play an important role in
modulating the binding affinity and specificity of NGR for the
CD13 receptor. Herein, we have used a rapid, easy, and
reliable peptide array—whole cell binding assay for screening a
library of NGR peptides with different flanking residues. A
peptide array consisting of forty-five NGR containing peptides
was synthesized on a cellulose membrane, followed by
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screening against CD13 positive (HUVEC and HT-1080) and CD13 negative cell lines (MDA-MB-435 and MDA-MB-231).
The library screening led to the identification of five cyclic and acyclic NGR peptides that display higher binding (up to S-fold) to
CD13 positive cells with negligible binding to CD13 negative cell lines when compared to the lead sequence cyclic
CVLNGRMEC. Peptides with high binding affinity for the CD13 positive cells also showed improved in vitro cellular uptake and
specificity using flow cytometry and fluorescence microscopy. Interestingly, the identified peptides resemble the NGR sequences
present in the human fibronectin protein. These NGR peptides are promising new ligands for developing tumor vasculature
targeted drugs, delivery systems and imaging agents with reduced systemic toxicity.
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Bl INTRODUCTION

Targeted drug therapy to tumor vasculature has emerged as one
of the most promising approaches for the treatment of cancer.
In this approach, specific targeting moieties, such as peptides or
antibodies, actively guide drugs to receptors that are uniquely
expressed on tumor vascular tissue."” Some of these unique
molecular markers expressed within tumor associated vessels
include avf3 and avps integrins,3’4 aminopeptidase N (APN
or CDI13),”> vascular endothelial growth factor receptors
(VEGFRs),%” and matrix metalloproteinases (MMPs).® The
differential expression of these cancer cell biomarkers make
them attractive targets for selective delivery of chemo-
therapeutic drugs and diagnostic moieties.”"’

APN (CD13) is a Zn*" dependent metalloprotease that has
been implicated in various cell functions, such as proliferation,
invasion, and angiogenesis.“’12 Specific APN isoforms are
highly expressed in various tumors and angiogenic cells, and
these are different from the APN forms expressed by the
endothelium of normal blood vessels."® Recently it has been
shown that APN is selectively expressed in vascular endothelial
cells, such as human umbilical vein endothelial cells (HUVEC),
and plays multiple roles in angiogenesis.'”** Thus CD13 has
become an attractive molecular tumor marker and potential
therapeutic target.”'® In vivo screening of phage libraries led to
the discovery of the Asn-Gly-Arg (NGR) peptide motif that
binds primarily to the CDI13 receptor expressed in the
endothelium of angiogenic blood vessels.'®'” The selective
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tumor homing ability of NGR led to the use of this peptide for
targeted delivery of various antitumor compounds, such as
chemotherapeutic drugs,'” cytokines,'® viral particles,"”” and
liposomes® specifically to tumor vessels. Notably, the NGR
sequence is also present in fibronectin (FN), an extracellular
matrix protein involved in several key cellular processes.”!
Human FN is a large glycoprotein that contains primarily three
types of repeating modules, type I, II, and III. NGR with
different flanking residues is present in each of the repeating
modules of human FN.

Phage display technology has been employed for selecting
peptides with high affinity for CD13 associated with the
angiogenic blood vessels. Several NGR containing peptide
sequences have been identified, such as disulfide bond cyclized
CNGRC (cCNGRC) and cCVLNGRMEC, as well as linear
analogues GNGRG and NGRAHA."”** The peptide sequence
cCNGRC has been coupled to different anticancer compounds,
such as doxorubicin,'”?* cisplatin,** proapototic peptides,”® and
tumor necrosis factor-a (TNF).'®> NGR conjugated to TNF
(NGR-hTNEF) is in phase II clinical trials.***” In addition to
disulfide cyclized sequences, an N- to C-terminal amide bond
cyclized cKNGRE sequence has been studied that displayed
enhanced binding affinity for tumor targeting applications.”®
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Pentapeptide analogues of NGR synthesized via on-resin click
chemistry have also been developed and show specific binding
to purified CD13 receptor, as well as to cell lysates from CD13*
SKOV-3 cancer cells.”” Structure—function studies with
different NGR peptide sequences suggest that the molecular
scaffold in which NGR residues are embedded could affect
binding affinity, specificity, and peptide stability. For instance,
studies with cyclic CNGRC and linear GNGRG peptides
showed that the presence of disulfide constraint enhances
interaction with CD13, improving targeting ability 10-fold.*’
Modification of cCNGRC with proline to produce cCPNGRC
improved overall binding affinity to APN and led to 30-fold
lower ICj, for the inhibition of APN proteolytic activity.>' In
addition, it has been shown that flanking residues play an
important role in NGR to isoaspartate-glycine-arginine
(isoDGR) conversion with concomitant exchange of receptor
affinity from CD13 to a3 integrin.*”

The above studies demonstrate that the specificity and
affinity of NGR peptides for the CDI3 receptor can be
improved by altering the NGR flanking residues. To further
explore this hypothesis, we designed and screened a library of
NGR sequences based on the lead cCCVLNGRMEC peptide to
identify new peptides with enhanced binding affinity for CD13.
A library of 45 peptides was synthesized in an array format on
cellulose membrane and the library was screened against CD13-
positive and CD13-negative cell lines using a peptide array-
whole cell binding assay. We have previously shown that
peptide array-whole cell binding is a complementary method to
phage display for the identification of peptides with higher
binding affinity and specificity for cancer cells.**> Here we show
that the library screening led to the identification of five NGR
peptides (peptides S, 14, 21, 22, and 34) that display higher
binding (up to S-fold) to CD13* cells with negligible binding to
CD13" cell lines when compared to the lead sequence. These
peptides with augmented affinity for the CD13" cells also show
improved in vitro cellular uptake and specificity using soluble
FITC-labeled peptides. Interestingly, the peptides identified
here are similar to or resemble the NGR sequences present in
the human FN protein.

B RESULTS AND DISCUSSION

Integrin avf33 and CD13 (APN) are the most studied receptors
for targeting endothelial cells involved in tumor angio-
genesis.”** The structure of RGD peptides has been
optimized and several RGD peptides targeting integrins are
undergoing preclinical evaluation for tumor targeting.’**°
While equally promising for targeting the CD13 receptor, the
NGR sequence has been less explored. In order to optimize the
binding affinity and specificity of peptides containing the NGR
sequence, we designed a peptide array to screen against CD13
expressing cell lines (CD13*), and cells that do not express
CD13 (CD13").

Engineering NGR-Based Peptide Library. Forty-five
NGR peptide sequences, cgrclic and acyclic, based on the
CVLNGRMEC sequence'® (peptide 1, Table 1) were
synthesized. The key NGR motif was maintained in all the
peptides, except the negative controls. Peptide 1, the lead 9-mer
peptide, containing the NGR motif was originally identified b
phage display that specifically targets tumor blood vessels."
Later it was found that the NGR motif targets the CD13 in the
angiogenic vasculature and in many tumor cell lines.”* Peptides
2—7 are previously reported sequences or derivatives of
reported sequences.'”*"?73® Met was replaced with Nle in
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Table 1. Sequence of the NGR Peptide Library and the
Relative Cell Adhesion Capacity of the Peptides”

relative cell adhesion

peptide  peptide sequence =~ HUVEC  HT-1080
1 CVLNGRMEC 1.0 1.0
2 CVLNGRXEC 1.7 1.6
3 NGRAHA 2.6 1.6
4 LNGRE 3.2 33
S YNGRT 54 S.5
6 LNGRAHA 0.4 0.5
7 ¢NGRGEQc¢ 19 13
group 1 8 CALNGRXEC 1.3 2.7
9 CVANGRXEC 3.1 1.6
10 CVLNGRAEC 12 2.4
11 CVLNGRXAC 1.1 0.6
12 CVLNGRXEA 2.4 2.1
group 2 13 CVLNGRXC 1.2 2.7
14 CVLNGREC 34 39
15 CVLNGRC 1.9 2.7
16 CLNGRXEC 0.4 0.8
17 CVNGRXEC 1.1 2.6
18 CNGRXEC 0.7 1.1
19 CLNGRXC 0.5 0.9
20 CVNGREC 0.8 22
21 CNGRC 3.5 42
22 KCNGRC 43 4.8
23 KVLNGRXE 2.0 3.1
24 GVLNGRMEG 12 0.8
25§ GVLNGRXEG 1.2 1.6
26 GNGRG 27 28
group 3 27 CILNGRXEC 12 1.3
28 CTLNGRXEC 0.5 1.3
29 CZLNGRXEC 0.3 1.7
30 CVVNGRXEC 2.1 2.7
31 CVZNGRXEC 1.5 2.1
32 CVXNGRXEC 3.1 3.9
33 CVSNGRXEC 2.1 39
34 CVLNGRSEC 3.2 4.5
35 CVLNGRXDC 3.1 3.7
36 CVLNGRXKC 1.7 2.0
37 cVLNGRXEc 1.1 3.1
negative control 38 CKLARAXEC 0.7 0.9
39 VLARAXE 1.0 0.6
40 CVLQGRXEC 0.4 22
41 CVLARAXEC 0.9 2.1
42 AVLXGXEA 2.3 54
43 VLGXE 0.4 0.6
44 CVLGXEC 1.2 2.5
4S5 CARAC 0.6 0.8

“aa substitution is underlined; X = norleucine; Z = f-alanine, lower
case letter = D-aa. RCA is the average ratio of fluorescence of a peptide
(due to bound cells) divided by that of peptide 1.

peptide 2 as well as in the designed sequences to eliminate
problems associated with Met oxidation. NGR containing
peptide 3 was isolated by in vivo phage display to target asf,
integrins.”” Peptides 4 and 5 are conserved NGR sequences
present in the natural protein, fibronectin.”> Peptide 6 is a
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hybrid of peptides 3 and 4. Peptide 7 was identified by Lau and
co-workers as a peptide ligand for adhesion and proliferation of
human lung cancer cells.*®

The remaining peptides in the array were separated into
three groups, as shown in Table 1. Peptides 8—12 (group 1)
consisted of an alanine scan, replacing each residue in peptide 2
with Ala, except the NGR sequence. Next, sequences with N-
or C-terminal residues deleted yielded shorter cyclic peptides
13—22 ranging from S-mer to 8-mer. Peptides 23—26 were
linear derivatives of peptide 2, designed to study the effect of
the disulfide constraint on targeting efficiency. In addition, the
linear NGR motif, GNGRG (26), is present in the wild type
fibronectin sequence.”*?

Peptides 27—37 (group 3) involved conservative substitution
of N- (Val2 or Leu3) or C-terminal (Nle7 or Glu8) residues in
peptide 2 with different amino acids. For instance, Val2 was
substituted with either nonpolar Ile or $-Ala to give peptides 27
and 29, respectively, or with polar Thr to give peptide 28.
Likewise, Leu3 was substituted with nonpolar Val, #-Ala or Nle
in analogues 30—32, respectively. Peptides 33 and 34 have a
hydroxyl-containing amino acid (Ser) next to Asn or Arg
residues, respectively, of the NGR motif. The C-terminal Glu8
was similarly replaced to give peptides with either negatively
charged Asp in analogue 35, or positively charged Lys in
analogue 36. Peptide 37 has two L-cysteines replaced with p-
cysteines. Lastly, peptides 38—45 were designed as negative
controls with scrambled sequences and varying length, and
were devoid of the NGR motif.

The peptide library, with each entry in duplicate (Table 1),
was synthesized on noncleavable cellulose membrane (amino-
PEGS00) using SPOT synthesis, where the C-terminus of the
peptide was attached to the surface of the amino-PEGS00
cellulose membrane through f-ala spacer as described
previously.>> Each residue was added to the free amino
functional group using a stepwise Fmoc-SPPS procedure. Each
peptide was synthesized at a concentration of approximately 50
nmoles spread on the membrane in a spot with a diameter of 4
mm. After complete synthesis of the array, the peptides were
oxidized (cyclized) on the membrane by incubation in 20%
aqueous DMSO at 4 °C for 24 h followed by overnight
incubation at room temperature. The stepwise incubations were
done to decrease the possibility of degradation and transition of
NGR to iso)DGR/DGR, which is accompanied by the loss of
CD13 binding. Recent studies have shown that compounds
containing the NGR motif can rapidly deamidate and generate
isoDGR spontaneously at elevated pH and temperature.®

Level of Aminopeptidase N (or CD13) Expression.
Four cells lines [HUVEC human umbilical cord, HT-1080
fibrosarcoma, MDA-MB-435 melanoma and MDA-MB-231
breast cancer cells] were evaluated for APN/CD13 expression
using flow cytometry. The CDI13 expression level was
quantified by the mean fluorescence of the cells after incubation
with FITC-labeled antthuman CD13 antibody (CD13 mAb or
WM1S). The results showed that HUVEC and HT-1080 cells
expressed high level of CD13 with mean cell fluorescence 90
and 46.7, respectively, whereas, MDA-MB-231 and MDA-MB-
435 did not express this receptor and show mean cell
fluorescence of 7 and 5.2, respectively (Figure 1). These
results matched with the reported CD13 expression levels of
different cell lines.** For subsequent experiments, HUVEC and
HT-1080 were selected as CD13*, while MDA-MB-435 and
MDA-MB-231 served as CD13™ or negative control cell lines.

592

8

80 -
60
40 -
20 -

V\\yx(oc’ \*«,\@“ "‘me'b\

Mean Fluorescence Intensity

o

—
x3°
pe

‘3\0

Figure 1. Expression of aminopeptidase N (APN or CD13) in the cell
lines used in this study. Four cell lines, CD13* (HUVEC and HT-
1080) and CD13~ (MDA-435 and MDA-231), were incubated with
FITC-labeled monoclonal antihuman CD13 antibody (WM15) for 30
min at 4 °C. After washing the cells, the fluorescence of the bound
antibody was analyzed by flow cytometry. The mean fluorescence
intensity of the cells is shown.

Peptide Array-Cell Binding Assay. We have previously
shown that peptide arrays on cellulose membranes are excellent
platforms for whole cell binding and screening of peptides with
high relative affinity for the intact cells.”> Here the NGR
peptide array was incubated with each of the above four cell
lines to screen for CD13* cell binding peptides, and the
experiment was repeated once. No blocking of the membrane
was done before adding the cells, and after each experiment the
cellulose membrane was regenerated to be reused. After
incubation, the cells that bound to the cellulose membrane
were labeled with CyQuant dye followed by detection with
fluorescence. The array was visualized using Kodak imager with
excitation at 485 nm and emission at 530 nm. The fluorescence
intensity of the spots (shown in Figure 2) reflecting the amount
of bound cells was measured. All the peptides were compared
to the wild type peptide 1 and the relative cell adhesion ratio
for each peptide binding to cells was determined. The relative
cell adhesion ratio for the CD13" cells, HUVEC and HT-1080,
is listed in Table 1.

In general, CD13" cell lines (HUVEC and HT-1080)
showed significant adhesion to the peptides compared to the
CD13" cells (MDA-43S and MDA-231). The binding profile of
the two CD13" cell lines to peptides followed a similar trend,
suggesting that the binding was specific to CD13 receptor
(Figure 2). The binding intensities for HT-1080 cells appeared
to be slightly higher than for HUVEC cells, in contrast to
expectations based on the greater expression level of CD13 on
the latter. This observation is presently unexplained. The two
CD13" cell lines displayed low binding to the peptide array,
with MDA-MB-231 displaying slightly higher binding com-
pared to MDA-MB-435 (Figure 2), perhaps consistent with the
relative amounts of residual binding activity noted in Figure 1.

The relative cell adhesion (RCA) ratio for each peptide was
calculated for the two CDI13" cell lines. This allowed
identification of five peptides (S, 14, 21, 22, and 34) that
displayed higher binding compared to the other peptides.
Among peptide 2-7, most peptides showed enhanced binding
compared to peptide 1. Peptide § showed highest affinity for
the cells with more than 5-fold increase in cell binding (RCA
5.4 and 5.5 for HUVEC and HT-1080, respectively) compared
to peptide 1. The peptides from group 1 (Ala scan), in general,
showed good binding to the cells. Only peptide 11 with Glu8
substituted with Ala showed a relative decrease in binding
(RCA 0.6) suggesting the presence of a vital electrostatic
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Figure 2. Average fluorescence intensity of the peptide bound cells on the cellulose membrane. Cells (75 X 10°/mL), CD13* (HUVEC or HT-
1080) or CD13~ (MDA-231 or MDA-435), were incubated with the peptide array for 8 h at 37 °C, followed by labeling of the cells with the
CyQUANT dye. The fluorescence intensity of the bound cells was measured using Kodak imager at 465 nm excitation and 535 nm emission. The

results are presented as mean fluorescence intensity + SD.

interaction with the receptor. Substitution of Val2 with Ala
(peptide 8) did not substantially change CD13* cell binding,
consistent with results reported by Honda and co-workers.*'

Peptides from group 2 with N- or C-terminal deletions
showed up to S-fold (RCA 4.8) increases in cell binding. Three
peptides (14, 21, and 22) with RCA of 3 or above were
selected from this group. Peptide 14 is an 8-mer with C-
terminal Met deleted, whereas, peptides 21 and 22 are short
peptides (S-mer and 6-mer, respectively) with mainly NGR and
the two terminal cysteines for cyclization. Peptides 14 and 21
also showed low binding to CD13™ cell lines. The validity of
our assay was further substantiated by its identification of 21
(CNGRC), a well-known NGR peptide that has been widely
used as a CD13 tumor vasculature targeting peptide;'”** a
tumor necrosis factor-a (TNF) conjugate of this peptide is in
phase II clinical trials."®'*?* Similarly, peptide 22 resembles the
molecule cKNGRE, which has been reported to show improved
binding to the CD13" cells.”® Linear peptides 24—26 exhibited
less cell binding compared to their cyclic analogues. Thus,
cyclization of the peptide with the two terminal cysteines or the
disulfide constraint is critical for the targeting efliciency,
consistent with a report by Colombo et al, who found the
activity of GNGRG-TNF to be 1 order of magnitude lower
than that of CNGRC-TNF.*

Several peptides from group 3 showed augmented binding to
cells compared to peptide 1. Interestingly, substitution of NGR
flanking residues with amino acids containing hydroxyl side
chain, such as Ser (peptides 33 and 34) or Thr (peptide $), led
to increases in cell binding. Peptide 34, with the highest RCA
values (3.2 and 4.5) in group 3, was selected for further studies.
Negative control peptides (38-45) mostly showed low binding
to the cells (RCA < 2.5), except for peptide 42 (RCA = 2.3 and
5.4 for the CD13* HUVEC and HT-1080 cell lines,
respectively). Peptide 42 is an 8-mer linear peptide devoid of
NGR sequence, which also bound both CD13™ cell lines with
relatively high affinity compared to other negative control
sequences. Thus, this peptide was regarded as nonspecifically
“sticky” to cells. Peptide 43 with RCA 0.4—0.6 was selected as a
negative control peptide for further investigation.
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Evaluation of In vitro Cell Binding. Peptides 5, 14, 21,
22, and 34 with enhanced binding to the CD13" cells, and
peptides 1 and 43 as positive and negative controls,
respectively, were chosen for in vitro cell uptake studies.
These peptides were independently synthesized on 2-
chlorotritylchloride resin using Fmoc-SPSS chemistry, and the
N-terminus of each was labeled with FITC via a ff-alanine linker
(Figure S1, Supporting Information). Cyclization by disulfide
bond formation was carried out by air oxidation in 20%
aqueous DMSO. Buffer was not used to minimize any potential
deamidation and formation of isoaspartate residue which would
lead to loss in affinity for the aminopeptiase N receptor. All
peptides were obtained in good yield (40—52%), and were
characterized using HPLC and MALDI-TOF showing molec-
ular ion peaks consistent with expected masses (Table 2).
Peptide stock solutions were stored at neutral pH and kept at
—20 °C prior to cell studies.

The soluble FITC-labeled peptides were incubated with the
CD13* and CD13™ cell lines for 30 min at 37 °C followed by
removal of the unbound peptides by extensive washing. Cells
were suspended in FACS buffer to evaluate peptide uptake by
flow cytometry. The results (Figure 3) show that the NGR
containing peptides 5, 14, 21, 22, and 34 were taken up

Table 2. Amino Acid Sequence and Characterization of the
Peptides Selected from the Peptide Array-Whole Cell
Binding Assay

mass® [M + H]* obs. rt yield®
no. peptide sequence (caled) (min) (%)
1 CVLNGRMEC 1482.5 (1482.3) 217 40
S YNGRT 10713 (1070.4) 13.7 50
14 CVLNGREC 13517 (1351.2) 195 50
21  CNGRC 1011.1 (1010.4) 12.1 )
22 KCNGRC 1137.9 (1137.1) 11.3 45
34 CVLNGRSEC 1437.4 (1438.1) 222 45
43  VLGXE 990.4 (989.1) 9.5 S2

“MALDI-TOF of FITC-f-Ala-peptide. bPurity of the peptides was
estimated as the area under the curve of analytical HPLC
chromatogram and was found to be 95—98%. r.t. = retention time.
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Figure 3. Peptide cell binding and uptake by CD13" and CD13~ cell
lines measured using flow cytometry. The peptides (107 mol/L) were
incubated with the cells for 30 min at 37 °C. No treatment (NT), and
FITC-43 served as negative controls, while FITC-1 served as a positive
control. The results are presented as mean fluorescence of cell
population (mean + SD of triplicate wells).

significantly more by the CD13" cell lines compared to CD13~
cell lines. FITC-labeled peptide § (FITC-S) showed the highest
uptake, similar to in the results of the peptide array-cell binding
assay. When comparing mean cell fluorescence, the uptake of
the peptides by the HUVECs was higher compared to uptake
by the HT-1080 cells, in agreement with relative CDI13
receptor levels determined above (Figure 1). In addition, some
binding to HUVEC cells in this assay could be due to binding
to auvPB3 integrin receptors by NGR sequences that have
converted into isoDGR under cellular conditions.* HT-1080
cancer cells do not express avf33 integrins.**

Peptide S, a linear S-mer sequence, was further evaluated for
cellular uptake. Fluorescence microscopy images (Figure 4A) of
CD13" HT-1080 cells showed strong intersperse fluorescence,
while the CD13™ MD-43S5 cells showed much less green
fluorescence (Figure 4B) demonstrating peptide specificity for
the APN/CD13 receptor. Figure 4C shows zoomed-in image of
the HT-1080 cells, where uniform distribution of FITC-§
peptide inside the cell and nucleus is observed. The binding of
the FITC-S peptide was inhibited to a large extent in the
presence of 100-fold excess unlabeled peptide 5 (Figure 4D).
Finally, a coculture assay with HT-1080 and MDA-MB-435
cells was performed to study the selectivity of peptide FITC-S.
CD13* HT-1080 cells were grown together with the CD13™
MDA-MB-435 cells followed by incubation with FITC-S. As
shown in Figure 5, MDA-MB-43S$ cells, previously stained with
blue cell tracker dye, showed much less green fluorescence due
to peptide uptake compared to the HT-1080 cells.

As noted above, the residual uptake of the peptide by the
MDA-MB-435 cells (Figures 4B and SB) could be due to the
binding of isoDGR peptide of FITC-5 to the avf3 integrin
expressed by these cells.’” To investigate the susceptibility of
peptides toward deamination under condition used in the
binding assays, we studied the stability of peptide S, a
representative NGR sequence, in DMEM media at 37 °C,
assaying by MALDI-TOF mass spectrometry and RP-HPLC
(Supporting Information Figure S4). The peptide started to
disintegrate after 4 h incubation as evidenced by the appearance
of multiple peaks during HPLC and mass analysis. Mass
measurement indicated the presence of NGR peptide,
deaminated isoDGR or DGR, and a succinamide intermediate
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Figure 4. Fluorescence microscopy images to evaluate in vitro binding
of peptide FITC-5 to the cells. (A) HT-1080 (CD13*) cells showing
uptake of green FITC-5, (B) MDA-MB-435 (CD13") cells after
incubation with FITC-S showing minimal uptake, (C) zoom-in of a
HT-1080 cell using confocal laser microscopy showing intracellular
distribution of FITC-5 (scale bar = 12 ym), and (D) HT-1080 cells in
the presence of excess unlabeled peptide 5 (10™* M) as a competitor.
Green, signal from FITC labeled peptide; Blue, signal from the nuclear
staining agent DAPIL Images were acquired with identical exposure
times and displayed consistently to compare binding between HT-
1080 and MDA-MB-435 cells.

at m/z values of 610.7 ([M+H]*), 611.7 (+1), and 593.5
(=17), respectively (Supporting Information Figure S4B and
S4C). These results suggest that the NGR sequence was
maintained during the half-hour period of the in vitro binding
assays with cells in DMEM media. The peptide was found to be
completely stable in water for extended periods under similar
conditions.

Inhibition of Aminopeptidase N Activity by Selected
Peptides. Inhibition of APN enzyme is considered important
as it inhibits tumor invasion and angiogenesis causing tumor
regression.*> We examined the ability of five most promising
NGR peptides and peptide 1 to inhibit aminopeptidase N
activity, with bestatin as a positive control.** Screening of
peptides for inhibition of APN activity was carried out at a
single substrate concentration of 500 yM for 30 min, as lower
concentrations (125 uM or lower) did not show noticeable
activity (Figure 6). Peptide § was the most potent, causing 60
+ 4.2% inhibition compared to 92% inhibition by bestatin.
Peptide 34 showed 54 + 3.9% inhibition, suggesting again the
importance of hydroxyl side chain group in enhancing binding
and interaction with CD13" cells or the APN enzyme. Peptides
1, 14, 21, and 22 displayed little to no inhibition (<20%) at the
tested concentration. Previously it has been reported that
CNGRC peptide showed minimal inhibition of APN up to 500
UM concentration.”® A recently identified CPNGRC peptide
sequence showed that the addition of a proline residue
enhanced binding to the APN enzyme as well as inhibited
APN proteolytic activity with an ICS0 of 10 uM, a value that is
30-fold lower than that for CNGRC.>® Along with these
precedents, this study highlights the possible correlation
between enhanced binding to APN and APN inhibition.

The YNGRT sequence (peptide 5) is present in the type II
module of fibronectin.®® The three-dimensional (3D) structure
of peptide S excised from the fibronectin structure (PDB
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Figure 5. (A) Fluorescence microscopy image of a coculture of HT-
1080 (CD13%) and MDA-MB-435 (CD137) cells incubated with
FITC-S (green) for 30 min. Peptide (green) was uptaken primarily by
HT-1080 cells with very little uptake by MDA-MB-435 cells. The
MDA-MB-435 cells were stained blue using cell tracker blue before the
experiment. (B) A phase contrast image. Scale bar = 20 ym.
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Figure 6. Inhibition of aminopeptidase N (APN) activity in the
presence of NGR peptides. Intact HT-1080 cells were incubated with
peptides or bestatin (a known inhibitor) followed by evaluation of
APN activity. The results shown are mean + SD of triplicates.
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1Q06)* is shown in Figure 7. An overlay of peptide $ with
LNGRS sequence of peptide 34 (derived from PDB 3NW])*®
shows that peptide 34 may also fold into similar conformation.
The structures discussed here represent possible solution
conformations of the individual peptides as these structures are
based on the structure of the peptide in a complete protein.
The true 3D structures of peptides, such as 5 and 34 remain to
be elucidated. The other high affinity peptides also resemble
sequences from fibronectin. Peptides 21 and 22 contain
CNGRC which has been shown to be a better analogue of
fibronectin sequence GNGRG (Figure 7).2° GNGRG belongs
to the type I module (Sth and seventh type I repeats) of
fibronectin (PDB 1FBR)* and the cyclized CNGRC stabilizes
the linear sequence providing higher affinity for CD13.*
Peptide 14 contains LNGRE sequence which is present in the
type III module of fibronectin (PDB 1FNF).** Thus, all the
high affinity peptides identified in the present study are
derivatives of the fibronectin NGR sequences.

B CONCLUSIONS

Peptide-array cell binding assay using cellulose bound peptides
was able to screen for cyclic and acyclic NGR peptides that
bind to CD13" cell lines. Membrane cell binding results, as well
as in vitro binding experiments including coculture fluorescence
microscopy suggest that the identified NGR peptides bind
selectively to CD13 receptor in CD13" cell lines. Interestingly,
peptide 21 (CNGRC) identified here is a well-known NGR
peptide that has been widely used as a CD13 tumor vasculature
targeting peptide.'® The newly identified sequences presented
in this study, such as peptides S and 34, offer additional
advantages to the previously reported NGR sequence. Peptide
5 (YNGRT), the most promising peptide identified, showed a
significant increase (up to 13-fold) in uptake by the CD13*
cells compared to the lead peptide 1. Peptide S is a linear
peptide that can be cyclized to further enhance its binding
properties toward CD13" cells. In addition, the new sequences,
such as 5 and 34, display better APN enzyme inhibition and
selectivity toward CD13" cells.

In conclusion, the NGR peptides identified here are
promising sequences for developing tumor vasculature targeted
drugs, delivery systems and imaging agents with reduced
detrimental off-target effects from the toxic drug or other
agents. Our results show that peptide array library screening is a
powerful research tool for analyzing peptide-cell interactions
with rapid and efficient screening of high binding peptides.
Both cyclic and linear peptides containing NGR were identified
that closely resemble NGR sequences present in human
fibronectin. Consequently, these NGR sequences may have
low immunogenicity making them ideal candidates for the
development of ligands for targeted delivery to tumor
angiogenic vasculature.

B EXPERIMENTAL PROCEDURES

Peptide Array Synthesis. Peptide array consisting of forty
five peptide sequences (ranging from S-mer to 9-mer) in
duplicates was synthesized on a cellulose membrane using an
AutoSpot as described previously.”® Briefly, peptide array was
synthesized on an amino-PEGS00 cellulose membrane
derivatized with a polyethylene (PEG) spacer and a free
amino terminal group using a semiautomatic robot AutoSpot
ASP222 (Intavis AG, Germany). DIGEN software (Jerini
Biotools GmbH, Berlin, Germany) was used for formatting the
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Figure 7. Schematic representation of a portion of human fibronectin highlighting NGR motifs present in the type I, I, and III repeats (top). Three
dimensional structures of the NGR sequences present in the type I (PDB 1FBR), II (PDB 1Q06), and Il (PDB 1FNF) repeats are shown as stick
models (bottom). Peptides 21 and 22 most likely form hairpin as found in type I structure (bottom, left to right), peptide § folds into type II
structure, and peptide 34 which is similar to peptide 5 may form type II structure. An overlay of peptide 5 with type II fold and peptide 34 (red)
derived from PDB 3NW]J is shown. LNGRE of type III repeat, which is present in peptide 14, is also shown.

array. The synthesis was started by anchoring a S-alanine
residue (linker) to the cellulose membrane and thereafter
peptides were synthesized from the C-terminal end. Fmoc
amino acids (0.25 mM/mL) activated with HOBt and DIC
were spotted on the membrane in 60 nL aliquots per spot by a
robotic syringe, yielding a peptide loading of 0.4 wmol/cm?.
After coupling of the Fmoc amino acid, the membrane was
removed from the synthesizer and was treated with acetic
anhydride (2%) to cap any free remaining amino groups.
Piperidine (20%) in DMF was used for Fmoc deprotection.
After it was washed, the membrane was air-dried and carefully
repositioned on the robotic synthesizer to repeat the coupling
cycles to complete the peptide sequence. At the end, all
peptides were N-terminally acetylated. The final removal of side
chain protecting groups was performed by treating the
membrane with a cocktail of reagents, comprised of TFA (15
mL), DCM (15 mL), triisopropylsilane (0.9 mL), and water
(0.6 mL), for about 3 h. After extensive washing with DCM,
DMF, and ethanol, the membrane was dried with cold air. Next,
the cyclization of cysteine containing peptides was performed
to form the disulfide bond. The membrane was incubated with
20% DMSO in water for 24 h at 4 °C, and finally overnight at
rt. Subsequently, the membrane was washed with ethanol (3 X
3 min), dried, and stored in a sealed bag at —20 °C until use.
To ensure cyclization on the membrane, we have previously
characterized representative cyclic peptides using a membrane
with a cleavable linker.>* For membrane regeneration, the
bound cells were removed after each cell-binding experiment by
first washing with ethanol for S min, followed by treatment with
0.1 N HCI for 20 min. The peptide array membrane was then
washed with DMF (4 X 20 min), ethanol (3 X 3 min), and
finally dried in air.

APN/CD13 Expression Level Using FACS Analysis.
Fluorescence activated cell sorting (FACS) was performed to
quantify the level of expression of APN/CD13 among the
selected four cell lines. The human fibrosarcoma HT-1080
(American Type Culture Collection, Manassas, VA) and the
human breast cancer cell line MDA-MB-231 were cultured in
DMEM with Glutamax containing 10% FCS (Invitrogen).
Human umbilical vein endothelial cells (HUVEC) were kind
gift from the laboratory of Sandra Davidge, University of
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Alberta. These cells were cultivated using Endothelial Cell
Growth Medium (EGM, LONZA) containing 20% EFCS, 2
mmol/L glutamine, 100 IU/mL penicillin, 100 IU/mL
streptomycin, and 2 ng/mL basic fibroblast growth factor
(Roche Diagnostics, Mannheim, Germany). The human cancer
cell line MDA-MB-435 was cultured in RPMI-1640 with
Glutamax containing 10% FCS (Invitrogen, Karlsruhe,
Germany), 100 IU/mL penicillin, and 100 IU/mL streptomy-
cin. All cell lines were cultured at 37 °C in a 5% CO, incubator.
Cells (10°) were suspended in FACS buffer (100 L, PBS with
2% FCS), and incubated with FITC labeled CD13 antihuman
antibody (20 pL, WM-15) for 30 min at 4 °C. The cells were
washed twice with FACS buffer after centrifugation, the same
was done for cells without antibody treatment which served as a
negative control, and the APN/CD13 expression level was
measured using flow cytometry. FACS experiments were
performed on a Beckman Coulter QUANTA SC Flow
Cytometer. The data was analyzed by CellQuest software and
is presented as the average of mean cell fluorescence intensity
(+SD) of triplicate wells.

Peptide Array-Cell Binding Assay. Peptide array-whole
cell binding was performed following the method developed in
our laboratory previously.®> Briefly, the peptide array
membrane was incubated with the cells (20 mL, 75 X 10°
cells/mL) for 8 h in serum free media. After washing the
nonbound cells, the membrane was first frozen at —80 °C for 2
h followed by thawing at r.t. and incubation with the
CyQUANT dye. The membrane was washed (6x with PBS)
and scanned using Kodak imager (4., 465 nm, Ao, S35 nm).
The net fluorescence intensity of each peptide spot was
quantified using Kodak Molecular Imaging Software Version
4.0. An external standard peptide was used to calibrate the
fluorescence intensity between scans performed on the same
day and on different days. The membrane was regenerated after
each cell-binding experiment. Each cell-binding experiment was
repeated twice for the four cell lines. The results are presented
as average fluorescence intensity (+standard deviation) of two
duplicate peptide spots, two scans, and two different experi-
ments. The relative cell adhesion ratio (Table 1) for each
peptide sequence was calculated as the ratio of the average
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fluorescence of the peptide analogue divided by that of parent
peptide 1.

Synthesis of FITC-Labeled Peptides. Seven FITC-labeled
peptides, (FITC-1, FITC-5, FITC-14, FITC-21, FITC-22,
FITC-34, FITC-43), and two unlabeled peptides (1 and 22)
were synthesized on an automatic synthesizer (Advanced
ChemTech MPS 357, Louisville, KY, USA) following Fmoc
solid phase peptide synthesis (SPPS).>' Peptides were
synthesized on 2-chlorotritylchloride resin (0.1 mmol, 1
mmol/ g) using DIC/HOBT mixture as coupling agent. After
complete peptide synthesis, f-alanine was conjugated to the N-
terminal amino group followed by fluorescein isothiocyanate
(FITC) coupling. FITC (0.3 mmol) was coupled to peptide
using DIPEA (0.6 mmol) in dark for 24 h, followed by
extensive washing of the resin. FITC-labeled peptide was
cleaved from the resin, along with the deprotection of the
amino acid side chains by TFA/DCM (50:50) mixture. The
crude cleaved peptides were precipitated by cold diethyl ether
followed by their purification using RP-HPLC. Peptide
oxidation was carried out by incubating peptide in 20%
aqueous DMSO solution at pH 7 (r.t,, 2 days). Disulfide bond
formation was confirmed with Ellman test and MALDI-TOF
mass spectrometry. The peptides were purified by RP-HPLC
(Varian Prostar HPLC, Walkersville, MD, USA) using a linear
gradient of isopropranol/water containing 0.1% TFA and were
lyophilized. Purity of the final products was analyzed using
analytical RP-HPLC (Supporting Information Figure S3) and
MALDI-TOF mass characterization (Table 2 and Supporting
Information Figure S2). Stock solution for the peptides was
prepared in sterile 10% aqueous acetonitrile and stored at —20
°C. Peptide concentrations were determined by measuring
fluorescence at excitation 465 nm and emission 535 nm.

Peptide Stability and Deamination. To evaluate peptide
stability, a solution of peptide § in DMEM was incubated at 37
°C, mimicking conditions used in the in vitro cell binding
experiments. At different time intervals, aliquots were removed
and peptide stability was monitored using MALDI-TOF mass
spectrometry and RP-HPLC. The same experiment was also
repeated for peptide in water.

In Vitro Cellular Uptake Using FACS. FACS analysis was
used to evaluate the binding of the FITC-labeled peptides to
CD13" (HUVEC and HT-1080) and CD13~ (MDA-MB-435
and MDA-MB-231) cell lines. Cells were placed into 6-well
plates at a density of 10° in culture media (3 mL) at 37 °C for
24 h to adhere to the plate surface. The culture media was
replaced with fresh serum-free media (1 mL) containing FITC-
labeled peptides at a concentration of 107 mol/L. Cells were
incubated with the peptides for 30 min at 37 °C. The media
was then removed and the cells were washed to remove the
unbound peptides. The cells were scrapped and transferred to
centrifuge tubes followed by centrifugation at 1000 rpm for 7
min. The pellet was resuspended in FACS buffer (2% FCS in
PBS), washed once more and then resuspended again in FACS
buffer. Untreated cells were subjected to similar steps to detect
autofluorescence of the cells. The samples were then subjected
to the FACS instrument, Beckman Coulter QUANTA SC Flow
Cytometer using the FL1 channel (10000 events/sample).
Instrument settings were calibrated so that untreated cells show
1-2% of fluorescence. The mean cell fluorescence was
determined (4., 485 nm, A, 525 nm) and the data was
analyzed by Quanta SC software.

Cellular Uptake using Fluorescence Microscopy.
MDA-MB-435 or HUVEC cells (50000) were cultured on
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the top of a coverslip at 37 °C for 24 h. The medium was
removed and replaced with fresh serum free medium (1 mL),
containing FITC-§ (107° mol/L). The cells were incubated
with the peptide for 30 min at 37 °C. After incubation, the
medium was removed and the cells were washed with serum
free medium (3 X 2 mL). The cells were fixed on ice with 2%
formaldehyde for 20 min. The formaldehyde was removed by
washing with media (3 times). The coverslips were put on
slides containing one drop of DAPI-Antifade (Molecular
Probes) to stain the nucleus. The cells were imaged under
the fluorescence microscope (Zeiss, Gottingen, Germany)
using green and blue filters with 20X magnification. The
samples prepared for fluorescence microscopy were also used
for visualization by confocal microscopy. Confocal laser
scanning microscopy was performed with a Zeiss 510
LSMNLO confocal microscope (Carl Zeiss Microscope
Systems, Jena, Germany) with a 40X oil immersion lens. For
the competitive binding, the same experiment was carried out
in the presence of unlabeled peptide 5 (107 mol/L) as a
competitor.

A coculture experiment of HT-1080 and MDA-MB-43S$ cells
was carried out as previously described.>” Briefly, to visualize
the cells and distinguish between HT-1080 and MDA-MB-435
cells in the coculture, adherent MDA-43S cells were stained
using the Blue Cell Tracker fluorescent dye (25 #M) according
to the manufacturer’s protocol. MDA-MB-435 cells were
incubated with dye in serum free media at 37 °C for 35 min,
followed by another 30 min in fresh media. Subsequently, HT-
1080 and MDA-MB-43$ cells were cultured together in a 24-
well plate with coverslip at a density of 2 X 10° cells/well for 24
h at 37 °C, and the seeding ratio was 1:1. The following day,
cells were incubated with FITC-5 (10 M) in DMEM serum
free media for 30 min at 37 °C. After they were washed with
PBS (3 times), cells were fixed using 2% formaldehyde in PBS
for 20 min on ice, and the coverslip was placed onto a glass
slide over the fluorescence mounting medium. The images were
acquired by a fluorescence microscope at 20X magnification
with FITC and DAPI filters.

Aminopeptidase Enzymatic Inhibition. APN activity on
the surface of intact HT-1080 cells was measured using Ala-4-
nitroanilide (H-Ala-pNA-HCI) as a substrate, and bestatin as a
specific inhibitor (positive control). Experiment was carried out
as previously described with some modifications.*® In a typical
experiment, cells (2 X 10°) were seeded in each well of a 24-
well culture plate, and after incubation for 24 h at 37 °C, media
was aspirated. The cells were preincubated for S min with
peptide or bestatin at 0.5 mM concentration in PBS (pH 7.4).
Following which, Ala-pNA substrate (6 mM) at 37 °C was
added directly, and further incubated in the dark for 30 min at
37 °C. The supernatant from each well was collected,
centrifuged, and enzyme activity was determined by measuring
formation of yellow pNA at 405 nm using a Power Wave X340
microplate reader (Bio-Tek Instrument Inc. USA). To quantify
the effect of inhibitors, the remaining activity was expressed as
the percentage of the control activity without inhibitor. All
measurements were made in triplicates.

B ASSOCIATED CONTENT

© Supporting Information

Additional figures (S1—S4) related to peptide synthesis,
purification, characterization, and stability. This material is
available free of charge via the Internet at http://pubs.acs.org.
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