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Abstract

There is a critical need for compounds that target cell surface integrin receptors for applications in
cancer therapy and diagnosis. We used directed evolution to engineer the Ecballium elaterium
trypsin inhibitor (EETI-I), a knottin peptide from the squash family of protease inhibitors, as a
new class of integrin-binding agents. We generated yeast-displayed libraries of EETI-II by
substituting its 6-amino acid trypsin binding loop with 11-amino acid loops containing the Arg-
Gly-Asp (RGD) integrin binding motif and randomized flanking residues. These libraries were
screened in a high-throughput manner by fluorescence-activated cell sorting to identify mutants
that bound to a.,f3 integrin. Select peptides were synthesized and were shown to compete for
natural ligand binding to integrin receptors expressed on the surface of U87MG glioblastoma cells
with half-maximal inhibitory concentration (1Csg) values of 10-30 nM. Receptor specificity assays
demonstrated that engineered knottin peptides bind to both a,f3 and a5 integrins with high
affinity. Interestingly, we also discovered a peptide that binds with high affinity to a3, ayfs, and
asfy integrins. This finding has important clinical implications since all three of these receptors
can be co-expressed on tumors. In addition, we showed that engineered knottin peptides inhibit
tumor cell adhesion to the extracellular matrix protein vitronectin, and in some cases fibronectin,
depending on their integrin binding specificity. Collectively, these data validate EETI-1I as a
scaffold for protein engineering, and highlight the development of unique integrin-binding
peptides with potential for translational applications in cancer.
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INTRODUCTION

In cancer, the growth and survival of solid tumors is dependent on their ability to trigger new
blood vessel formation to supply nutrients to the tumor cells.! Several integrin receptors,
including a.\B3, a\Ps, and asPy, have generated clinical interest due to their expression on
the surface of cancer cells and the tumor neovasculature, and their proposed role in
mediating angiogenesis, tumor growth, and metastasis.2® Integrins are a family of adhesion
receptors, consisting of a and B subunits that non-covalently associate into heterodimers
with distinct ligand binding specificities and cell signaling properties.” Extracellular matrix
(ECM) proteins including fibronectin, vitronectin, osteopontin, laminin, and many others,
bind to particular integrin receptors through an Arg-Gly-Asp (RGD) peptide motif.8 The
RGD sequence is constrained within a loop structure that presents a particular
conformational and stereochemical arrangement of residues critical for optimal integrin
binding affinity and specificity.? In natural ECM ligands, the orientation of the Arg and Asp
residues, as well as the residues surrounding the RGD sequence, are critical for mediating
binding to certain integrin subtypes, including a3, ayBs, aspi, and aijpBz.1°

There are numerous examples of linear peptides, 1112 cyclic peptides,13-14 peptidomimetics,
9.15 and antibodies®:17 that have been developed to bind to integrin receptors; however,
research exploring the use of small, structured peptide scaffolds for potential drug discovery
and development applications has been limited. Here, we developed high affinity integrin
binding peptides by engineering optimal RGD-containing epitopes within the solvent-
exposed loop of a cystine knot peptide (~3 kDa). Cystine knots, also known as knottins,
share a common disulfide-bonded framework and a triple-stranded p-sheet fold, and possess
one or more loops that bind diverse targets.1® Knottin family members, which includes
protease inhibitors, toxins, and antimicrobials, share little sequence homology apart from
their core cysteine residues.1920As a result, their disulfide-constrained loops tolerate much
sequence diversity, which is a critical requirement for protein engineering applications
where mutations need to be introduced into a protein without abolishing its three-
dimensional fold.

Yeast surface display is a powerful tool for the directed evolution of proteins with altered
binding affinity, stability, or expression levels.2122 We used this technology to engineer
mutants of the Ecballium elaterium trypsin inhibitor 11 (EETI-11)23 [Fig. 1(A)], a 28-amino
acid knottin peptide from the squash family of protease inhibitors, that had high affinity
binding to integrin receptors. We substituted the 6-amino acid trypsin binding loop of EETI-
I with an 11-amino acid loop containing an RGD motif located in different positions along
the loop. We generated combinatorial libraries of EETI-Il1 mutants, where the residues
flanking the RGD sequence were randomized to be any possible amino acid. These libraries
were displayed on the yeast cell surface and screened in a high-throughput manner by flow
cytometry to identify mutants that bound tightly to a3 integrin. We discovered several
peptides that bound to B3 and a,fs integrins with low nanomolar affinity and mediated
tumor cell adhesion to the extracellular matrix protein vitronectin. During this process, we
also identified a unique peptide that bound to af3, a,ps, and asP integrins with high
affinity and mediated binding to the extracellular matrix proteins vitronectin and fibronectin.
Since all three of these integrins can be co-expressed in human malignancies and can
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contribute to angiogenesis and metastasis, this engineered knottin peptide has potential as a
broad spectrum cancer therapeutic or diagnostic agent.

MATERIALS AND METHODS

Materials, cell lines, and reagents

The U87MG human glioblastoma cell line was obtained from American Type Culture
Collection. Detergent-solubilized a,p3 and a.,Bs integrin receptors (octyl-beta-D-
glucopyranoside formulations) and a4 integrin (Triton X-100 formulation) were
purchased from Millipore, and ajp,P3 (Triton-X100 formulation) was purchased from
Enzyme Research Laboratories. 12°|-labeled echistatin and c(RGDyK) were purchased from
Amersham Biosciences, and Peptides International, respectively. Phosphate buffered saline
(PBS) was from Invitrogen. All other chemicals were purchased from Fisher Scientific
unless otherwise specified. Integrin binding buffer (IBB) was composed of 25 mM Tris pH
7.4, 150 mM NaCl, 2mM CaCl,, 1 mM MgCly, 1 mM MnCly, and 0.1% bovine serum
albumin (BSA).

Yeast surface display

The open reading frames of wild-type EETI-1I and FN-RGD mutants were cloned by
overlapping extension PCR using yeast optimized codons. To create FN-RGD1 and FN-
RGD?2, the trypsin binding sequence PRILMR of wild-type EETI-II was substituted with
TGRGDSPASSK or VTGRGDSPASS from the 10th domain of fibronectin. DNA was
subcloned into display plasmid pCT30221 using el and BamH| restriction sites, and
electroporated into yeast strain EBY100.24 A C-terminal c-myc tag was included for
detection of cell surface proteins by flow cytometry. For the first round of directed evolution,
PCR-amplified libraries based on FN-RGD1 and FN-RGD2 were constructed with NNS
degenerate codons (N = A, T, C, or G and S = C or G), which encoded for all 20 amino acids
and the TAG stop codon at each position flanking the RGD motif in the grafted loop. For
each library, 40 ug of DNA insert and 4 ug of linearized pCT vector were electroporated into
EBY100 electrocompetent yeast for homologous recombination as described.2* The two
libraries (~ 5 x 108 transformants each) were combined for a total diversity of ~ 107 clones
as estimated by serial dilution plating and colony counting. This library size is much smaller
than the theoretical diversity of 208 clones that would be needed to fully sample a loop with
eight randomized amino acid residues. For the second round of directed evolution, a biased
library (~107 transformants) was generated using degenerate oligonucleotides that mostly
encoded for amino acid mutations identified in the first round of directed evolution
(theoretical diversity of ~1.3 x 108; Supplementary Tables Sl and Sl1). Individual yeast
clones and libraries were grown and induced for protein expression as described.24

Flow cytometry and library screening

Protein expression levels and a3 integrin binding were determined by flow cytometry.
Detergent-solubilized a3 integrin was added to yeast cells in binding buffer (PBS with 0.1
mM each of MgCls, CaCl,, and MnCls, and 1 mg/mL BSA) for 1.5 h at room temperature.
Next a 1:250 dilution of chicken anti-c-myc IgY antibody (Invitrogen) was added for 1 h at
4 °C. The cells were washed with ice-cold binding buffer and incubated with a 1:25 dilution
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of fluorescein (FITC)-conjugated anti-a.,, integrin antibody (mAb 13C2, Millipore) and a
1:100 dilution of Alexa 555-conjugated goat anti-chicken IgG secondary antibody
(Invitrogen) or phycoerythrinconjugated goat anti-chicken IgY PE (Santa Cruz
Biotechnology) for 30 min at 4 °C. Cells were washed and analyzed by dual-color flow
cytometry using a BD FACSCalibur and CellQuest software (Becton Dickinson).

Fluorescence-activated cell sorting (FACS) was used to screen yeast libraries for mutants
with increased a.,p3 integrin binding affinity. A Vantage SE/DiVa Vantoo instrument
(Stanford FACS Facility) was used to select yeast cells with enhanced integrin binding
(FITC fluorescence) for a given protein expression level (Alexa 555 fluorescence). For the
first directed evolution library, approximately 2 x 107 yeast clones were screened with 500
nM a,f3 integrin. Collected yeast cells were cultured, induced for expression, and sorted by
subsequent rounds of FACS. To increase the sort stringency, integrin concentrations were
decreased in later rounds of selection: round 3= 100 nM; rounds 4-6= 50 nM. For the second
directed evolution library, yeast clones were screened in a similar manner using lower
integrin concentrations: rounds 1-2= 100 nM; rounds 3-4= 30 nM; rounds 5-6= 10 nM.
Plasmid DNA was recovered using a Zymoprep kit (Zymo Research), amplified in XL-1
blue supercompetent £. coli cells (Stratagene) and sequenced (Elim Biopharmaceuticals).

integrin receptor competition binding assay

A competition binding assay was performed as previously described?® to measure the
relative binding affinities of engineered knottin peptides, echistatin, and c(RGDyK). Briefly,
2 x 10° US7MG cells were incubated with 0.06 nM 125]-labeled echistatin and varying
concentrations of peptides in IBB at room temperature for 3 h. The cell-bound radioactivity
remaining after washing was determined by gamma-counting. ICgq values were determined
by non-linear regression analysis using Kaleidagraph (Synergy Software), and are presented
as the average of experiments performed on three separate days.

integrin receptor competition binding assay

To measure the integrin binding specificity of engineered knottin peptides, a competition
binding assay was performed as previously described.28 Briefly, detergent-solubilized a3,
aPs, asPy, and ajpP3 integrin receptors were diluted to a final concentration of 1 pg/mL in
IBB. 100 pL aliquots were used to coat wells of Maxisorb plates (NalgeNunc), overnight at
4 °C. The wells were washed and blocked with IBB containing 1% BSA for 2 h at room
temperature. 125]-labeled echistatin (0.06 nM) and varying concentrations of unlabeled
peptides were incubated in the wells for 3 h at room temperature with gentle rocking, and
washed 3 times in IBB. Plate-bound radioactivity was solubilized with 200 uL of boiling 2N
NaOH followed by gamma-counting. Each data point represents the average value of
triplicate wells, and error bars represent the standard deviation.

Integrin-dependent cell adhesion assay

Cell adhesion assays were performed using Cytomax fibronectin- and vitronectin-coated
strips (Millipore) as described?” and according to the manufacturer's protocol. Briefly,
coated strips were rehydrated with PBS. Varying concentrations of peptides were added to
10° U87MG cells in 100 L of IBB, incubated for 2 h at 37 °C, 5% CO,, and washed with
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Dulbecco's PBS (DPBS, Invitrogen). Remaining adherent cells were incubated with 100 pL
of 0.2% crystal violet and 10% ethanol for 5 min at room temperature, washed in DPBS and
solubilized with 100 pL/well of a 50:50 mixture of 100 mM sodium phosphate, pH 4.5 and
ethanol for 5 min. The absorbance 600 nm was measured using a SPECTRAmax PLUS
(Molecular Devices) microtiter plate reader. I1Csq values were determined by non-linear
regression analysis using Kaleidagraph, and are the average of experiments performed on
three separate days. Data was normalized using samples containing no competing peptide.

Loop grafting of fibronectin-derived integrin-binding sequences into EETI-II

Figure 1B outlines our strategy for engineering integrin-binding EETI-I1 knottin peptides
using loop grafting and direction evolution. Amino acids 2-7 of EETI-11 form a loop
structure that binds to and inhibits trypsin activity?8 [Fig. 1(A)]. Previously, several groups
demonstrated that other epitopes could be substituted in place of this trypsin binding loop
without disrupting the protein fold.2%-32 The 10™ domain of fibronectin possesses an
extended loop containing the RGD recognition motif, which is constrained in a particular
conformation for high affinity integrin binding. Using molecular cloning, we grafted
sequences comprising this fibronectin loop (TGRGDSPASSK or VTGRGDSPASS) in place
of the 6-amino acid EETI-II trypsin binding loop (PRILMR) to recapitulate this integrin
binding epitope. These constructs are termed FNRGD1 and FN-RGD2, respectively. Since
fibronectin does not contain a disulfide-constrained integrin binding loop for direct transfer
into EETI-1I, these sequences were selected by measuring the distances between the cysteine
residues that constrain the trypsin binding loop of EETI-II (pdb: 2eti) and identifying a
relatively comparable distance between residues on the extended fibronectin loop (pdb:
1fna), which was the 11-amino acid sequence TGRGDSPASSK. Concerned about steric
constraints, we also shifted the register to move the RGD sequence closer to the center of the
loop, resulting in the sequence VTGRGDSPASS.

FN-RGD1, FN-RGD2, and wild-type EETI-II were cloned into the yeast display vector pCT
and expressed on the cell wall of S. cerevesiae as protein fusions to the Aga2p agglutinin
subunit.2! A schematic of the yeast display system is shown in Figure 1C. These peptides
were induced for expression on the yeast cell surface, and display levels were measured
through detection of a C-terminal c-myc epitope tag by chicken-anti-c-myc and Alexa 555-
labeled anti-chicken antibodies using flow cytometry [Fig. 1(D)]. In addition, we showed
that the FN-RGD2 knottin, but not wild-type EETI-II, was able to bind to 50 nM detergent-
solubilized a.,B3 integrin, using flow cytometry to detect a FITC-labeled antibody (mAb
13C2) specific for the a, integrin subunit [Fig. 1(D)]. FN-RGD1 exhibited minimal levels of
integrin binding compared to FNRGD?2, demonstrating that the position of the RGD motif
within the loop influences integrin binding. Alexa 488-labeled trypsin was used to verify the
expression of folded, functional EETIII wild-type on the surface of yeast (data not shown).
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Engineering EETI-II to bind with high affinity to integrin receptors using yeast surface

display

Based on the fibronectin loop grafting experiments described above, combinatorial libraries
of EETI-II peptides were created using degenerate oligonucleotides, such that the EETI-11
trypsin binding loop contained the randomized sequences XXRGDXXXXXX or
XXXRGDXXXXX, where X represents any amino acid. This mutant DNA was transformed
into yeast to create libraries of 5 x 106 clones each, which were combined and screened with
several rounds of FACS to identify mutants that bound to a3 integrin. Dual-color FACS
allowed for quantitative discrimination of clones that bound the highest levels of a.,p3
integrin for a given amount of expression on yeast using a diagonal sort gate (Supplementary
Fig. S1). Seven unique clones were isolated from this library (Supplementary Table SI). All
of these peptides contained the XXXRGDXXXXX sequence, suggesting that this RGD
position was favored for integrin binding over XXRGDXXXX. Pro, GIn, and Arg mutations
of Leu 21 were identified; however, these probably arose from primer error or
contamination, since mutagenesis was not performed at this position.

A clear integrin binding consensus sequence was not observed with the clones isolated from
the first round of directed evolution. Therefore, we created a second library based on these
initial hits, using degenerate oligonucleotides to bias the library with amino acid mutations
identified from the first round of directed evolution (Supplementary Table SIlI). Several
rounds of FACS were used to isolate peptides with the strongest a3 integrin binding
affinities, normalized for c-myc expression levels [Fig. 2(A)]. Twenty two unique clones
were identified from this library (Supplementary Table SI). Analysis of the sequences of
these isolated clones highlighted amino acid preferences or consensus at particular positions
[Fig. 2(B)]. Notably, two distinct families of peptides emerged, one in which the engineered
loops favored a XXGRGDW!(A/S)PXX sequence, and the other which favored a XX(P/
A)RGDNP(P/R)XX sequence.

Individual clones were displayed on the yeast cell surface and tested to identify peptides
with the highest a.,f3 integrin binding affinities to be synthesized for further
characterization. Complete binding titrations of yeast-displayed knottin peptides could not
be performed due to lack of sufficient quantities of detergent-solubilized a3 integrin
receptor. Therefore, relative binding was measured at several integrin concentrations by flow
cytometry as described above, and was normalized to c-myc expression levels (data not
shown). All mutants tested exhibited increased integrin binding affinity over the fibronectin-
derived sequences FN-RGD1 and FNRGD?2 (Figure 1D and data not shown). We chemically
synthesized mutant 1.5B, which was the highest affinity binder from the first round of
directed evolution, and mutants 2.5D and 2.5F, which appeared to be the highest affinity
binders from each distinct peptide family identified in the second round of directed
evolution. Since all mutants contained the XXXRGDXXXXX sequence, we synthesized
FN-RGD?2 for comparison to the evolved knottin peptides, and did not move forward with
FN-RGD1, which did not appear to present the RGD motif in an optimal conformation for
high affinity integrin binding [see also Fig. 1(D)].

Knottin peptides were prepared using standard Fmoc-based solid phase synthesis methods
(Supplementary Methods). In all synthetic peptides, the lysine at position 15 was mutated to
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serine to facilitate site-specific chemical coupling of molecular imaging probes or
chemotherapeutic agents to the N-terminus in future experiments. This Lys to Ser mutation
did not affect a3 integrin binding to yeast-displayed FN-RGD2 (data not shown). Since
the Leu21 mutations identified through directed evolution did not appear to influence
integrin binding, peptides were synthesized with leucine at this position. Crude peptides
were purified by reversed-phase HPLC, and molecular masses were verified using
electrospray mass spectrometry (Supplementary Table SlIl and Supplementary Fig. S2).
Peptides were folded in the presence of dimethyl sulfoxide and glutathione. Folded peptides
exhibited distinct chromatographic profiles that allowed them to be purified from unfolded
and misfolded isomers (Supplementary Fig. S2), in agreement with previous studies on wild-
type EETI-11.33 Mass spectrometry analysis on oxidized peptides demonstrated a loss of 6
Da, indicating the formation of three disulfide bonds (Supplementary Table SlII).

Binding of engineered knottin peptides to integrin-expressing tumor cells

Knottin peptides were tested for their ability to compete for cell surface integrin binding
with 125]-labeled echistatin, Echistatin, a protein from snake venom that binds to a.,f3
integrin with a Kp of 0.36 nM,34 has an extended loop containing an RGD motif, although
its C-terminal strand is also involved in mediating integrin binding affinity and specificity.
35.36 Ug7MG glioblastoma cells, which express ~10° a,B3 integrin receptors per cell 37
were used for these studies. We compared the relative receptor binding affinities of
unlabeled echistatin, FN-RGD2, and knottin mutants 1.5B, 2.5D, or 2.5F, to that of
c(RGDyK), a backbone cyclized pentapeptide that has been extensively characterized and
used to image integrin expression in vivo (reviewed in 38:39). A version of the FN-RGD2
peptide containing a scrambled RGD amino acid sequence, designated FN-RDG2, was used
as a negative control and was not able to compete for 125-echistatin binding to US7MG cells
[Fig. 3(A)]. All of the RGD-containing peptides inhibited the binding of 12°1-echistatin to
U87MG cells in a dose dependent manner (Fig. 3). Their relative binding affinities are
depicted as ICsq values in Table 1. Knottin peptides engineered by directed evolution were
shown to bind to U87MG cells with a significantly higher affinity than both the loop-grafted
FN-RGD2 and c(RGDyK) peptides.

Integrin binding specificities of engineered knottin peptides

Since US7MG cells have been shown to co-express a,Bs, ayBs, and asB; integrins,*0 we
measured integrin binding specificity by competition of 125I-echistatin to detergent-
solubilized a.,B3, ayPs, asPi, and aiipP3 integrin receptors coated onto microtiter plates
(Fig. 4). Echistatin bound strongly to all of the tested integrins, in agreement with previous
reports.*! The scrambled FN-RDG2 knottin peptide, our negative control, did not bind to
any of the integrins used in this study. All RGD-containing peptides bound to a3 and a5
integrins to some degree, with the affinity-matured knottin peptides 1.5B, 2.5D, and 2.5F
showing the strongest levels of binding compared to FN-RGD2 and ¢(RGDyK) peptides
(Fig. 4). Interestingly, the 2.5F mutant bound with strong affinity to aspq integrin, while
mutants 1.5B and 2.5D exhibited weaker binding to this receptor. With the exception of
echistatin, all of the RGD-containing peptides bound weakly (with micromolar affinities) to
the aijpP3 integrin receptor (Fig. 4, and Supplementary Fig. S3). This result has important

Proteins. Author manuscript; available in PMC 2018 January 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kimura et al.

Page 8

implications for /n vivo tumor-targeting applications, since the aijp3 integrin is widely
expressed on platelet cells and is involved in mediating the blood clotting process.*2

Engineered knottin peptides mediate tumor cell adhesion to extracellular matrix proteins

We next measured the ability of engineered knottin peptides to block U87MG cell adhesion
to vitronectin- and fibronectin-coated microtiter plates. Vitronectin is a natural ligand for
several integrins, including a,B3 and a,Bs.” The RGD-containing peptides were all able to
inhibit UB7MG cell adhesion to vitronectin-coated plates in a dose-responsive manner [Fig.
5(A,B)]. Interestingly, the 1Csq values of cell adhesion correlated with the 125]-echistatin
competition binding data (Table 1), indicating that inhibition of cell adhesion is directly
related to integrin binding events. Fibronectin also binds to several integrins, (including
aB3 and asBy), but the asBy integrin receptor is generally selective for fibronectin.” We
found that only echistatin and knottin peptide 2.5F were able to block U87MG cell adhesion
to fibronectin-coated plates [Fig. 5(C,D)], consistent with their ability to bind both a, and
asfy integrins with high affinity. The FN-RDG2 negative control was not able to inhibit
U87MG cell adhesion to vitronectin or fibronectin, as expected.

Engineered knottin peptides exhibit high stability in serum

Finally, we tested the stability of the knottin peptide 2.5D upon exposure to human or mouse
serum at 37 °C. Reversed-phase HPLC was used to quantify the amount of intact knottin
peptide remaining at various times post incubation. We found that approximately 90% of the
peptide remained after incubation for 24 h in human and mouse serum, with approximately
70% remaining after 96 h (Supplementary Fig. S4).

DISCUSSION

Previous studies validated the EETI-II knottin, a trypsin-binding protease inhibitor, as a
scaffold for protein engineering by demonstrating that biologically-active loops could be
substituted in place of the trypsin binding epitope.2%-32 Here, we used yeast surface display
to engineer EETI-11 mutants that bound to a,B3/a\fs or ayBa/a,Ps/asBs integrin receptors
with high affinity and modulated tumor cell adhesion to the extracellular matrix proteins
fibronectin and/or vitronectin. Yeast surface display, a eukaryotic platform, allowed cell
surface integrin binding to be normalized with knottin expression levels during library
screens by single-cell flow cytometric analysis, and may have facilitated the folding of
disulfide-rich knottin peptides. However, bacterial cell surface display or mRNA display
might also have been successful as these technologies have previously been used to present
folded EETI-II variants for high-throughput screening.29:33:43

Our results demonstrate that modification of a single loop can lead to EETI-11-based
peptides with antibody-like affinities against a target of interest. Although we chose to
modify the trypsin binding loop for this protein engineering study, we are currently
investigating the tolerance of other EETI-11 loops to mutagenesis. The disulfide-bonded core
of EETI-II and its analogues impart high thermal stability and resistance to human proteases,
44 which was attractive to us for the goal of developing peptides with potential in vivo tumor
targeting applications. In our experiments, engineered knottin peptides exhibited high
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stability upon exposure to serum proteases, indicating that this scaffold is well-suited for /in
vivo applications such as molecular imaging or targeted delivery of therapeutic payloads to
tumors.

The high number of a,B3-binding peptides we identified is most likely due to the
promiscuity of this integrin in binding many natural RGD-containing ligands, including
fibronectin, fibrinogen, vitronectin, osteopontin, von Willebrand factor, and
thrombospondin.” In contrast, the asp; integrin is generally selective for fibronectin, and
requires synergistic binding epitopes (i.e. the sequence PHSRN on the 9t" domain of
fibronectin) in addition to the RGD motif for ligand binding and activity.#® Interestingly, the
knottin peptide 2.5F, whose integrin binding loop contains the sequence
CPRPRGDNPPLTC, does not appear to require these additional contacts to bind with high
affinity to the asPq integrin. The proline-rich sequence may constrain the binding epitope
into a favorable conformation for these high affinity interactions. We are now pursuing
molecular modeling and structural studies to provide insight into the unique binding integrin
specificity of this peptide.

Existing antibody, peptide, and small molecule inhibitors under clinical development target
ayBs, ayBa/ayPs or asPy integrins (reviewed in246:47). An exception is the peptide
ATN-161 (Ac-PHSCN-NHS>), which appears to bind both a,f3 and asp; integrins, albeit
with micromolar affinity, ultimately limiting its therapeutic potential. Although a,f3 afs,
or agPy integrins are expressed at low levels on normal tissues, such as growth factor-
stimulated endothelial cells involved in angiogenesis or wound healing, their overexpression
on tumors and the tumor vasculature has generally allowed integrin-targeting agents to
achieve tumor-specific effects.> However, these agents seem to have stalled in clinical trials
in recent years.*” As multiple integrin receptors (e.g. a\B3, aBs, and aspfs) can be co-
expressed on tumors and contribute to angiogenesis,® blocking only one integrin receptor
subtype may not be an optimal therapeutic strategy, and agents that target multiple integrin
receptors may be more efficacious.*’ The engineered knottin peptide 2.5F, which targets all
three integrins, could offer significant benefits for cancer diagnostic and therapeutic
applications. In addition, to improve clinical outcome there is a critical need for molecular
imaging agents that can be used to identify patients who will respond to integrin-targeted
treatments and monitor their disease progression.38 In a follow-up study, we showed that the
engineered knottin peptides described here can be used to image integrin expression in living
subjects using near-infrared fluorescence imaging and positron emission tomography.*8
High affinity integrin-binding knottin peptides 2.5D and 2.5F, conjugated to a small
molecule fluorochrome or radiolabel, exhibited a significant increase in tumor uptake in
murine U87MG tumor xenograft models compared to weaker binding peptide conjugates,
including FN-RGD2 and c(RGDyK). Moreover, radiolabeled knottin peptides had favorable
biodistribution profiles (high tumor uptake, kidney clearance, and low uptake in other
tissues) demonstrating great potential as clinical diagnostics for a variety of cancers.48

RGD motifs have been previously inserted into other proteins to demonstrate that RGD

residues presented within a constrained molecular scaffold could bind integrins and mediate
their function.3243:49.50 However, in some cases these studies did not generate proteins with
sufficient integrin binding affinities or biological activities for therapeutic applications,32:50
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presumably because simple loop grafting did not result in optimal presentation of residues
within the RGD-containing loop to integrin receptors. When high affinity was achieved, the
ligand was shown to bind promiscuously to a,B3 and ai,B3 integrins.49 Directed evolution,
using phage display, has been combined with RGD loop grafting to engineer large protein
domains that bind to integrins with high affinity.>1:52 These studies highlighted the
importance of long loop length and proper positioning of the RGD motif within a given loop
for high affinity integrin binding. Our results were consistent with these studies in that
introduction of a short fibronectin-derived sequence (GRGDSP) into EETI-II did not result
in binding to a.,P3 integrin (data not shown). Moreover, we did not isolate any clones from
the XXRGDXXXXX library when screening for mutants with increased a3 integrin
binding affinity. Although we limited our study to EETI-II libraries with randomized
XXRGDXXXXXX and XXXRGDXXXXX loop sequences, it is possible that alternate loop
lengths and RGD positions would have also resulted in high affinity integrin binding
mutants.

Richards, et al., have used phage display to engineer the naturally-occurring RGD loop
within the 10t domain of fibronectin for high affinity and specific binding to the a.,f3
integrin receptor.2’ In this study, an RGDWXE consensus sequence was identified after
screening a library based on the randomization of the loop residues XRGDXXXX. Alanine
scanning suggested that the Trp residue may be important for conferring specificity to a.,
over aiip, while the Glu residue may confer specificity to B3 over Bs.2” Here, EETI-II knottin
2.5D contained a Trp residue immediately following the RGD sequence, which may
contribute to its lack of binding to ajB3 integrin. However, EETI-II knottin 2.5F possessed
an Asn residue at this position, suggesting that residues other than Trp are involved in
mediating integrin binding specificity. Since the three mutant knottin peptides we tested all
contained a Pro instead of the Glu residue at the third position following the RGD sequence,
it would be interesting in future studies to see if this substitution would reduce their binding
to aBs integrin.

In comparison to these previous directed evolution studies, which used large protein
domains to develop integrin binding agents, our work provides an interesting example where
small, constrained peptide scaffolds have been engineered to target tumor-specific integrins
with low nanomolar affinities and unique specificities. Although yeast surface display has
previously been used to engineer alternative scaffolds based on the 10t domain of
fibronectin (10FN3),%3-56 our work demonstrates that this technology can be used to
engineer new recognition properties into a molecular scaffold with a non-antibody (1g)-like
fold, and complements our recent study where a truncated form of the Agouti-related protein
was engineered to bind specifically to a,B3 integrin with single-digit nanomolar affinities.>’
The potential to introduce binding epitopes into EETI-II and evolve them for high affinity
binding may prove useful as a general strategy for engineering cystine knot peptides against
other clinically-relevant targets.
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Abbreviations

EETI-1I Ecballium elaterium trypsin inhibitor

RGD Arg-Gly-Asp

ICso half-maximal inhibitory concentration

ECM extracellular matrix

IBB integrin binding buffer

PBS phosphate buffered saline

FITC fluorescein

FACS fluorescence-activated cell sorting

DPBS Dulbecco's phosphate buffered saline
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Fig. 1.
EETI-II engineering by yeast surface display. (A) Three dimensional structure of EETI-II

(pdb: 2it7). The three disulfide bonds that stabilize the core of the molecule are shown in
yellow. Individual cysteine residues are numbered I-V1. (B) Strategy for EETI-1I
engineering. The primary structure of EETI-1I shows the characteristic disulfide bonds of
cysteines 1 — 6 (yellow). The sequences of three representative mutants isolated from the
first (1.5B) and second (2.5D, 2.5F) rounds of directed evolution are shown. (C) Schematic
of the yeast display system. Expression of EETI-II mutants as Aga2p fusions is measured by
flow cytometry through detection of a C-terminal c-myc epitope tag using a chicken anti-c-
myc antibody and an Alexa 555-labeled secondary antibody. Integrin binding is measured
with a FITC-labeled anti-integrin antibody. (D) Flow cytometry dot plots showing c-myc
expression (x-axis) and a.,P3 integrin binding (y-axis) of peptides displayed on the surface
of yeast.
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Fig. 2.
Library sort progressions and sequences from the second round of directed evolution. (A)

Density dot plots indicating FITC (y-axis) and Alexa-555 (x-axis) fluorescence on a single-
cell level. Yeast-displayed knottin libraries were screened by dual-color FACS for mutants
that bound the highest levels of a3 integrin for a given amount of expression. Six rounds
of FACS were used to obtain an enriched population of yeast that displayed clones with high
ayf3 integrin binding affinity. Integrin concentrations were reduced in successive rounds of
sorting from 100 nM (rounds 1-2), to 30 nM (rounds 3-4), and 10 nM (rounds 5-6). (B)
Sequence logos showing the relative frequencies of amino acids present in the engineered
EETI-II loop from 22 individual clones. Two distinct families of binders emerged from
library sorting and are represented by 17 clones (left) and 5 clones (right). The first amino
acid shown is the third amino acid of the parent scaffold EETI-II. This figure was generated
using online weblogo software (weblogo.berkeley.edu).
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Fig. 3.
Competition binding of peptides to tumor cell surface integrins. Varying concentrations of

unlabeled peptides were incubated with 1251-labeled echistatin and allowed to compete for
binding to integrin receptors expressed on the surface of U87MG glioblastoma cells. The
fraction of 123]-echistatin bound to the cell surface is plotted versus the concentration of
unlabeled (A) ¢(RGDyK) (@), FN-RGD2 (A), and FN-RDG2 (A), and (B) evolved mutants
1.5B ('), 2.5D (M), and 2.5F (4). (A,B) Unlabeled echistatin (O) was used as a positive
control to compare binding data from different experiments. Data shown is the average of
triplicate values and error bars represent standard deviations. 1Csq values are shown in Table
l.
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Competition binding of peptides to surface-immobilized integrins. To determine integrin
binding specificity, 1251-labeled echistatin and 5 nM (black bars) or 50 nM (grey bars)
unlabeled peptides were added to microtiter plates coated with detergent-solubilized integrin
receptor subtypes a,B3, ayBs, aspq, and aiipBz. Unbound 1251-echistatin was removed, and
the amount of plate-bound 12%1-echistatin remaining was measured. Unlabeled echistatin,
which binds to all four integrins with high affinity, was used as a positive control. Error bars
represent the standard deviation of measurements performed in triplicate.
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Fig. 5.

Inhibition of integrin-dependent cell adhesion. Vitronectin (A,B) or fibronectin (C,D) coated
strips were incubated with U87MG cells for 2 h with the indicated concentrations of
peptides. Adherent cells remaining after several wash steps were quantified with crystal
violet staining by absorbance at 600 nm. Values were normalized to a negative control
containing no competing peptide. Symbols are: (A,C) c(RGDyK) (@), FN-RGD2 (A), and
FN-RDG2 (A), and (B,D) evolved mutants 1.5B (¥), 2.5D (M), and 2.5F (4). Unlabeled
echistatin (O) was used as a positive control to compare cell adhesion data from different
experiments. Data shown is the average of triplicate values and error bars represent standard
deviations. 1Cgq values are shown in Table I.
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Table |

U87MG cell binding and adhesion data. I1Csq values from competition binding assays (Fig. 3) and cell
adhesion assays (Fig. 5) are summarized.

Binding Assay Cell Adhesion Assay

Ligand (fibronectin)  (vitronectin)

Echistatin =~ 4.9+ 1.0nM 92+15nM 0.90+£0.23nM

c(RGDyK) 860+400nM  (--) 1100 + 200 nM
FN-RGD2 370 £150nM  (---) 350 + 220 nM
158 13+£3nM =) 9.1+£29nM
25D 19 +6nM =) 10+2nM
25F 26 £5nM 77+£28nM  176nM
FN-RDG2  (---) (=) (=)

(---) very weak to no competition.
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