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Bioimaging and Biodistribution of the Metal-lon-Controlled
Self-Assembly of PYY;_;, Studied by SPECT/CT

Panagiota Kalomoiri,” Cristina Rodriguez-Rodriguez,™ 9 Kasper K. Sgrensen,”

Marta Bergamo,”

The controlled self-assembly of peptide- and protein-based
pharmaceuticals is of central importance for their mode of
action and tuning of their properties. Peptide YY; ;5 (PYY;_5) is
a 36-residue peptide hormone that reduces food intake when
peripherally administered. Herein, we describe the synthesis of
a PYY;_;; analogue functionalized with a metal-ion-binding 2,2'-
bipyridine ligand that enables self-assembly through metal
complexation. Upon addition of Cu", the bipyridine-modified
PYY; s, peptide binds stoichiometric quantities of metal ions in
solution and contributes to the organization of higher-order
assembilies. In this study, we aimed to explore the size effect of
the self-assembly invivo by using non-invasive quantitative

Introduction

The oligomeric state of peptide- and protein-based pharma-
ceuticals is critical for their mode of action.” It has been
estimated that about one third of cellular proteins are
oligomeric,” and both hydrophobic and polar interactions, as
well as metal-ion coordination, are key factors in their ability to
self-assemble. Native self-assemblies are driven by oligomeriza-
tion, in response to external conditions, and are formed
reversibly. Coordination with metal ions can induce conforma-
tional changes in the peptides that can modulate their proper-
ties and function®¥ Examples of metal-ion-induced self-
assembly include the copper-mediated homodimerization of
the HAH1 metallochaperone,®™ the monomer/tetramer equili-
brium of lacto-transferrin,® or the highly stabilized zinc-binding
hexamers of insulin.”’ Using natural self-assemblies as a guide,
the introduction of non-native methods, such as abiotic metal-
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single-photon emission computed tomography/computed to-
mography (SPECT/CT) imaging. For this purpose, bipyridine-
modified PYY;_; was radiolabeled with a chelator holding "'In",
followed by the addition of Cu" to the bipyridine ligand. SPECT/
CT imaging and biodistribution studies showed fast renal
clearance and accumulation in the kidney cortex. The radio-
labeled bipyridyl-PYY; ;s conjugates with and without Cu"
presented a slightly slower excretion 1h post injection
compared to the unmodified-PYY;_5,, thus demonstrating that
higher self-assemblies of the peptide might have an effect on
the pharmacokinetics.

ligand residues on peptides, can cause higher-order self-
assemblies and controlled oligomerization.®

Metal-ion-binding ligands such as bipyridine, terpyridine,
nitrilotriacetic acid and pyridine have been widely used as a
strategy to induce conformational changes and modulate
peptide properties in the presence of metal ions (Fe", Cu", Co',
Ni", Ru" and Zn").®! Multidentate chelating ligands demonstrate
significantly higher binding affinities for metal ions than several
monodentate ligands combined (this is known as the chelation
effect)” In this study, we used the nitrogen-containing
heterocyclic ligand 2,2-bipyridine (bipy), which has the ability
to coordinate various transition metal ions.'™ Bipy has
previously been introduced into peptides to enable the
formation of collagen-based three-dimensional networks,!'"™'3!
intramolecular ~ directing and  folding of artificial
metalloproteins™ and structural changes such as coiled coils in
small peptides.">"”" Previously, we demonstrated that the
insulin variant InsX2 modified with bipy formed the first
published trimers of insulin upon the addition of Fe'"® For
intermolecular self-assembly, bipy groups function as bidentate
ligands with predictable binding affinities towards transition
metal ions.® Gilmartin and co-workers attached three bipy
ligands on peptide nucleic acids (PNA), which could coordinate
with either two or three metal ions (Fe" and Cu", respectively) to
form two different duplex structures."® Coppock and collabo-
rators synthesized a heterofunctional artificial tripeptide that
contained three pendant ligands, pyridine, methyl pyridine and
terpyridine, and self-assembled into an antiparallel duplex by
coordination of three Cu" ions.”™ Our strategy is to control
peptide quaternary structure by selective introduction of a bipy
ligand to the peptide YY;s (PYY;y), which enables self-
assembly through metal-ion coordination.
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PYY; ;s belongs to the neuropeptide (NPY) family of
peptides (the sequences are listed in Table 1), that mediate
their effect through four receptors, the Y1, Y2, Y4 and Y5.” Full-
length PYY (PYY, ) is released postprandially by gastrointesti-
nal L-cells in proportion to nutrient-level, after which it is
rapidly truncated to the 34 amino acid peptide, PYY; ;, by
dipeptidyl-peptidase IV (DPP-IV).?" Peripheral administration of
PYY, 5, reduces food intake in both lean and obese humans,
acting through Y2 receptors.?>*!

In recent years, PYY;; analogues have again become
interesting as potential anti-obesity therapeutics.”*” Anti-obesity
PYY,_ s therapeutics are actively investigated,”™ but the short
circulatory half-life of ~10 min and the less than ideal Y2R
selectivity of native PYY; ; over the other neuropeptide Y
receptors,”*” renders their development challenging. One
approach to overcome the short systemic half-life and provide a
prolonged mode-of-action is to construct higher-order PYY; 5
assemblies.®"*? The therapeutically very successful long-acting
insulin, insulin degludec, has a fatty diacid derivatization and is
formulated with phenol and Zn". Upon subcutaneous injection
it forms an oligomeric depot that slowly releases monomers for
absorption, thus providing an extended duration of action.®
This inspired us to aim for a metal ion mediated assembly and
disassembly in a subcutaneous depot.

In this study, we aimed to design a PYY,_;, analogue with
one distinct metal-ion binding site, bipy, enabling self-assembly
through coordination with Cu". To investigate the effects of the
self-assembly in a biodistribution context, we performed in vivo
studies in mice using non-invasive quantitative single-photon
emission computed tomography/computed tomography
(SPECT/CT) imaging (Figure 1). For this purpose, the peptide
was modified with a bifunctional chelator, S-2-(4-isothiocyana-
tobenzyl)diethylenetriamine pentaacetic acid (p-SCN—Bn-DTPA)
and was radiolabeled with ""'In". The radiolabeled peptide was
then reacted with Cu" for coordination to the bipy ligand of the
PYY,_ ;s analogue (Figure 1). ""'In" facilitated the in vivo imaging
and tracking of the peptide, while Cu" promoted the formation
of the self-assembly.

Results and Discussion
Design and synthesis of PYY;_;, analogues

To study the formation of different peptide self-assemblies, we
re-engineered PYY,_ 3, by conjugating bipy, which enables self-
assembly by metal-ion coordination.®” Bipy was chosen as it is
a well-characterized metal-binding abiotic ligand that has been
used to prepare different supramolecular assemblies.*” Cu" was
used as the first-row transition metal ion because it exhibits a
high binding affinity for bipy (for thermodynamic parameters

Table 1. Sequences of human NPY, PYY, ;; and PYY; . from the literature, see Table $1).2%*" Another rationale for
Peptide Sequence choosing Cu" as the metal ion was the possibility of using %Cu

for future positron emission tomography (PET) imaging studies.
NPY YPSKPDNPGEDAPAEDMARYYSALRHYINLITRQRY-NH, Y the 5C d h dual role by inducing th It
PYY, s YPTKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY-NH, ere, the ~Lu wou ave a dual role by Inducing the seli-
PYY, o IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY-NH, assembly of the peptide and also being a y-emitting radio-
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Figure 1. Overview of the experimental design. Bipyridyl-PYY;_s; was N-terminally modified by formation of a thiourea bond through reaction with p-SCN—Bn-
DTPA. It was then radiolabeled with '"'In", and the radiolabeled peptide was treated with Cu" to form higher-order assemblies. The radioconjugate was further

studied in vivo by using SPECT/CT.
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isotope. Moreover, Cu is the third most abundant trace
transition metal in the human body with a normal content of
1.4-2.1 mg/kg.”® As a model peptide, we chose an analogue of
native PYY,,, (Table 1), [R*K,W*IPYY, .. Position 7 was
selected as the site of modification due to the minimal loss of
activity when modified.**" Also, tryptophan substitution in
position 30 was performed as it has been shown to increase
selectivity and maintain Y, receptor affinity.”®

The peptide was assembled by Fmoc/tBu strategy using
automated solid-phase peptide synthesis (SPPS) on Rink Amide
TentaGel resin to obtain an amidated C terminus (Scheme 1). To
ensure selectivity, the N-terminal a-amino group was protected
with the base-stable tert-butyloxycarbonyl (Boc) group. Site-
specific acylation on solid phase was achieved by using the
orthogonal allyloxycarbonyl (Alloc) protection group at the N*-
Lys at position 7. The Alloc group can be selectively removed
by tetrakis(triphenylphosphine)palladium(0) ((PPh;),Pd(0)) in the
presence of the borane dimethylamine complex ((CH,),NH-BH,)
to release the free amino group.®® The bipy carboxylic acid was
activated by N,N,N’,N-tetramethyl-O-(N-succinimidyl)uronium
tetrafluoroborate (TSTU) and N,N-diisopropylethylamine (DIEA)
and then it was coupled on-resin to the free Lys N®-amine to
give [R*K’(bipy),W*°IPYY, ;s (hereafter referred to as PYY; s
bipy). The acetylated peptide (hereafter referred to as PYY;_y-
Ac), which was subsequently used as a control, was obtained by

on-resin acetylation with acetic anhydride (Ac,O0; Scheme 1).
Peptides were analyzed by analytical reversed-phase high-
performance liquid chromatography (RP-HPLC) coupled to
electrospray ionization mass spectrometry (ESI-MS). Purification
was conducted using RP-HPLC. Analytical data are presented in
Table S2.

Metal-binding properties of PYY;_;, analogues

In order to study the metal ion coordination of the modified
PYY, ;s peptides with Cu", reactions with different equivalents
of Cu" were carried out for both modified peptides: PYY;_ss-bipy
and PYY;_;-Ac. Both peptides showed absorption maxima at
around 280 nm, due to the aromatic tryptophan and tyrosine
residues on the peptide chain. Upon addition of different
equivalents of Cu" in solution, PYY;_ss-bipy revealed a significant
bathochromic shift at about 300/320 nm due to the coordina-
tion of the bipy ligand to the metal ion (Figure 2A), this is
consistent with previously reported data.*” The observation of
isosbestic points in the near UV area around 272 and 302 nm of
the UV/vis suggests the existence of at least two species in
solution and therefore, an equilibrium reaction. PYY;_;-Ac
(Figure 2B) did not show any spectral changes, which is
indicative of no coordination.
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Scheme 1. On-resin modification of PYY,_;; analogues (amines are implicit in the one- and three-letter code for amino acids, but here they are shown explicitly

for added clarity).
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Figure 2. UV/vis absorbance spectra of the titration of A) PYY;_;s-bipy (100 uM) and B) PYY;_ss-Ac (100 uM) with increasing equivalents of Cu" in 0.1 mM PBS

buffer (pH 7).

Dynamic light scattering

The assembly of PYY;_s.-bipy (100 pM) was monitored by
dynamic light scattering (DLS) upon addition of 0-0.5 equiv. of
Cu" (Figure 3a). In the absence of Cu", PYY,,,bipy displayed a
large assembly (75 nm radius) indicating an aggregation of
multiple PYY;;e-bipy molecules even in the absence of metal
ions, possibly due to interactions between the bipy ligands.
Upon the addition of increasing equivalents of Cu" to PYY; 5
bipy (Figure 3A), the formation of larger assemblies was
observed. This suggested that the presence of Cu" facilitated
higher-order assemblies (radii from 80 to 150 nm). In the case
of the acetylated control, a hydrodynamic radius of approx-
imately 2 nm was observed, which remained constant with
increasing concentrations of Cu". The above data indicate that
the addition of Cu" facilitates higher-order self-assemblies
through bipy coordination. Chmielewski and coworkers had
investigated the self-assembly of bipyridyl-modified collagen

peptides with the metals Fe'", Cu", Zn" and Ni" and only Fe'" and
Cu" were found to promote the assembly of the bipy-collagen-
mimetic peptide.!'?

Radiolabeling of PYY,_;; analogues

In order to evaluate the pharmacokinetics and biodistribution
of the self-assembled PYY;_¢ in vivo, PYY;_ss-bipy and PYY;_5-Ac
were conjugated N-terminally to the bifunctional chelator p-
SCN-BNn-DTPA (Scheme 2a). Bifunctional chelators (BFCs) are
chelators that can bind a radiometal and have a reactive
functional group for covalent attachment to any vector (e.g.,
peptides, antibodies, nanoparticles).”” The isothiocyanate
derivate of DTPA was chosen as it can be radiolabeled with
various radiometal ions at room temperature within a few
minutes.*? Also, one advantage of the isothiocyanate derivative
is that it can be conjugated to the peptide through the carbon
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Figure 3. Dynamic light scattering of A) PYY;_ss-bipy (100 uM) and B) PYY;_ss-Ac (100 uM) with increasing equivalents of Cu" in 0.1 mM PBS buffer (pH 7).
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: indicated that the hydrodynamic radius remained constant
| upon radioconjugation (Figure S6).
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Scheme 2. Synthesis of '"'In-DTPA-PYY,_;; radioconjugates. a) p-SCN—Bn-
DTPA, 30% MeCN in 0.1 M NaHCO, pH 9 at room temperature, overnight,
70% and b) ""'InCl;, H,0 pH 6, 25°C, 1 h, 600 rpm.

backbone and side-arm functionalization without blocking one
of the coordinating carboxylate arms.”**Y Regarding the N-
terminal modification, an alanine scan study to PYY;_;, showed
that substitutions in the N-terminal were well tolerated and led
only to a minor loss of efficacy.”” Another study showed that
lipidation in the N-terminal with a C;3 acid-yGlu reached
approximately 80% of PYY;s's maximal efficacy to the Y2
receptor.® PYY, j-bipy and PYY;;-Ac were modified N-
terminally at pH 9 by formation of a thiourea bond through
reaction with p-SCN-Bn-DTPA. After overnight incubation, the
modified PYY-chelator conjugates were purified and analyzed
by RP-HPLC (Figure 4A and B).

Radiolabeling of DTPA-PYY, ;-bipy and DTPA-PYY;_ ;-Ac
was then carried out with ""'InCl; (Scheme 2b). Indium-111 has
a physical half-life of 2.806 days” which is suitable for
investigating our tracer pharmacokinetics in vivo over a long
time range. It emits photons with multiple energies (X-rays: 22—
27 keV: 82.8%, 171 keV: 90.7%, and 245 keV: 94.1%)"® and is
thus useful for SPECT diagnostic imaging.

In the current study, the radiolabeling of DTPA-PYY;_s-bipy
and DTPA-PYY;_;.-Ac was performed at room temperature with

metal complex was assessed by an in vitro challenge with the
known chelator EDTA. EDTA (0.1 M, 10% of the total volume)
was added in excess to both ""'In-DTPA-PYY,_;,-bipy and ''In-
DTPA-PYY,_3-Ac and stirred for one day at 37°C. Aliquots were
analyzed by ITLC after 1 and 24 hours. The fraction of intact
radioconjugates was quantified by integration of the bound
fraction of ""'In" on ITLC plates, where the complexed ''In"
remained close at the origin (R;~0), whereas the free 'In
eluted with the mobile phase front (R; ~ 1). Both radio-
conjugates showed good stability towards EDTA (Table 2) over
the tested 24 hours.

In vivo imaging

To investigate the effect of the size of the self-assembled
PYY,_;¢ functionalized with bipy, on the biodistribution and the
pharmacokinetics, '"'In-DTPA-PYY,_;s-bipy complexed with
0.5 equiv. Cu" (group 1) and two controls; ""'In-DTPA-PYY;_;¢-
bipy without the addition of Cu" (group 2) and "In-DTPA-
PYY,_;6-Ac (group 3) were administered subcutaneously into
healthy mice and imaged via SPECT/CT (n=3 per group). Static
scans were performed at 0, 1, 2.5 and 6 h post injection and
mice were euthanized after 24 h, where the activity in the
whole carcass was measured and the ex vivo biodistribution
study was performed. SPECT images revealed that the peptides
travelled from the injection site through the bloodstream to the
kidneys where they were excreted into the bladder within
1 hour (Figure 5).

By assessing the organ-specific time-activity curves for the
three groups, several differences are presented in the organ
uptake. Standardized uptake values (SUVs) as a function of time
showed that about (21 £2.0)% of the radioconjugate of group
1 and (23.4+2.6)% of group 2 remained in the kidneys and

Table 2. Radiolabeling efficiency™ and transchelation stability with EDTA®
of the radioconjugates.

"InCl; (41.44 MBq) in water (850 and 400 pL respectively, | Radioconjugate  Labeling Transchelation

0.13 mg/mL) over 1 hour and produced "'In-labeled peptides at ?;ﬁmency s[g?blhty

a radiochemical yield of >95% as confirmed by radio-HPLC. 1h 24n

The radioconjugates eluted with the same retention time (t; = ITr— 9840.1 9540.4 9241.1

11.60 min) and peak shapes as the unmodified and chelator- PYY; ;,—bipy

modified PYY; 55 (Figure 4). A sample of uncomplexed '"InCl, :{iﬂ‘DTAPA‘ 95+0.5 91+0.8 90+£0.9
3-367HC

alone eluted early at the gradient (tz=1.9 min; Figure S4). On
instant thin-layer chromatography (ITLC) strips, the chelated
"MIn-DTPA-PYY; s-bipy and '"'In-DTPA-PYY; s-Ac remained at
the origin, while the free ""'In" sample moved along with the
mobile phase front (Figure S5), further supporting the radio-

ChemBioChem 2020, 21, 1-12 www.chembiochem.org
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[a] The labeling efficiency in % describes the percent bound activity from
the initial activity added to the reaction. [b] The stability describes the
percentage of bound "'In" after incubation with 10% EDTA at 37°C,
600 rpm. Measurements were performed in triplicate and are reported as
mean £ SD.
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Figure 4. (Radio)-HPLC chromatograms of A) PYY;_;-bipy (left) and PYY;_;.-Ac (right) as well as B) DTPA-PYY;_s5-bipy (left) and DTPA-PYY;_5-Ac (right), C

) "n-

DTPA-PYY,_;.-bipy (left) and '"'In-DTPA-PYY;_s.-Ac (right) and D) radiochromatograms of '"'In-DTPA-PYY,_ss-bipy (left) and '"'In-DTPA-PYY;_ss-Ac (right).

injection site after 1 h and the rest was excreted via the bladder
and urine (Figure 6). The radioconjugate of the acetylated
group 3 was excreted slightly faster as (11.3+2.5)% remained
in the kidneys and injection site 1 h post injection. All three
groups were cleared primarily through the renal pathway and
the images showed that the activity accumulated mainly in the
renal cortex rather than the medulla (Figure5). Figure 6B
depicts that the concentration of all groups in the kidney cortex
remained relatively stable for 6 h.

All three """In-DTPA-conjugated peptides showed significant
localization of radioactivity in the kidney after subcutaneous
administration. Elevated renal uptake and prolonged retention
of "In-DTPA-radiolabeled peptides has been observed and
reported in SPECT/CT imaging and therapy.”? Although the
biggest percentage of the radiolabeled peptides was excreted
into the urine 1 h post injection (Figure 6D), a small percentage
was retained in the kidney cortex (Figure 6B) due to their

ChemBioChem 2020, 21, 1-12 www.chembiochem.org

glomerular filtration, followed by tubular reabsorption.””
Studies have suggested that after glomerular filtration, peptides
and small proteins bind to endocytic receptors at the luminal
surface of the «cells of the proximal tubule and are
internalized."" It should be noted that the elevated SUV of
group 2 ("""In-DTPA-PYY,_;s-bipy) at 2.5 h might be attributed to
the coordination of the free bipy with another metal ion
present in the kidneys. It is known that substantial amounts of
iron are filtered by the kidney, but later reabsorbed to prevent
deficiency.®?

Overall, the radioactive peptide elimination was mainly
through the kidneys, and less than 1% through the liver, from
where it was secreted into the gallbladder within the first hour
post injection. Hepatic metabolism is significantly less recurrent
for most peptides than for small-molecule drugs.

6 © 2020 Wiley-VCH GmbH
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A) 1111n-DTPA-PYY; 3¢-bipy Cu'' self-assembly through coordination with Cu". We have demon-

Time (h)

Time (h)

&) 113in-DTPA-PYY, 5 -Ac

Time (h)

Figure 5. Top view maximum intensity projections (MIPs) on total body
SPECT/CT scans at various time points after subcutaneous administration of
A) ""In-DTPA-PYY;_5-bipy complexed with 0.5 equiv. Cu", B) ""'In-DTPA-
PYY;_s5-bipy, and C) ""'In-DTPA-PYY,_;s-Ac.

Ex vivo biodistribution

The ex vivo biodistribution of all three "'In-labeled peptides for
the major organs and tissues at 24 h post injection is presented
in Figure 7. The radiolabeled peptides are mainly processed
through renal clearance showing an average kidney uptake of
(29.82+0.39) %ID/g for group 3, (25.72+1.90)%ID/g for group
2 and (17.88+£2.61) %ID/g for group 1. The biodistribution data
confirmed the much lower liver uptake from the imaging data
for all three groups. For the rest of the organs relatively similar
uptakes were observed for all three peptides.

Conclusions

In summary, we have designed and synthesized a PYY;_s
analogue with a bidentate ligand that enabled higher-order

ChemBioChem 2020, 21, 1-12 www.chembiochem.org
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strated that larger metal-assisted self-assemblies were triggered
by the addition of increasing concentrations of Cu'". To
investigate the in vivo effects of the ensemble, we conjugated
the peptide with the chelator p-SCN—Bn-DTPA and radiolabeled
this with """In" to allow tracking and imaging. High-contrast
SPECT/CT images and excellent visualization of the organs were
obtained for all peptides. Quantitative SPECT imaging showed
that the peptides were excreted predominantly via the renal
pathway and less than 5% via the hepatobiliary pathway. The
PYY,_.-bipy conjugates, with and without the addition of Cu",
presented a slightly slower excretion 1h post injection than
PYY; ;-Ac, thus indicating that higher peptide self-assemblies
might influence the pharmacokinetics. This is a first step
towards the potential application of using abiotic ligands in the
controlled release of biopharmaceuticals from subcutaneous
depots.

Experimental Section

Materials

Synthesis and purification: Fmoc-protected amino acids, piperidine,
N,N-diisopropylethylamine (DIEA), trifluoroacetic acid (TFA), N-meth-
yl-2-pyrrolidone (NMP), diethyl ether (Et,0), and N,N-dimeth-
ylformamide (DMF) were purchased from Iris Biotech GmbH
(Marktredwitz, Germany). N-[(1H-benzotriazol-1-yl)(dimethylamino)
methylene]-N-methylmethanaminium  hexafluorophosphate  N-
oxide (HBTU) and 1-hydroxy-7-azabenzotriazol (HOAt) were pur-
chased from GL Biochem Ltd. (Shanghai, China). Rink functionalized
TentaGel S RAM (0.22 mmol/g) was purchased from Rapp Polymere
GmbH (Tubingen, Germany). Acetonitrile and dichloromethane
were purchased from Fisher Scientific (Thermo Fischer Scientific).
2,2'-Bipyridine-5-carboxylic acid was purchased from HetCat (Basel,
Switzerland). O-(N-succinimidyl)-1,1,3,3-tetramethyluronium tetra-
fluoroborate (TSTU), borane dimethylamine complex, tetrakis(tri-
phenylphosphine)palladium(0), triethylsilane (TES), acetic anhy-
dride, cupric chloride, and PBS (pH 7.4) were purchased from
Sigma-Aldrich.

Radiolabeling and in vivo imaging: S-2-(4-Isothiocyanatobenzyl)-
diethylenetriamine pentaacetic acid (p-SCN—Bn-DTPA) was obtained
from Macrocyclics (Plano, TX USA). Dimethyl sulfoxide (DMSO),
ethylenediaminetetraacetic acid (EDTA) and sodium bicarbonate
(NaHCO;) were purchased from Sigma-Aldrich. "'InCl; was cyclo-
tron produced and provided by BWTX (Vancouver, Canada) as a~
0.1 M HCI solution. Water was purified using an Ultra Clear Water
System (Siemens) set at 0.055 pScm™'.

Synthesis of the peptide. The linear peptide sequence was
assembled by Fmoc SPPS on an automated Initiator+ Alstra™
microwave peptide synthesizer (Biotage, Sweden). The synthesis
was carried out on a TentaGel S Rink-amide resin (0.22 mmol/g
loading) with 9-fluorenylmethyloxycarbonyl (Fmoc) for protection
of N“-amino groups except for the N-terminal lle, where Boc (tert-
butoxycarbonyl) was used. N*-Fmoc deprotection was performed at
room temperature in two stages by treating the resin with
piperidine/DMF (1:4) for 3 min followed by piperidine/DMF (1:3)
for 15 min. The resin was then washed with NMP (3x), CH,Cl, (1x)
and NMP (3x). Peptide couplings were performed using 5.5 equiv.
of N*-Fmoc amino acids in DMF (0.5 M), 5.5 equiv. of HOAt in DMF
(0.5 M), 5.0 equiv. of HBTU in DMF (0.6 M), and 9.9 equiv. of DIEA in

© 2020 Wiley-VCH GmbH
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Figure 6. Representative SUV time-activity curves for all radioconjugates in mice (n=3).

30 - ) " Synthesis of O-succinimidyl-2,2"-bipyridine-5-carboxylate. A mix-
-‘“:::gigi:z::}%:z:py cd ture of 2,2-bipyridine-5-carboxylic acid (30 mg; 0.155 mmol) and
56 o 336701PY TSTU (89 mg; 0.297 mmol; 1.92 equiv.) was suspended in dry DMF

Bl "'In-DTPA-PYYj 55-Ac (0.5 mL). DIEA (50 uL; 0.297 mmol; 1.92 equiv.) was added dropwise
15 to provide a dark-brown solution, which was left stirring at room
10 temperature overnight. Water (5 mL) was added to precipitate the
- product. After centrifugation, the precipitate was redissolved in
MeCN and concentrated to provide a white solid. Yield: 55%;
'HNMR (500 MHz; CD,CN): 6=9.33 (dd, J=2.2, 0.9 Hz, TH), 8.73
(ddd, /=4.8, 1.8, 0.9 Hz, 1H), 8.62 (dd, /=8.4, 0.9 Hz, 1H), 8.54 (dd,
J=8.4, 2.2 Hz, 1H), 852 (dt, J=8.0, 1.1 Hz, 1H), 7.97 (td, J=7.8,
1.8 Hz, 1H), 7.48 (ddd, /J=7.6, 4.8, 1.2 Hz, 1H), 2.88 ppm (s, 4 H).
BCNMR (125 MHz; CD,CN): 6=171.0, 162.2, 162.0, 155.2, 151.7,
150.7, 139.7, 138.4, 126.2, 122.8, 122.2, 121.7, 26.5 ppm.
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Synthesis of PYY;_;; analogues. To synthesize PYY,_;, analogues,
i I S resin-bound Boc-[R* K", W IPYY,_;; was selectively elongated at the
€-amine of Lys7 using SPPS. The Alloc group protecting the &-
amine of Lys7 was manually deprotected using 1 equiv. tetrakis
(triphenylphosphine)palladium(0) and 1.5 equiv. borane dimeth-
ylamine complex in CH,Cl,, which had been bubbled with argon
gas. CH,Cl, (10 mL) was added to the resin, and the mixture was
Figure 7. Biodistribution of the tested radioconjugates showing organ flushed with argon for 15 min prior to the addition of the borane
uptake expressed as %ID/g 24 h post-injection. dimethylamine complex, followed by an additional 10 min of argon

flow. Subsequently, tetrakis(triphenylphosphine)palladium(0) was

added and the reaction was left with argon bubbling for 2 h at
NMP (2 M). The coupling time was 10 min at 75°C, after which the =~ room temperature. Afterwards, the resin was washed sequentially

resin was washed with NMP (3x), CH,Cl, (1x), and NMP (3x). with CH,Cl, (3x), DMF (3x), and CH,Cl, (3x). Alloc removal was
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of 95:2.5:2.5 TFA/TES/H,0 for 2 h at room temperature. The resin
was washed with DMF (3x), CH,Cl, (3x) and DMF (3x) and it was
divided into two portions: Portion i) was acetylated to the e-amine
of Lys7 with 25% Ac,0 in DMF (6 mL) for 2 h at room temperature
and portion ii) was coupled to the succinimide ester of bipyridine
that was dissolved in 0.02 M DIEA in DMF (3 mL). The latter reaction
was shaken for 5h (150 rpm) at room temperature, after which it
was washed with DMF (3x).

Purification of peptides. After synthesis, resins were washed with
DMF (3x) and CH,Cl, (3x). The peptides were released from the solid
support by treatment with TFA/H,O/TES (95:2.5:2.5; 10 mL) for 2 h.
Following cleavage, the TFA solutions were concentrated by
nitrogen flow and the compounds were precipitated with cold
diethyl ether to yield the crude product as white powder. Then, the
peptides were purified by RP-HPLC on a Dionex Ultimate 3000
system (Thermo Scientific) with a preparative C,3 column (Phenom-
enex Gemini, 110A 5 um C,g particles, 21.2x100 mm) using the
following system: solvent A, water containing 0.1% TFA; solvent B,
acetonitrile containing 0.1% TFA. B gradient elution (5-100% over
25 min) was applied at a flow rate of 20 mLmin™' and column
effluent was monitored by UV absorbance at 215 nm.

Analysis of peptides. Identification and quantification were carried
out on analytical HPLC on a Dionex Ultimate 3000 system (Thermo
Scientific) with a Jupiter C, column (5 um, 150 x4.6 mm) coupled to
a ESI-MS (MSQ Plus Mass Spectrometer, Thermo). The column was
eluted using a linear gradient flow of water-acetonitrile containing
0.1% formic acid at a flow rate of 1.0 mLmin™".

UV/vis analysis. UV/vis spectra were recorded on a Jasco V-650
spectrophotometer using rectangular Hellma quartz cells with a
light path of 3.00 mm. The peptide solutions were 100 uM in
0.1 mM PBS pH 7.4 and various concentrations of CuCl, were added.
The solutions were equilibrated overnight at room temperature.

Dynamic light scattering. Samples (100 uM in 0.1 mM PBS buffer
pH 7.4) were filtered into quartz cuvettes through 0.45 pm filters.
The calculated amount of Cu" was added followed by addition of
0.1 mM PBS pH 7.4 (60 pL). The solutions were equilibrated over-
night at room temperature. All DLS measurements were performed
on a Malvern Zetasizer pV instrument at 25°C using a quartz
cuvette with 1.25mm light path length. Measurements were
obtained as 4 acquisitions of 12-16 cycles, and the size distribution
was taken as an average of four repeated measurements. Data were
analyzed using the Zetasizer Software v7.11.

Chelator-modified peptide syntheses. In two separate vials,
PYY; ;¢-bipy and PYY; ;-Ac were dissolved with 30% CH;CN in
0.1 M sodium bicarbonate buffer (500 pL, pH9) to a final
concentration of 2 g/L (0.23 umol) and the chelator solution of p-
SCN-Bn-DTPA was added (25 pL, 20 g/L, 4 equiv.). p-SCN—Bn-DTPA
stock solution was in anhydrous DMSO. The pH of the reaction
mixtures was adjusted to pH 8.5-9.0 with Na,COs, and the mixtures
were incubated overnight at room temperature with agitation
(600 rpm). The course of the reaction was monitored by RP-HPLC.
After 21 h, the mixtures were purified on a HPLC Waters Alliance
€2695 Separations module coupled to a Waters 2489 UV/vis
detector. The column was an analytical C,; (Waters, Atlantis T3
column, 100 A, 5 um particle size, 4.6 x 150 mm) supported by a C,g
guard cartridge and was operated in an oven (40°C). Employed
mobile phases were 0.1% TFA in water (eluent C) and 0.1% TFA in
acetonitrile (eluent D). The linear gradient used was 5-100% of B
with a flow rate of 1.00 mL/min over 15 min.

""In radiolabeling of DTPA-PYY,_;; analogues. '"'InCl; (47.36 MBq)
was added to DTPA-PYY,_;.-bipy (that was later treated with Cu") in
MilliQ water (0.13 g/L in 399 ulL), and the reaction mixture was
stirred (600 rpm) at room temperature for 1 h. For '"'In labeling of
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DTPA-PYY, s,-bipy without any addition of Cu", """InCl; (61.05 MBq)
was added to MilliQ water (0.13 g/L of the peptide in 405 L),
whereas for "'In-DTPA-PYY, ;s-Ac 76.96 MBq was introduced to
405 pL of water and the reactions mixtures were stirred (600 rpm)
at room temperature for 1 h. Instant thin layer chromatography
(ITLC) showed high labeling efficiency and radiochemical purity of
>97% was achieved for the labeled peptides as determined by
radio HPLC. The activities were measured using a Capintec CRC-
55tR dose calibrator. Finally, 45 pL of 9% saline were added to each
of the three reaction mixtures. The activity for each group was
equal to 41.44 MBq at the time of injection (decay corrected).

Radiolabeling efficiency and purity of '"'In-DTPA-PYY, ;¢ conju-
gates. The radiolabeling purity was determined by radio-HPLC
using the same Waters Alliance e2695 separations module as
described above coupled to a LabLogic Scan-Waters RAM radio-
detector. The labeling efficiency was measured by ITLC using
Biodex Tec-Control chromatography strips (#150-771, dark green)
developed with an aqueous EDTA solution as a mobile phase
(0.1 M). The "In-DTPA-PYY,_ss-bipy and ""'In-DTPA-PYY;_;,-Ac con-
jugates, which have larger molecular weight, would remain at the
origin, while the free "'In" moves with the mobile phase at the
solvent front [Retention factor: R, (""'In-DTPA-PYY,_ss-bipy or "'In-
DTPA-PYY; 5-Ac) =0, R; (free ""'In")=1]. The developed ITLC strips
were analyzed on a Packard Cyclone Phosphorimager (Mississauga,
ON, Canada) and a photostimulable phosphor plate using the
OptiQuant software.

Stability study. The complex stability of '"'In-DTPA-PYY;_;s-bipy and
"In-DTPA-PYY,_;-Ac was determined at different time intervals
using ITLC in the presence of 10% of EDTA (0.1 M). Briefly, 1 uL of
EDTA solution (pH 7.4, 10 mM) was added to 9 puL of the radio-
labeled pure solution (0.02 mM) and mixed at 37°C and 650 rpm on
an Eppendorf thermal shaker. The resultant solutions were
incubated for 1 h and 24 h and analyzed by ITLC. To measure EDTA
transchelation the radioactive intensities on the ITLC were
integrated and compared [R; (""'In-DTPA-PYY,_ss-bipy or '"'In-DTPA-
PYY;_35-Ac) =0, R (free """y =1].

Cu" complexation. For copper complexation, 0.5 equiv. of CuCl,
(10 pL; 500 uM stock solution) was added to '"'In-DTPA-PYY;_ss-bipy
in MilliQ water (0.13 g/L in 399 L) and was left at room temper-
ature to equilibrate overnight.

In vivo SPECT/CT imaging. This study was performed in accordance
with the Canadian Council on Animal Care (CCAC) and protocol
approved by the Animal Care Committee (ACC) of the University of
British Columbia (A16-0150). '"In-DTPA radioconjugates were
prepared as described above on the day prior to the experiment
and were stored overnight at 4°C. On the day of administration,
quality control of the radioconjugates was performed by radio-
HPLC and ITLC. Healthy 6-8 week-old female C57BI/6 mice (~20 g)
were obtained from Charles River and allowed free access to food
and water. The mice were sorted into three groups of three
individuals. Mice were anesthetized with isoflurane on a precision
vaporizer (5% in oxygen for induction, between 1.5 and 2.5% in
oxygen for maintenance) and received a subcutaneous injection
(SQ) of lactated Ringer's (0.5 mL) for hydration prior to the last two
imaging scans. After the induction of anesthesia, an injection of
100 ub (12 pg) of "™In-DTPA-PYY; ss-bipy Cu', "'In-DTPA-PYY; 3¢
bipy and """In-DTPA-PYY;_s-Ac in 0.9% saline was SQ administered
to each group, respectively. Average injected activity was 7.4 MBq
per mouse. Immediately after injection, the animal was prepared
for SPECT/CT imaging. Respiratory rate and temperature were
monitored constantly during the scans, and isoflurane and bed
temperature adjusted accordingly. Animals were recovered after
each scan and euthanized 24 h post-injection by CO, asphyxiation
under isoflurane anesthesia. Cardiac puncture was promptly
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performed to recover blood, and the organs of interest were
harvested for a full biodistribution.

SPECT/CT parameters and image reconstruction. The SPECT/CT
imaging was performed using a VECTor/CT preclinical small animal
scanner (MlLabs, Utrecht, The Netherlands) equipped with an extra
ultra-high sensitivity pinhole collimator (XUHS). Immediately after
injection, static whole-body images were acquired at 0, 1, 2.5 and
6 h post injection. Static 10 min scans were performed at 0 and 1 h
scans, while longer imaging times of 20 min were performed at
subsequent imaging time-points (2.5 and 6 h). Following each
SPECT acquisition, a whole-body CT scan was acquired to obtain
anatomical information and both images were registered. The "'In
photopeak window was centered at 171 keV with a 20% energy
window width. CT scans were acquired with a tube setting of 55 kV
and 615 pA. In total 2 frames of 180 projections over 360° were
acquired in step and shoot rotation mode. The acquired projection
data was reconstructed using SkyScan NRecon software to generate
a 3D CT image on 0.169 mm? voxel size. For quantitative analysis,
SPECT image reconstructions were carried out with a pixel-ordered
subset expectation maximization (POSEM) algorithm® that in-
cluded resolution recovery and compensation for distance-depend-
ent pinhole sensitivity. For the SPECT images, we used 16 subsets,
6 iterations, and an isotropic 0.4 mm voxel grid. The images were
decay corrected to the starting scan time, and after CT registration,
attenuation correction was applied. For visual representation, the
reconstructed volumes of SPECT scans were post-filtered with a 3D
Gaussian filter. Volumes of interest (VOIs) were manually defined
using the imaging software AMIDE (v.1.0.5)®¥ to determine the
time-activity pattern per target organ. Thus, the delineated regions
were liver, bladder, kidneys and injection site. The average organ
activity per volume was obtained from the SPECT images, and the
standardized uptake value (SUV) calculated for each organ. In order
to relate the scanner units (counts/voxel) to radioactivity concen-
tration, a calibration factor was determined scanning a source with
a known concentration of '"'In. Mice were sacrificed for ex vivo
biodistribution, and the radioactivity in diverse organs was
determined by gamma counting.

Ex vivo biodistribution. A complete biodistribution was conducted
(blood, heart, liver, kidneys, lungs, small intestine, brain, bladder,
muscle, spleen, stomach, pancreas, feces, urine and gallbladder) at
24 h post-injection. The organs were cleaned from blood and
weighed, and the radioactivity was measured using a calibrated
gamma counter (Packard Cobra Il Autogamma counter, PerkinElm-
er). Total organ weights were used for the calculations of injected
dose per gram of tissue (% ID/g organ) except for blood, muscle,
and bone, where average literature values were used.””

Statistical analysis. Data were compiled in Microsoft Excel and
evaluated in GraphPad Prism and Excel. All data are expressed as
mean = standard deviation (SD). Outliers were identified via a
Grubbs test (p <0.05) and were excluded from the reported results.
Statistical analysis for the biodistribution and the standard uptake
values of each organ was performed by multiple t-tests assuming
equal variance. The difference was considered statistically signifi-
cant when P value was < 0.05.
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Peptide self-assembly: Radiolabeling
of a re-engineered peptide YY; 5
(PYY;_36) with a 2,2"-bipyridine ligand
enabled higher-order self-assemblies
through coordination with Cu'". We
studied the effect of the self-
assembly in vivo by using non-
invasive quantitative bioimaging.
Abiotic ligands might influence the
controlled release of biopharmaceuti-
cals from subcutaneous depots.
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