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ABSTRACT: A new Boc-protected 1,4,7-triazacyclononane (TACN)-based pro-chelator compound featuring a “clickable”
azidomethylpyridine pendant has been developed as a building block for the construction of multimodal imaging agents.
Conjugation to a model alkyne (propargyl alcohol), followed by deprotection, generates a pentadentate ligand, as confirmed by
X-ray crystallographic analysis of the corresponding distorted square-pyramidal Cu(II) complex. The ligand exhibits rapid
Cu(II)-binding kinetics (>95% radiochemical yield in <$ min) and a high resistance to demetalation. It may thus prove suitable
for use in **Cu(1I)-based in vivo positron emission tomography (PET). The new chelating building block has been applied to the
construction of a bimodal (PET/fluorescence) peptide-based imaging probe targeting the epidermal growth factor (EGF)
receptor, which is highly overexpressed on the surface of several types of cancer cells. The probe consists of a hexapeptide
sequence, Leu-Ala-Arg-Leu-Leu-Thr (designated “D4”), followed by a Cys-f-Ala-f-Ala spacer, then a f-homopropargylglycine
residue with the TACN-based chelator “clicked” to its side chain. A sulfonated near-infrared (NIR) fluorescent cyanine dye
(sulfo-CyS) was introduced at the N-terminus to study the EGF receptor-binding ability of the probe by laser-fluorescence
spectroscopy. Binding was also confirmed by coimmunoprecipitation methods, and an apparent dissociation constant (Ky) of ca.
10 nM was determined from radioactivity-based measurements of probe binding to two EGF receptor-expressing cell lines (FaDu
and A431). The probe is shown to be a biased or partial allosteric agonist of the EGF receptor, inducing phosphorylation of
Thr669 and Tyr992, but not the Tyr84S, Tyr998, Tyr104S5, Tyr1068, or Tyr1148 residues of the receptor, in the absence of the
orthosteric EGF ligand. Additionally, the probe was found to suppress the EGF-stimulated autophosphorylation of these latter
residues, indicating that it is also a noncompetitive antagonist.

B INTRODUCTION on its own to gain full insight into tumor structure and
pathology in vivo. Multimodal imaging is a relatively recent
development that seeks to integrate the strengths of several
imaging methods by employing hybrid scanners to produce
separate images of a subject in one sitting; these are

Modern day diagnosis and treatment of cancer (as well as
several other major diseases) is greatly assisted by a range of
different molecular imaging techniques, including positron
emission tomography (PET), single-photon emission com-
puted tomography (SPECT), magnetic resonance imaging

(MRI), and fluorescent optical imaging. However, because of Received: March 28, 2014
inherent limitations in sensitivity, spatial and/or temporal Revised:  April 18, 2014
resolution, and/or tissue penetrability, no method is sufficient Published: April 22, 2014
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Figure 1. Structure of the “clickable” pro-chelator building block, 1, and the EGF receptor-targeting peptide conjugate.

subsequently integrated through software to give an overlaid
image.' In an effort to further enhance the quality of the data
delivered through hybrid scanner technology, current research
has focused heavily on the development of bi- and trimodal
imaging probes.” The integration of more than one detectable
moiety into a single imaging agent enables the efficient
acquisition of data and ensures exact signal colocalization and
pharmacokinetics, while also providing a less invasive
alternative for the patient.

As part of our efforts to develop new multimodal imaging
probes, we have sought to produce new *Cu(II)-chelating
moieties that may be readily incorporated into peptide-based
probe designs to allow for detection by PET. ®*Cu is a highly
useful positron-emitting radiotracer because of its intermediate
decay half-life of 12.7 h. Additionally, it and its “sister”
radioisotope, Cu, are promising agents for cancer imaging and
radiotherapy.>~'" For such applications, it is mandatory to
incorporate the *Cu in the form of a highly stable complex.
Among the diverse set of Cu(II)-binding bifunctional chelator
systems reported,'> "¢ we have developed promising platforms
based on bispidine'”'® and 1,4,7-triazacyclononane
(TACN)."”"** Here, we report a new TACN-based pro-
chelator building block (Figure 1) that may be incorporated
into multimodal imaging probe designs via the Cu(I)-catalyzed
azide—alkyne cycloaddition reaction (“click chemistry”).*~>*
Because of the “bio-orthogonal” nature of click chemistry, we
envisage that this building block will prove useful for
multimodal probe construction, helping obviate the need for
protracted protection/deprotection schemes often encountered
when only amide bond-forming reactions are employed.

In this study, the pro-chelator building block has been
applied in the construction of a new bimodal imaging agent
designed to target the epidermal growth factor (EGF) receptor.
The EGF receptor is a cell-surface receptor whose over-
expression and mutations are involved in carcinogenesis and
the progression of many human cancers, including breast, lung,
esophageal, head, and neck cancers.>373¢ Signaling of the
receptor promotes proliferation, tumor cell motility, and
angiogenesis, at the same time delaying apoptosis.

Several different strategies have been successfully developed
to target the EGF receptor, with many of these comprehen-
sively reviewed by Master and Gupta.>” The targeting moieties
reported to date include: (1) epidermal growth factor (EGF), a
6.2 kDa peptide®® that is one of the native ligands of the EGF
receptor;® (2) Cetuximab (C225), an anti-EGF receptor
antibody, approved by the Food and Drug Administration

1012

(FDA) for the treatment of several cancers;***' (3) single-
chain anti-EGF receptor antibodies (ScFVEGFR);* (4) EGF
receptor-binding affibodies based on a protein domain derived
from one of the IgG-binding domains of Staphylococcal protein
A;*®* (5) EGF receptor-binding nanobodies based on various
domains of camelid heavy chain-only antibodies;**~** (6) small
synthetic pe tide sequences that bind specifically to the EGF
receptor.”*>*

Of these, small peptides are particularly attractive because
they exhibit fast diffusion rates and low immunogenicity
compared to antibodies and other proteins. In addition, they
may be easily conjugated to, for example, nanoparticle-based
drug delivery systems. Various EGF receptor-targeting peptides
have been identified by phage display techniques or by
computer-assisted design (CAD). The most studied of these
are “D4” (LARLLT)> and “GE11” (YHWYGYTPQNVI),>*
both of which bind to the extracellular domain of the EGF
receptor—GEl1 to the binding pocket of the endogenous
ligand** and D4 to a highlsy solvent-exposed region distinct
from the EGF-binding site.”

Our new probe (Figure 1) consists of the D4 peptide
coupled to a sulfonated near-infrared fluorescent cyanine dye
(“sulfo-CyS”) via a f-homopropargylglycine-Cys-f-Ala-f3-Ala
spacer at its N-terminus. Additionally, the probe features a
*Cu(1I)-chelating moiety introduced by clicking our pro-
chelator to the alkyne-bearing side chain of the p-
homopropargylglycine residue. The cysteine residue was
incorporated to allow for subsequent conjugation of multiple
copies of the peptide to either a polymer or nanoparticle. For
the purposes of this study, however, this residue was capped
with maleimide so that the targeting properties of the peptide
could be studied without complications arising from the
reactivity of the cysteine thiol group. In addition to its
assembly, the results of a study examining the EGF receptor
binding ability of the probe are presented, which were
performed as a prelude to the future development of more
complex nanoparticle-based multimodal imaging agents.

B RESULTS AND DISCUSSION

Synthesis and Preliminary Testing of the TACN-Based
Pro-Chelator. The synthesis of the new pro-chelator building
block (1) was achieved by a one-pot reaction involving azide
substitution of one bromo group in 2,6-bis(bromomethyl)-
pyridine using NaNj, followed by substitution of the second
bromo group by the secondary nitrogen present in di-tert-butyl-
1,4,7-triazacyclononane-1,4-dicarboxylate (Boc,TACN)
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(Scheme 1). This one-pot procedure was employed due to
difficulties encountered in attempting to separate the initial

Scheme 1. Synthesis of the Pro-Chelator, 1
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“Reagents and conditions: (i) NaN;, CH;CN, 60°C, O/N; (ii)
K,CO;, CH;CN, reflux, O/N.

monoazide intermediate from the 2,6-bis(azidomethyl)pyridine
that inevitably formed during the reaction. It was important to
add sufficient NaN; to ensure maximum conversion of the 2,6-
bis(bromomethyl)pyridine to a mixture of the mono- and
diazide derivatives (as monitored by analytical HPLC),
otherwise the unreacted dibromo compound coupled with
Boc,TACN in the subsequent step to produce a bridged
bis(TACN) side-product that was difficult to separate from 1.

We anticipated that upon “clicking” to a targeting vector,
compound 1 would generate a pentadentate ligand capable of
forming a square-pyramidal (SP) complex with a **Cu®* ion,
similar to that reported for our earlier TACN-based chelator,
1,4-bis(2-pyridylmethyl)-1,4,7-triazacyclononane
(dmpTACN)."”*! To confirm this, a model “click” reaction was
carried out in which compound 3 was produced via a Cu(I)-
catalyzed reaction between 1 and propargyl alcohol, using
tris(hydroxypropyl-triazolylmethyl)amine (THPTA) as a Cu-
(I)-stabilizing ligand, followed by Boc deprotection (Scheme
2). The reaction proceeded rapidly (<1 h) and cleanly to give 2
in 92% yield. Subsequent TFA-mediated Boc deprotection gave
3 (as the TFA salt) in quantitative yield.

Single crystals of the Cu(II) complex of 3 (C1-H,O) were
grown by slowly diffusing Et,O into a mixture of CuCl,, 3, and
excess NaClO, dissolved in MeOH. The crystal structure
consists of discrete mononuclear [Cu(1I)-3]** cations (Figure
2), perchlorate anions, and waters of crystallization. As
predicted, the new ligand forms a distorted SP, 5-coordinate
Cu(Il) complex, with the metal center bound by all three
TACN nitrogens, the pyridyl nitrogen and the triazole nitrogen
in the 2 position (selected bond lengths and angles, together
with crystal data and details of data collection, are provided in
the Supporting Information). The apical site is occupied by the
secondary TACN nitrogen and the bond between this atom
and the Cu(II) center is longer (2.188(3) A) than those within
the basal plane (1.981(3)—2.031(3) A) due to Jahn—Teller
distortion imposed by the d’ Cu®" ion. The degree of distortion
(7) from ideal SP geometry toward trigonal bipyramidal (TBP)
geometry can be defined as a function of the two largest basal
angles, § and ®@: 7 = [( — ©)/60)] x 100, w1th 7 = 0% for an
ideal SP and 100% for ideal TBP geometry.”” The calculated 7

Figure 2. Thermal ellipsoid representation of cationic unit present in
the crystal lattice of C1-H,O (ellipsoids drawn at 30% probability;
selected hydrogen atoms, noncoordinating water molecules, per-
chlorate counteranions, and the Cu(2) cationic unit containing
disorder around the hydroxymethyl group have been omitted for
clarity).

value of 8% indicates a copper(II) geometry close to regular SP.
The distortion is largely associated with the constraints
imposed by three edge-sharing, five-membered chelate rings
of the TACN moiety, evidenced by the fact that within these
chelate rings, the N—Cu—N angles (83— 86°) are all below the
90° expected for an idealized SP structure.’® The electronic
spectrum of the crystals dissolved in aqueous solution exhibits a
broad d-d transition centered at 580 nm, indicating that the SP
coordination geometry observed in the crystalline state is
maintained in solution.*”*

Treatment of 3 with %Cu®" ions at 25 °C and pH 5.5 in 0.1
M 2-(N-morpholino)ethanesulfonic acid (MES) buffer was
found to lead to extremely rapid formation (<5 min) of the
corresponding **Cu(Il) complex (Figure 3), with both radio-
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Figure 3. Kinetics of **Cu(1I)-binding to 3 at 25 °C and pH 5.5 (0.1
MES buffer), as determined by radio-TLC analysis.

HPLC and radio-TLC exhibiting a single peak corresponding
to the **Cu(II) complex of 3, and no trace of free *Cu*" ions
(Figure S1). Competition (“challenge”) experiments with the
well-established Cu(Il) chelator, 1,4,8,11-tetraazacyclotetrade-

Scheme 2. Synthesis of the Model Ligand, 3, by a Copper(l)-Catalyzed “Click” Reaction”
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Scheme 3. Synthesis of Amino Acid Building Block 4 via a Copper(I)-Catalyzed “Click” Reaction between 1 and Fmoc-L-f-

Homopropargylglycine®
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“Reagents and conditions: (i) CuSO,, THPTA, sodium ascorbate, MeOH, MW 100 °C, 10 min.

cane-1,4,8,11-tetraacetic acid (TETA), indicated that the **Cu-
(I) complex was of high stability. Minimal transchelation
(<5%) was observed after 24 h exposure to a 20-fold excess of
TETA at 25 °C, according to radio-HPLC and radio-TLC
analyses (Figure S2).

Synthesis and Labeling of EGF Receptor-Targeting
Peptide Conjugate. Having demonstrated the capacity for
the new pro-chelator to generate a **Cu(II)-complexing ligand
suitable for PET applications, it was incorporated into a
peptide-based conjugate to illustrate its utility in multimodal
probe construction. For this purpose, the D4 peptide (H,N-
Lys-Ala-Arg-Leu-Leu-Thr-CO,H) designed in silico by Song et
al.>> was employed. The D4 peptide binds to a highly accessible
pocket on the surface of the EGF receptor, well separated from
the binding site of the endogenous ligand. Although no
quantitative binding data has been reported, subsequent
conjugation of this peptide to liposomes demonstrated
enhanced binding to EGF receptor-expressing tumor cells,
both in vitro and in vivo. In addition to the D4 sequence, the
new probe features a TACN-based chelator “clicked” to the
side chain of an alkyne-bearing amino acid (f-homopropargyl-
glycine), together with a sulfonated cyanine dye (sulfo-CyS) for
near-infrared (NIR) fluorescence detection (Figure 1).

The peptide conjugate was assembled by solid-phase peptide
synthesis (SPPS) methods. The initial strategy attempted was
to first couple the sulfo-CyS dye to the N-terminus of the
peptide and then to click 1 to the B-homopropargylglycine
residue to form the product. Although attachment of the dye
proceeded smoothly, the click reaction proved troublesome,
with no trace of product observed when the reaction was
attempted either on the resin-bound peptide or on fully cleaved
and deprotected, HPLC-purified peptide. This could be due to
the alkyne group of the f-homopropargylglycine residue being
insufficiently accessible for 1 to react. Given these difficulties,
an alternative synthetic strategy involving the preconjugation of
1 to Fmoc-L-f-homopropargylglycine (Scheme 3) was trialed.
While this reaction proceeded slowly under ambient conditions,
microwave heating led to eflicient conversion to the clicked
amino acid product (4). Subsequent preparative HPLC
provided highly pure 4 in reasonable overall yield (52%), free
from any copper contaminants (it should be noted that the two
Boc protecting groups in 3 prevent the tacn ring from chelating
the Cu(I) catalyst employed in the click reaction). From here, 4
was employed as a typical amino acid building block in the
construction of the peptide conjugate by SPPS. Coupling of 4
to the growing peptide proceeded well under standard HCTU
coupling conditions, and the conjugate was obtained in high
purity (95%), following preparative HPLC (10% yield). The
cysteine residue, incorporated to allow future attachment to, for
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example, nanoparticles, was capped with maleimide for the
purposes of this study.

The peptide conjugate was efficiently radiolabeled (>95%
radiochemical purity) by incubating with Cu®" ions for 30 min
at 25 °C and pH 5.5 (0.1 M MES). The resulting
radioconjugate exhibited strong resistance to demetalation,
with only 3% of the initial radioactivity leached from the
conjugate upon addition to human serum; a further 3% was lost
after 2 h incubation at 37 °C, increasing to 16% after 24 h.

Investigation of EGF Receptor-Binding Properties of
Peptide Conjugate. As noted earlier, the D4 peptide was
designed as an EGF receptor-targeting agent.>>”>® However,
to date, no study has definitively confirmed binding of this
peptide to the receptor, or measured the apparent dissociation
constant (Kg) for the interaction. In light of this, the EGF
receptor-binding characteristics of our new peptide conjugate
probe were investigated.

Laser fluorescence spectroscopy measurements performed
on dilute solutions (0—100 nM) of the peptide conjugate
revealed a significant enhancement in the emission from the
sulfo-CyS dye upon the addition of 100 ng mL™" (0.6 nM) of
pure EGF receptor protein (Figure 4). These observations are
consistent with the formation of a adduct between the
conjugate and the receptor, with the dye experiencing a
dramatic change in its microenvironment from a highly solvated

100
|=—— 100 nM peptide conjugate (PC)

——— 0.6 nM EGF receptor (EGFR)

s 10 nM PC + EGFR
- 50 nM PC + EGFR
|— 75 nM PC + EGFR
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Figure 4. Fluorescence spectra recorded of solutions of the peptide
conjugate (PC, 100 nM) (black curve), the EGF receptor (EGFR, 0.6
nM) (red curve), and mixtures of the peptide conjugate with EGF
receptor present at a fixed concentration of 0.6 nM.
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one to a more hydrophobic one upon binding to the receptor
surface.

The ability of the peptide conjugate to bind to the EGF
receptor was further demonstrated in experiments performed
with three human cancer cell lines: the EGF receptor-negative
MDA-MB-35S cell line (no detectable EGF receptor), the
moderate EGF receptor-expressing FaDu cell line ((4.5 + 2.1)
X 10° receptors cell™!), and highly EGF receptor-expressing
A431 cell line ((4.8 + 1.4) X 107 receptors cell™"). The peptide
conjugate—EGF receptor complex could be immunoprecipi-
tated from FaDu and A431 cell lysates using Sepharose beads
coated with anti-EGF receptor antibodies. Further, after
detachment from the beads with 0.1% SDS, the intact complex
could be separated by SDS-PAGE and definitively identified
using a combination of radiography (**Cu), fluorescence (sulfo-
CyS), and immunoblotting (Figure S), indicative of a strong
ligand—receptor interaction (neither peptide conjugate-treated
MDA-MB-S35 cell lysates nor the peptide conjugate alone
produced immunoprecipitates).
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Figure S. Identification of peptide conjugate—EGF receptor complex,
coimmunoprecipitated from FaDu and A431 cell homogenates with
anti-EGF receptor antibody-labeled Sepharose beads after incubation
of the cells with the conjugate. The top row of panels shows the
radioactivity in the SDS-PAGE gel arising from the **Cu-labeled
conjugate (four sections from the same gel). The middle row of panels
shows the fluorescence from the sulfo-CyS dye of the conjugate (four
sections from the same gel). The bottom row of panels shows
immunoblots of the gel, using specific antibodies to detect the EGF
receptor (four sections from the same immunoblot). The colocaliza-
tion of the bands confirms formation of a stable peptide conjugate—
EGF receptor complex. Since it was not possible to detect both the
%Cu and sulfo-CyS5 labels on the same gel/blot, two typical gels/blots
from four independent experiments are shown. Radioactively labeled
proteins could be detected only on gels but rarely after blotting. A 10-
fold higher amount of radioactivity was found on the cathode
compared to the blot membrane and the anode after blotting. It
therefore appears that the high electric field employed during the
blotting process causes stripping of the **Cu from the chelator. The
complete gels and immunoblot are shown in Figure SS.

Immunablot

Fluorescence microscopic imaging of A431 cells treated with
the peptide conjugate and fluorescent antibodies targeting the
EGF receptor clearly showed fluorescence arising from the
sulfo-CyS dye, which overlapped to a high degree (70%
colocalization) with the signal from fluorescent antibodies
(Figure S3). In contrast, the EGF receptor-negative MDA-MB-
35S cells treated in a similar fashion showed minimal
fluorescence emanating from either the probe or the anti-
EGF receptor antibodies.

Determination of Apparent Dissociation Constant for
Peptide Conjugate—EGF Receptor Complex. In order to
determine the apparent dissociation constant for the interaction
of the peptide conjugate with the EGF receptor, varying
amounts of the %*Cu(Il)-labeled conjugate were incubated
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separately with suspensions of cells from the three different cell
lines containing the same amount of EGF receptor protein (as
determined by ELISA), and the amount of bound and unbound
conjugate determined from the amount of radioactivity
detected on a glass microfiber filter and in the filtrate after
vacuum filtration (sulfo-CyS fluorescence could not be
quantified with the required accuracy). A similar experiment
performed with the addition of a 500-fold excess of
nonradioactively labeled peptide conjugate revealed that ca.
20% of the bound radioactivity was associated with nonspecific
binding. A Scatchard plot of the data corrected for this effect
was linear (R = 0.88), indicating formation of a 1:1 conjugate—
EGEF receptor complex, and fitting of the data to formation of a
1:1 complex yielded an apparent dissociation constant of 12 =+
7 nM based on the FaDu cell binding data, and 4 + 2 nM based
on the A431 cell binding data (means + SD of three
independent experiments). These values are in the range
measured for binding of other ligands to the EGF receptor, e.g.,
the GE11 peptide (Ky = 22 mM).>* It is likely that the sulfo-
CyS dye strengthens the interaction between the conjugate and
the EGF receptor through a hydrophobic effect, as proposed
recently by Ongarora et al.*’ for a series of phthalocyanine dye
peptide conjugates targeting the EGF receptor.

As part of this study, Ky values of 50 + 9 pM and 5.6 + 1.7
nM were measured for the binding of EGF to the EGF receptor
in FaDu cells, and 40 + 2 pM and 0.5 + 0.2 nM for binding to
the receptor in A431 cells. These values are comparable to the
values of 70 pM and 5 nM reported by Kawamoto et al.®" and
correspond to the binding of EGF to an isolated receptor
(“high affinity” site), which induces receptor dimerization,
follovgrze;i3 by binding to a second receptor (“low affinity”
site).%”

Investigation of Impact of Peptide Conjugate Binding
on EGF Receptor Activation in A431 Cells. The binding of
EGF to the EGF receptor activates the intrinsic protein kinase
activity of the receptor, which leads to several phosphorylations
within its cytoplasmic domain and initiation of a number of
signal transduction cascades.***® In order to deduce the effect
of binding of the peptide conjugate on EGF receptor-mediated
signaling, a series of immunoblot experiments were carried out
to detect the phosphorylation state of specific EGF receptor
residues after exposure of A431 cells to the conjugate and/or
the native EGF ligand.

As shown in Figure 6, binding of the conjugate was found to
induce phosphorylation of Thr669 in a concentration-depend-
ent manner, and to a degree comparable with EGF.
Interestingly, however, simultaneous addition of the conjugate
and EGF did not amplify the degree of phosphorylation in an
additive fashion, as might have been anticipated from the fact
that both effectors bind to different sites on the receptor,
although this may simply be because saturation was reached.
The Thr669 residue is phosphorylated by a p38 mitogen-
activated protein kinase (MAPK) and is involved in ligand-
induced receptor internalization, leading to a transient down-
regulation of the EGF receptor.®®

The peptide conjugate was also found to induce
autophosphorylation of the Tyr992 residue of the EGF
receptor in a concentration-dependent manner, but to a
much lesser extent (ca. 10%) compared to EGF (Figure 6).
Tyr992 phosphorylation is known to trigger the binding and
activation of phospholipase C, (PLC,),”” which in turn
activates phosphokinase C (PKC), leading to signaling via
extracellular signal-regulated kinase (ERK) and MAPKs,

dx.doi.org/10.1021/bc5001388 | Bioconjugate Chem. 2014, 25, 1011-1022
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Figure 6. Analysis of EGF receptor phosphorylation induced by
binding of the peptide conjugate and EGF, either alone or in
combination. (A) Measured degrees of phosphorylation of specific
residues induced by exposure to 10 (open colums) or 100 nM
(hatched colums) peptide conjugate, or simultaneous treatment with
100 nM conjugate and 16 nM EGF (criss-crossed colums). The values
are expressed as a percentage of the phosphorylation level induced by
EGF alone, and are normalized relative the phosphorylation levels
observed for the EGF receptor after 24 h serum starvation (error bars
correspond to the standard deviation in the results obtained from three
independent experiments). (B) Representative immunoblots showing
the phosphorylation state of specific residues after exposure of the
EGF receptor to the peptide conjugate/and or EGF, as detailed in (A).

including the p38 pathway.*® Autophosphorylation of the other
investigated residues (Tyr84S, Tyr998, Tyr104S, Tyr1068, and
Tyr1148) was found to be minimal in the presence of the
peptide conjugate, indicating that the peptide conjugate
functions as a biased or partial agonist. Significantly, EGF-
stimulated phosphorylation of the latter residues was also found
to be greatly reduced or almost completely suppressed upon
simultaneous addition of the conjugate with EGF. Given that
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the D4 peptide binds to a highly solvent-exposed site on
EGFR®® that is distinct from the EGE-binding pocket,*” a likely
explanation for this effect is that binding of the peptide
conjugate hinders the EGF-induced receptor dimerization
process required for activation of the kinase domains
responsible for autophosphorylation of the Tyr84S5, Tyr998,
Tyr1045, Tyrl068, and Tyr1148 residues.”®”" This indicates
that the peptide conjugate also functions as a noncompetitive
antagonist. In addition to representing an effective targeting
vector, the D4 peptide therefore has scope for development
into a new anticancer therapeutic agent that functions by
countering the proliferative effects of overexpressed or mutants
EGEF receptors present on the surface of various cancer cells.

B CONCLUSION

We have developed a novel “clickable” TACN-based pro-
chelator compound and successfully employed it in the
construction of a new EGF receptor-targeting probe based on
the previously reported D4 peptide.>> The chelating moiety
within the peptide conjugate is capable of complexing *Cu**
ions for radioactivity-based detection, and is resistant to
transchelation. Moreover, detailed studies have confirmed that
the conjugate forms a very stable complex with the EGF
receptor (Kj ~ 10 nM) and that the formation of this complex
inhibits EGF-induced autophosphorylation of a number of
tyrosine residues crucial for EGF receptor-mediated signal
transduction. Taken together, these results indicate that both
the new pro-chelator and peptide-based probe will be useful for
multimodal imaging applications and the construction of EGF
receptor-targeted nanomedicine platforms. As part of our
ongoing research, we plan to exploit the new peptide conjugate
as an advanced building block in the construction of new
nanoparticle-based theranostic agents suitable for PET, MR,
and fluorescence imaging of cancerous tumors in vivo, in
combination with radiotherapy and/or hyperthermia.

B EXPERIMENTAL SECTION

Materials and Methods. All commercially sourced
chemicals were of reagent or analytical grade. Sulfo-CyS NHS
ester was purchased from Lumiprobe GmbH (Hannover,
Germany) and Fmoc-L-f-homopropargylglycine was purchased
from Chem-Impex International, Inc. (Wood Dale, IL, USA).
All solvents used were of analytical or HPLC grade. Dried
solvents were obtained with the MB-SPS 800 purification
system from M. Braun. Milli-Q water was used consistently
throughout. *Cu was produced on the “Cyclone 18/9” PET
cyclotron of the Helmholtz-Center Dresden-Rossendorf by the
Ni(p,n) — **Cu nuclear reaction, according to Thieme et al."°

Instrumentation. Microwave syntheses were performed on
CEM Discover SP Series microwave synthesizer. Nuclear
Magnetic Resonance (NMR) spectra were recorded on an
Avance III Nanobay 400 MHz Bruker spectrometer coupled
to the BACS 60 automatic sample changer. Data acquisition
and processing was managed using MestReNova version 8.0.0—
10524 and iNMR version 3.1.4. Abbreviations used to describe
"H NMR spectra are s (singlet), d (doublet), t (triplet), q
(quartet), dd (doublet of doublets)) m (multiplet), or br
(broad). High resolution-mass spectrometry (HRMS) was
performed on a Waters LCT TOF LC/MS mass spectrometer
coupled to a 2795 Alliance Separations module. All data were
acquired and mass-corrected via a dual-spray Leucine Enkepha-
line reference sample. The mass spectrum was created by
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averaging the scans across each peak and subtracting the
background of the TIC. Acquisition and analysis was performed
using the Masslynx software version 4.1. Microanalyses (C, H,
and N) were performed on a EuroVector EA-3000 elemental
analyzer. Ultraviolet and visible (UV—vis) spectra were recorded
on a Cary 50 Bio UV—visible absorption spectrophotometer.
Liquid chromatography—mass spectrometry (LCMS) was per-
formed using an Agilent 6100 Series Single Quad LC/MS,
incorporating a photodiode array detector (214/254 nm)
coupled directly to an electrospray ionization source. Analytical
high-performance liquid chromatography (HPLC) was carried out
on the Waters 2690 separation module coupled with a Waters
996 photodiode array detector with a Phenomenex Luna C-8
column (100 A, 5 ym, 150 X 4.6 mm). Preparative HPLC was
performed on a Waters Prep LC controller with a Waters 486
tunable absorbance detector using a Phenomenex Luna C-8
column (100 A, 10 um, 250 X 50.0 mm). Radio-HPLC was
performed on a Knauer HPLC fitted with a radio-detector
using a Phenomenex Aqua C-18 column (125 A, S pm, 250 X
4.6 mm). 99.9% H,0/0.01% TFA (“Buffer A”) and 79.9%
H,0/20% CH;CN/0.01% TFA (“Buffer B”) elution buffers
were used for all HPLC. Radio-TLC chromatograms were
scanned using a radioisotope thin layer analyzer (Rita Star,
Raytest). Time-resolved laser-induced fluorescence spectroscopy
(TRLFS) was performed on a state-of-the-art system
incorporating a tunable solid state laser (Newport-Spectra-
Physics), a spectrograph (Acton Research; 600 lines mm™
grating, center wavelength 670 nm for measurement of sulfo-
CyS fluorescence), and an intensified CCD camera system
(Roper Scientific) positioned at right angles to the excitation
laser. Fluorescence microscopy was carried out on an inverse
microscope (Axio Observer) equipped with a Colibri LED
illumination system, a HBO light source, and a CCD camera
(AxioCam), with image acquisition and processing performed
with the AxioVision software platform. All calculations and
graphical analyses were performed using OriginPro 8.6
(OriginLab Corporation, Northampton, MA, USA).
Syntheses. Di-tert-butyl 7-((6-(Azidomethyl)pyridin-2-yl)-
methyl)-1,4,7-triazacyclononane-1,4-dicarboxylate (1). 2,6-
bis(Bromomethyl)pyridine72 (409 g 154 mmol) was
combined with NaN; (1.30 g, 20.1 mmol) in CH;CN, and
stirred at 60 °C for 18 h. Once the solution had cooled to room
temperature (RT), the unreacted NaNj, was filtered off. Di-tert-
butyl—1,4,7—triazacyclononane—1,4—dicarboxylate73 (142 g, 431
mmol) and K,CO; (1.19 g, 8.62 mmol) were added to the
filtrate and the mixture was heated to reflux overnight. After
cooling to RT, the reaction mixture was filtered to remove any
insoluble salts. The collected filtrate was concentrated under
reduced pressure, and the resulting crude product purified by
silica flash chromatography (30% EtOAc in petroleum spirits)
to give a clear brown waxy solid (411 mg, 62%). '"H NMR (400
MHz; CDCL): 6 7.79 (t, ] = 7.2 Hz, 1H), 7.53 (d, J = 7.2 Hz,
1H), 7.35 (d, ] = 7.4 Hz, 1H), 4.67 (s, 2H), 4.42 (s, 2H), 4.07—
3.71 (m, 4H), 3.55—3.32 (m, 8H), 1.59—1.40 (m, 18H). *C
NMR (101 MHz, CDCl;) § 160.82, 15591, 154.64, 137.39,
122.62, 120.30, 79.84, 62.30, 55.72, 54.54, 54.24, 53.53, 5341,
52.14, S§1.25, 50.79, 50.62, 50.06, 49.43, 48.84, 28.74, 28.67.
HRMS (C,;Hy;N,0,): Calcd 4762985 [M + HJ*. Found
476.2982. Analytical HPLC: 96% purity (254 nm).
Di-tert-butyl 7-((6-((4-(Hydroxymethyl)-1H-1,2,3-triazol-1-
yl)methyl)pyridin-2-yl)methyl)-1,4,7-triazacyclonane-1,4-di-
carboxylate (2). Compound 1 (138 mg, 0.290 mmol) was
dissolved in MeOH (20 mlL), followed by the sequential
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addition of propargyl alcohol (17 uL, 0.29 mmol),
tris(hydroxypropyltriazolylmethyl)amine (THPTA) (25 mg,
0.0058 mmol), CuSO, (5 mg, 0.003 mmol), and sodium
ascorbate (57 mg, 0.29 mmol). The reaction mixture was
stirred for 1 h at RT and then concentrated under reduced
pressure. The resulting oily residue was dissolved in CH,Cl,
(20 mL) and washed with H,O (3 X 20 mL). The organic layer
was dried over MgSO,, filtered, and concentrated under
reduced pressure to yield an orange—brown oil (142 mg,
92%). 'H NMR (400 MHz; CDCl,): § 7.73—7.69 (m, 1H),
7.64—7.53 (m, 1H), 7.46—7.41 (m, 1H), 7.03—7.01 (m, 1H),
5.57 (m, 2H), 4.77 (s, 2H), 3.83—3.08 (m, 2H), 3.50—3.39 (br,
4H), 3.26—3.16 (m, 4H), 2.72—2.64 (m, 4H), 1.46, 1.45, 1.40,
1.38 (all s, 18H total). *C NMR (101 MHz, CDCl,) § 160.75,
155.81, 155.61, 153.44, 137.6S, 122.99, 122.42, 120.68, 79.70,
62.10, 56.6S, 55.68, 54.32, 53.54, 53.39, 53.19, 50.6S, 50.37,
49.99, 49.51, 49.16, 28.69, 28.63. LCMS: m/z (ESI, 20 V) =
5324 [M + H]". Analytical HPLC: 98% purity (254 nm).
(1-((6-((1,4,7-Triazacyclononan-1-yl)methyl)pyridin-2-yl)-
methyl)-1H-1,2,3-triazol-4-yl)methanol, TFA Salt (3). Com-
pound 2 (142 mg, 0.267 mmol) was dissolved in a mixture of
trifluoroacetic acid (S mL) and CH,Cl, (5 mL) and left to stir
at RT overnight. The reaction mixture was then concentrated
under reduced pressure to yield a dark-brown oil (320 mg,
quantitative). 'H NMR (400 MHz; MeOD): § 8.02 (s, 1H),
7.86 (t, ] = 7.7 Hz, 1H), 7.47 (d, ] = 7.0 Hz, 1H), 7.34 (d, ] =
7.9 Hz, 1H), 5.77 (s, 2H), 4.67 (s, 2H), 4.09 (s, 2H), 3.80 (s,
4H), 3.36 (t, ] = 5.6 Hz, 4H), 3.05 (t, ] = 5.7 Hz, 4H). 1C
NMR (101 MHz, MeOD): § 159.96, 155.30, 149.72, 140.24,
124.73, 124.60, 123.4, 56.33, 50.90, 46.90, 46.22. HRMS
(C1H,N,0): Calcd 3322199 [M + H]". Found 332.2187.
Analytical HPLC: 96% purity (254 nm).
(1-((6-((1,4,7-Triazacyclononan-1-yl)methyl)pyridin-2-yl)-
methyl)-1H-1,2,3-triazol-4-yl)methanolcopper(ll) Diperchlo-
rate Monohydrate (C1). Compound 3 (25 mg, 0.028 mmol)
and CuCl, (8 mg, 0.06 mmol) were dissolved in S mL H,O,
and the pH was adjusted to ca. S with 1 M NaOH, resulting in a
deep-purple colored solution. Addition of excess NaClO, (0.5
g, 4 mmol) followed by slow evaporation over 2 days yielded a
dark-purple precipitate (9 mg, S55%). Elemental analysis:
(C1H,5CLCuUN,0y, MW = 593.86 g mol™'): Calcd C,
32.36; H, 424; N, 16.51. Found C, 33.02; H, 4.46; N, 16.43.
UV—vis (H,0): A, (nm) [e,..] (M~ em™): 580 [102]. X-
ray crystallographic quality single-crystals of the complex (as a
monohydrate) were grown by slowly diffusing Et,O into a
methanolic solution of Cl1.
4-(1-((6-((4,7-Bis(tert-butoxycarbonyl)-1,4,7-triazacyclo-
nonan-1-yl)methyl)pyridin-2-yl)methyl)-1H-1,2,3-triazol-4-
yl)-3-((((9,9a-dihydro-4aH-fluoren-9-yl)methoxy)carbonyl)-
amino)butanoic Acid (4). Compound 1 (150 mg, 0.31S
mmol) and Fmoc-L-f-homopropargylglycine (111 mg, 0.31S
mmol) were dissolved in MeOH (S mL), prior to the addition
of THPTA (27 mg, 0.063 mmol), CuSO, (10 mg, 0.063
mmol), and sodium ascorbate (125 mg, 0.630 mmol). The
reaction mixture was heated at 100 °C for 10 min in a
microwave reactor. The obtained residue was purified by
preparative HPLC (60 min gradient from 100% A to 60% B;
flow rate 10 mL min™") to yield an off-white powder after
lyophilization (131 mg, 52%). "H NMR (400 MHz; MeOD): &
7.81 (s, 1H), 7.80 (m, 2H), 7.61 (b, 1H), 7.57 (d, J = 7.5 Hz,
1H), 7.51 (d, ] = 7.3 Hz, 2H), 7.40 (q, ] = 7.2 Hz, 2H), 7.31 (g,
J =69 Hz, 2H), 7.19 (d, ] = 7.7 Hz, 1H), 5.61 (m, 2H), 4.55
(m, 2H), 4.27 (b, 1H), 4.03 (br, 1H), 4.00 (br, 1H), 3.73 (br,
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4H), 3.45 (br, 4H), 3.35, (br, 4H), 2.89 (m, 2H), 2.60 (m, 2H),
1.50 (s, 18H). *C NMR (101 MHz, MeOD): § 174.24, 156.3,
155.80, 146.16, 145.17, 142.39, 140.03, 128.43, 128.07, 126.4,
126.28, 124.92, 12391, 121.01, 82.89, 67.59, 60.06, 55.00,
52.77, 44.70, 48.74, 49.47, 47.82, 40.09, 31.81, 28.24. HRMS
(CyHiN;Oy): Calc'd 825.4299 [M + HJ*. Found 825.4324.
Analytical HPLC: 98% purity (254 nm).

Peptide Conjugate. The peptide sequence Cys-f-Ala-f3-Ala-
Gly-Leu-Ala-Arg-Leu-Leu-Thr was constructed on a 2-chloro-
trityl polymer resin preloaded with 0.67 mequiv g~' of L-
Thr('Bu) (149 mg, 0.100 mmol) using a PS3 Automated
Peptide Synthesizer (Protein Technologies Inc.). Fmoc-
protected L-amino acids (0.300 mmol) and standard automated
coupling and deprotection protocols were employed, with 2-(6-
chloro-1H-benzotriazole-1-y1)-1,1,3,3-tetramethylaminium hex-
afluorophosphate (HCTU) as the activating agent (124 mg,
0.300 mmol) and 20% piperidine in DMF used for Fmoc
deprotections. After washing with DMF, MeOH, and Et,O (3
X 3 mL each), a portion of the dried resin (ca. 0.01 mmol
loading of peptide) was transferred to S mL syringe (fitted with
a frit), swelled in DMF (1 mL) for 30 min, and then gently
mixed with a freshly prepared solution of 4 (50 mg, 0.061
mmol), HCTU (26 mg, 0.063 mmol), and DIPEA (40 yL, 0.23
mmol) in DMF (2 mL) for 2 h. The resin was next washed with
DMF (3 X 3 mL) and the terminal Fmoc group removed by
treating with 20% piperidine in DMF (2 X 4 mL for S min).
After washing with DMF (2 X 4 mL), a solution of sulfo-CyS-
NHS (18 mg, 0.020 mmol) and DIPEA (17 uL, 0.10 mmol) in
DMF (2 mL) was added, and the mixture gently mixed for 2 h.
The resin was then washed with DMF, MeOH, and Et,0 (3 X
3 mL each), before cleavage of the final peptide was achieved
by treatment with a mixture of 2.5% triisopropylsilane (TIPS),
2.5% 3,6-dioxa-1,8-octanedithiol (DODT), 95% TFA (1 mL)
for 2 h. The spent resin was removed by filtration, the filtrate
was concentrated using a gentle stream of nitrogen, and Et,0
(10 mL) was added to initiate precipitation of the peptide.
After cooling at 4 °C for 2 h, the precipitate was pelleted by
centrifugation, washed with Et,O (3 X S mL), and dried under
reduced pressure, before being purified to by preparative HPLC
(60 min gradient from 100% A to 80% B; flow rate 10 mL
min~") to yield a deep-blue powder after lyophilization (19 mg,
10%). HRMS (Cqg;H;3N,,0,,S;): Calc’d 647.3302 [M+3H]*".
Found 647.6647. Analytical HPLC: 95% purity (254 nm). The
cysteine residue within the peptide was capped by stirring a
solution of the peptide (10 mg, 0.0050 mmol) and maleimide
(2 mg, 0.02 mmol) in 0.1 M 2-(N-morpholino)ethanesulfonic
acid (MES) buffer (pH 6.0) (2 mL) for 4 h. The product was
purified by preparative HPLC (60 min gradient from 100% A
to 80% B; flow rate 10 mL min~") and lyophilized to yield a
deep-blue powder (8 mg, 80%). HRMS (CysH;4N»30,,S;):
Calcd 679.6690 [M+3H]**. Found 679.8353. Analytical
HPLC: 96% purity (254 nm).

X-ray Crystallography. Intensity data for blue crystals of
C1 (025 X 0.20 X 0.05 mm®) were measured at 123 K on a
Bruker Apex II CCD fitted with graphite monochromated Mo
Ka radiation (0.71073 A). The data were collected to a
maximum 26 value of 55° and processed using the Bruker Apex
IT software package. Crystal parameters and details of the data
collection are summarized in Table S1 in the Supporting
Information. The structure was solved using standard Fourier
routines in the SHELX-97.”* The hydrogen on the oxygen
atom (O1 and O2) of the triazole-linked alcohol pendant and
the nitrogen atoms on the TACN ring were located on the
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Fourier difference map and refined with restrained O—H and
N-H distances. The isotropic thermal parameters for N—H
and O—H hydrogen atoms were fixed at 1.2 times that of the
respective nitrogen or oxygen atom. All the remaining
hydrogen atoms were placed in idealized positions. The
hydrogen atoms associated with the water molecule of
crystallization could not be located on the Fourier difference
map. The CH,0OH connected to the triazole ring on cationic
unit Cu2, perchlorate counteranions, and one of the water
molecules were disordered and refined anisotropically.

4Cu(ll) Radiolabeling Kinetics and Chelator Chal-
lenge Experiment. Compound 3 (10 ug, 0.020 pmol) was
combined with § MBq of [**Cu]CuCl, in 0.1 MES buffer (pH
5.5) to make up a final volume of 200 pL. This mixture was
incubated with shaking at 25 °C and the extent of %Cu*" ion
complexation monitored at various time intervals (1, 3, 5, 30,
60, 120, and 240 min) by radio-TLC (neutral alumina plates
run with a 2 M NH,OAc/MeOH (1:1 v/v) eluent system) and
radio-HPLC (40 min gradient from 100% A to 65% B; flow rate
1 mL min™"). For the challenge experiment, 3 (10 ug, 0.020
pmol) was combined with 5 MBq of [**Cu]CuCl, in 0.1 M
MES buffer (pH S.5) to make up a final volume of 200 uL.
After incubating at 37 °C for 45 min, 20 mol equiv of 1,4,8,11-
tetraazacyclotetradecane-1,4,8,11-tetraacetic acid (TETA) (173
ug, 0.400 pmol) were added. The mixture was incubated at 25
°C and the amount of intact **Cu(II) complex of 3 determined
at various time intervals (5, 10, 30, 60, 120, 240 min, and 24 h)
by radio-TLC (neutral RP18 silica plates run with a 2 M
NH,OAc/MeOH (1:1 v/v) eluent system). Radio-HPLC was
also used to assess the stability of the “*Cu(I)-3 complex at
separate time intervals (1, 2, 3, 24 h).

64Cu(ll) Radiolabeling of Peptide Conjugate and
Serum Stability Measurements. [*Cu]CuCl, (10 MBq)
was added to a stock solution of the peptide conjugate (10 mg
mL™) in 0.1 M MES (pH 5.5) to achieve a conjugate
concentration of 1 mg mL~". The pH was checked and adjusted
to 5.5 if necessary. The reaction mixture was shaken at RT for
30—90 min and the radiopurity of the labeled conjugate
assessed by radio-TLC (neutral alumina plates run with a 2 M
NH,OAc/MeOH (1:1 v/v) eluent system) and radio-HPLC
(40 min gradient from 100% A to 65% B; flow rate 1 mL
min~!).

Serum stability was assessed by incubating aliquots of the
radiolabeled peptide conjugate solution with human serum
(Sigma-Aldrich) in a 1:2 (v/v) ratio at 37 °C. The amount of
intact radiolabeled peptide conjugate was quantified after 0, 2,
and 24 h by radio-TLC (neutral alumina plates run with a 2 M
NH,OAc/MeOH (1:1 v/v) eluent system).

Analysis of Interaction of Peptide Conjugate with EGF
Receptor via TRLFS. The fluorescence spectra of solutions
containing a fixed concentration of human EGF receptor
protein (isolated form A431 cells, Enzo Life Sciences GmbH,
Lorrach, Germany) (0.6 nM) and varying concentrations of
peptide conjugate (0, 10, 50, 7S, and 100 nM) in phosphate-
buffered saline (PBS) (preincubated for 30 min at 4 °C) were
recorded using an excitation wavelength of 600 nm, a gate time
of 1 ps, and a delay time of 30 ns.

Cell Culture and Determination of EGF Receptor
Density. The MDA-MB-435S and A431 cell lines were
purchased from CLS Cell Lines Service GmbH (Eppelheim,
Germany) and the FaDu (HTB-43) cell line from LGC
Standards GmbH (Wesel, Germany). All culture media and
supplements were purchased from Biochrom AG, Berlin,
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Germany). The cells were maintained in either RPMI medium
(MDA-MB-435S and FaDu) or Dulbecco’s modified Eagle’s
medium (DMEM) (A431) supplemented with 10% stand-
ardized fetal bovine serum (FBS), at 37 °C in a humidified
atmosphere enriched with 5% CO,. Determination of the EGF
receptor density for each cell line was performed in 96-well
plates (3000 cells well™!, Cellstar, Greiner Bio-One GmbH,
Frickenhausen, Germany) by treating the cells with fluorescein-
labeled EGF (dosed in ca. S-fold excess), washing away
unbound labeled EGF with phosphate buffered saline (PBS),
and then quantifying the degree of binding using a fluorescence
plate-reader (VarioskanFlash, Thermo Fisher Scientific, Bonn,
Germany). The labeled EGF was prepared according a protocol
established by Azevedo and Johnson,”® except that excess
fluorescein excess was removed via ultrafiltration (Vivaspin 500,
MWCO 3000 Da, Sartorius Stedim Biotech GmbH). Binding
of the labeled EGF to EGF receptors was confirmed by SDS-
PAGE and subsequent immunoblotting (data not shown).

The EGF receptor content of the cells was also determined
using an enzyme-linked immunosorbent assay (ELISA). For
this, cell samples were prepared by detaching the cells from the
culture flasks with 0.05% Trypsin/0.02% EDTA solution,
washing three times with PBS and finally mechanical disruption
using a pestle. The cells were resuspended in diluted ELISA
coating buffer (5x) (BioLegend GmbH, Fell, Germany) and
incubated overnight at 4 °C in transparent 96-well plates
(Microlon 600, Greiner Bio-One GmbH, Frickenhausen,
Germany). After intensively washing and blocking (5% milk
powder in tris(hydroxymethyl)aminomethane (Tris)-buffered
saline (TBS), immunoreactions were performed using, first,
EGF receptor antibody (C-20, 1:30 dilution, Santa Cruz
Biotechnology Inc., Heidelberg, Germany) and, second, an anti-
goat-horseradish peroxidase (HRP)-conjugated antibody
(1:1000 dilution, Santa Cruz Biotechnology Inc.). HRP
reaction was initiated with 3,3’,5,5'-tetramentylbenzidine (1-
StepUltra TMB-ELISA, Thermo Fisher Scientific, Bonn,
Germany). After stopping the reaction with sulfuric acid, the
absorption of the resulting yellow solution was read at 450 nm
using a plate reader (VarioskanFlash, Thermo Fisher Scientific)
to determine the EGF receptor concentration. A calibration
curve was constructed using purified EGF receptor (Enzo Life
Sciences GmbH).

Analysis of Interaction of Peptide Conjugate with EGF
Receptor via Immunoprecipitation, SDS-PAGE, and
Western Blotting. Cell lysates were prepared by detaching
cells from culture flasks with 0.05% Trypsin/0.02% EDTA
solution and washing three times with PBS. The resulting cell
pellets were resuspended in PBS supplemented with 0.05%
deoxycholate, 0.05% dodecyl-f-p-maltoside, and nuclease,
mechanically disrupted with a pestle and solubilized on ice
for 1 h. The cell lysates were then cleared by centrifugation at
15000 rpm for 20 min at 4 °C, and the protein content
measured using the commercially available DC Protein Assay
Kit (Bio-Rad Laboratories GmbH, Munich, Germany) with
bovine serum albumin (BSA) standards. The supernatants were
incubated with the peptide conjugate (100 ug mL™") at 37 °C
for 30 min. Subsequently, Sepharose beads conjugated with
EGF receptor (D38B1) XP monoclonal rabbit antibodies (Cell
Signaling Technology (CST), Frankfurt/M, Germany) were
added and the mixtures incubated with gentle rocking for 4 h at
4 °C. After brief centrifugation, the pellets were washed five
times with ice-cold PBS. The resulting EGF receptor—antibody
complexes were resuspended by vortexing in native sample
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buffer (Bio-Rad Laboratories GmbH), including 0.1% sodium
dodecyl sulfate (SDS), and then subjected to SDS poly-
acrylamide gel electrophoresis (SDS PAGE) according to
Laemmli.”® Autoradiography of the gel was performed using a
phosphoimager (FujiFilm BAS-3000, Raytest Isotopenmessg-
erite. GmbH, Straubenhardt, Germany). Fluorescent bands
were detected by scanning the gel with a high sensitivity
multiplex fluorescence gel imaging system (Molecular Imager
PharosFX Plus, Bio-Rad Laboratories) using the appropriate
laser wavelength for sulfo-CyS. Following this, the gel was semi-
dry-blotted onto nitrocellulose (Protran, Whatman/Schleicher
& Schuell) at 4 °C overnight using 25 mM Tris, 20% methanol
(pH 10.4) as the anode buffer, and 25 mM Tris, 20% methanol,
40 mM 6-aminocaproic acid (pH not adjusted) as the cathode
buffer. After membrane blocking, EGF receptor was detected
by immunoreaction with EGF receptor (D38B1) XP
monoclonal rabbit antibodies (CST) and anti-rabbit HRP-
conjugated secondary antibody. Enhanced chemoluminescence
reaction (ECL) was run with 20X LumiGLO Reagent (CST)
according to the manufacturer’s instructions and detected using
a Stella 2000 imaging system (Raytest Isotopenmessgerite
GmbH) equipped with a cooled, full-frame CCD camera.

Fluorescence Microscopic Analysis of Interaction of
Peptide Conjugate with EGF Receptor-Expressing Cells.
A431 cells (or MDA-MB-35S cells as a control) were seeded in
8-well p-slides 8 well (Ibidi GmbH, Martinsried, Germany)
with 4 X 10* cells well L. After 24 h, the cells were washed three
times with PBS and incubated with a final concentration of 100
ug mL™' of the peptide conjugate in PBS at 37 °C in a
humidified atmosphere enriched with 5% CO, for 30 min.
Afterward, the slides were washed with PBS again and the cells
fixed on the slides by incubation with fixation buffer
(BioLegend GmbH) in the dark for 20 min. After rinsing
three times with PBS, samples were blocked by treatment with
5% normal rabbit serum (Jackson ImmunoResearch Ltd.,
Suffolk, England), 1% BSA, 0.2% Triton X-100 in PBS for 1 h at
RT. EGF receptor (D38B1) XP monoclonal rabbit antibodies
(Cell Signaling Technology (CST), diluted (1:200) with cell
staining buffer (BioLegend GmbH), were then added to the
cells for overnight incubation at 4 °C in the dark. Slides were
rinsed three times with cell staining buffer, and then incubated
with DyLight 488 donkey anti-rabbit IgG secondary antibody
(BioLegend GmbH, dilution 1.200) for 1 h. After rinsing three
times with cell staining buffer, DNA was counterstained with §
mg mL™" of 4/,6-diamidino-2-phenylindole (DAPI, BioLegend
GmbH) in water. Image sequences of the cells were captured in
multichannel fluorescence mode (with A, = 470, 590, and 340
nm, and 4., = 525, 645, and 370 nm for DyLight 488, sulfo-
CyS and DAPI, respectively) from different focus planes (z-
stacks). The obtained images were processed by reassignment
of the out-of-focus blurred light to its origin (deconvolution)
and separation of overlapping fluorescence signals (correction
of spectral bleed-through by spectral unmixing). Subsequently,
a statistical analysis of the correlation of the fluorescence from
the peptide conjugate (sulfo-CyS) and the EGF receptor
(DyLight 488) was performed using a dual-channel image
overlay. An automatic threshold was set according to Costes
and co-workers,”” and the extent of colocalization was
calculated as per Manders and co-workers.”®

Determination of Apparent Dissociation Constant
(Ky) for Interaction of Peptide Conjugate with EGF
Receptor. Cell samples (MDA-MB-3SS, FaDu, and A431)
were prepared by detaching cells from culture flasks with 0.05%
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Trypsin/0.02% EDTA solution, washing three times with PBS,
and then mechanically disrupting using a pestle. All investigated
cell samples (except those of MDA-MB-35S) were adjusted to
S ug mL™' EGF receptor protein (determined by ELISA as
described above). The cells were incubated with varying
concentrations of the **Cu(1I)-labeled peptide conjugate at 4
°C for 30 min. Unbound conjugate (soluble fraction) was
separated from bound conjugate by vacuum filtration through
glass microfiber filters (GF/C, Whatman, GE Healthcare
Europe GmbH, Freiburg, Germany). After washing the filter
three times with ice-cold PBS, the radioactivities of the filtrates
(unbound conjugate) and filters (bound conjugate) were
measured using an automatic gamma-counter (Wizard,
PerkinElmer Inc., Waltham, MA, USA). Concentrations of
conjugate were calculated using a calibration curve, with
nonspecific filter binding (retention of radioactivity on the filter
material) and nonspecific conjugate binding (binding of labeled
conjugate in the presence of a 500-fold excess of unlabeled
conjugate) corrected for. The apparent dissociation constant
was determined from the measured data by Scatchard
analysis.”

Phosphorylation Assays. MDA-MB-35S and A431 cells
were grown to 60—70% confluence in 6-well plates (Cellstar,
Greiner Bio-One GmbH) and then serum starved for 24 h (to
avoid stimulation by endogenous EGF). After washing with
PBS, the cells were incubated with either peptide conjugate (10
or 100 nM), EGF (16 nM), or both the conjugate (100 nM)
and EGF (16 nM) simultaneously, in the appropriate culture
medium without FBS for 30 min. The supernatant was carefully
removed and the cells then lysed using RIPA lysis and
extraction buffer (Thermo Fisher Scientific). Cellular debris
was resuspended with the aid of a bent pipet tip. Protein
concentrations were determined as described above and each
sample adjusted to the same protein content. SDS-PAGE,
Western blotting, and immunoreactions were performed as
described above, but this time using a series of antibodies that
bind EGFR only when it is phosphorylated at a specific residue
(Thr669, Tyr84S, Tyr992, Tyr998, Tyrl04S, Tyr 1068, or
Tyr1148) (CST). Each blot was stripped according to a
protocol published by Abcam (Cambridge, UK), allowing for
reuse a second time. Protein bands were analyzed using Image]

(http :/ /rsbweb.nih.gov/ij/ index.html).
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