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ABSTRACT

Radiolabelled Copper Complexes for Cancer Imaging

Rebekka Hueting submitted for DPhil
Oriel College Trinity Term 2011

Chapter One introduces molecular imaging and the modalitiesilable for oncological imaging.
The radioisotopes and imaging agents for Positmis&on Tomography (PET) and Single Photon
Emission Computed Tomography (SPECT) are discussgather with the bifunctional chelator
approach for radiolabelling of biomolecules. Fipathe chemistry and radioisotopes of copper are
described, and copper bis(thiosemicarbazonato) lkecmp introduced in the context of PET
imaging.

Chapter Two describes the synthesis and characterisation oflnmarboxylate- and maleimide-
functionalised bis(thiosemicarbazonates) and theitjugation to biologically active molecules.
Radiolabelling of a chelator-bombesin conjugate aestrated site-specific labelling at room
temperature and preliminaiip vitro andin vivo studies confirmed its potential as an imaging
agent. Bioconjugation to a model protein and subsegradiolabelling was also investigated.
Chapter Three introduces molecular imaging of hypoxia with ads@n CuATSM. An overview
of the currently accepted mechanism of hypoxiactieiéy is presented. The emphasis is placed on
the relationship between oxygenation status, upsakretention which display cell- and tumour-
line dependency.

Chapter Four presents the synthesis of copper bis(thiosemicari@des), radiolabelled either at
the metal (**Cu) or at theligand (*F or **) for mechanistic studies. The physicochemical
characteristics of the copper complexes were medsand the complexes evaluated for tlhwir
vitro hypoxia selectivity.

Chapter Five describedn vitro andin vivo studies of the orthogonally radiolabelled comptexe
inclusive of control experiments witfi*CulCUATSM, the radiolabelled proligand arfdqu]Cu*
salts.In vitro cellular assays, as well asvivo biodistribution studies including dynamic PET and
SPECT were performed. Stability studies contradtign vitro andin vivo behaviour were carried
out. The collective data suggest that the currgmthposed redox trapping mechanism might not
provide a full understanding of the factors govegrbiodistribution and tumour uptake.

Chapter Six contains full experimental details for the work d#sed in this thesis
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CHAPTER ONE

1.1 Medical Imaging

1.1.1 Impact of Medical Imaging on Clinical Medicine

Many advances in modern medicine can be attribtdetthe success of proteomic and genomic
research in identifying molecular and cellular des that occur as a result of disease. Medical
imaging provides non-invasive methods to detectiestigate and monitor disease specific
aberrations. Since the accidental discovery of y&ttay Roentgen in 1895, conventional X-ray and
X-ray computed tomography (CT) have become indispkle in routine clinical practice to
provide anatomical information. These are now bewognplemented by so-called molecular
imaging (MI) modalities. These enable “the visualian, characterization and measurements of
biological processes at the molecular and cellelezl in humans and other living systems*MI

is non-invasive and yields information that mayesthise require tissue sampling, excision or fluid
analysis. It also allows repeated imaging to mardisease progression or treatment success. Since
molecular imaging can be used to follow a suitgbdylio-)labelled drug to and at its target sites
vivo, it has found also applications in drug developirfen determining a drug’s mechanism of

action, possible metabolites, dose regimens aathtent protocold.*

1.2 Molecular Imaging in Cancer

1.2.1 Cancer Biology

Cancer is not a single disease but representslecttoh of more than one-hundred different
diseases that cause the transformation of normial ioto malignant neoplasmCarcinogenesis
firstly involves changes at the genetic level {@iibn). Genetic damage such as a point mutation,
gene rearrangement or gene deletion occurs whigkesacells to become cancerous (promofion).
® The cells can then undergo profound biochemicahgks and become immortalized and evade
surveillance by the human immune system (progregsiost cancers involve formation of solid
mass lesions, whose size and location can be ddtecth radiological imaging (X-ray, CT, MR,
Ultrasound). However, anatomical imaging can misslk cancers and is unable to distinguish

between benign and malignant lesions, or indeadridsom normal tissue. Following the changes



CHAPTER ONE

in the genotype, so called phenotypic changes paurh as increased glucose metabolism,
angiogenesis and increased receptor expressiore(Tab These alterations often precede the
formation of solid mass lesions. Molecular imagitechniques such as Positron Emission
Tomography (PET) and Single Photon Emission Conmjaet® Tomography (SPECT) offer the
possibility of imaging these molecular and funcibohanges. Radiotracers are being developed
that target a specific biological process and helpcharacterise the tumour biology. Nuclear
medicine imaging techniques thus provide high seitgi and specificity which complement the
high resolution achieved through anatomic imagbiggnosis can thus be made earlier and more

accurately than with anatomical techniques alomalifating individualised patient management.

Function Increased Decreased

Glucose metabolism

Amino Acid Transport
Protein Synthesis

DNA Synthesis

Blood Flow

Receptor Expression
Oxygen tension

Hypoxia

Apoptosis

Angiogenesis, vascular density
Vascular permeability
Oncogene products

Many other genetic markers

Table 1 Molecular and functional alterations in cancerapteéd from reference®.®

A variety of targeting groups have been investigate biomarkers to visualise the above disease
characteristics. Radiolabelled amino-acids and rsugeay be used in order to detect increased
amino acid transport and increased glycolysis, sthihdiolabelled nucleosides analogues can
interact in the DNA synthesis pathway and thus ji®a non-invasive measure of proliferation.

Several cancers overexpress receptors either ooethenembrane (neuroendocrine tumours) or
within the cells (oestrogen receptors in breastegrand radiolabelled variants of drug molecules

and peptides that bind to these receptors candikfasimaging: °
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Larger radiolabelled biomolecules such as proteind antibodies bind to tumour associated
antigenic binding site3?° Since a detailed discussion of imaging biomarketseyond the scope
of this introduction, selected examples througheilit aim to highlight the application of such

molecules to molecular imaging using PET and SPECT.

1.3 Molecular Imaging Modalities

A range of modalities is available for molecularagmg. Whilst each of the techniques
summarised in Table 2 has its strengths, no siteglenique is universally suitable for all clinical
applications. Hence, recent efforts have also demsed dual modality approaches to improve
diagnosis, for instance by combining the high nesoh of MRI with the high sensitivity of PET
and integrated whole-body PET/MRI scanners haveadir been used clinicalt}. ** The work
presented in this thesis relates to PET and SPERArefore, CT and MRI are explained briefly in

the context of anatomical referencing but due tacsplimitations, other techniques will not be

discussed.

Technique Resolution  Depth Time Imaging Agent  Targe Rel. Cost
MR 10-100 pm no limit  min-hours  Gd, Fe* A P, M ££E
CT 50 pm no limit  min lodine, B&* A P ££
Ultrasound 50 pm <10 cm real-time Microbubbles A P ££
PET 1-2 mm No limit ~ min F, e, 0 P, M £EE
SPECT 1-2 mm No limit  min 9rTe, My, 1% P, M ££
Fluoroscopy 1 mm No limit  real-time B&" A P £

*A, anatomical; P, physiological; M, molecular.

Table 2 Overview of clinically used medical imaging techmég. Adapted from reference 3.

1.3.1 Single Photon Emission Computerised Tomography (SRET)

SPECT imaging relies on the emissionggoiys from a radionuclide. The photons are detected
using a gamma camera that collects multiple 2D asa several angles around the object, before
tomographically reconstructing these into a 3D iedg order to accurately determine the origin
of the gray, collimators are fitted to exclude incidentysaoutside a small angular range.

Collimators typically only detect 1 in 5000 photombich reduces signal intensity compared to
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PET where no collimation is required. In contrastPET, where resolution is governed by the
positron range, resolution in SPECT is only limitadtechnology. New collimator designs, such as
pinhole collimators can increase imaging resolufmmsmall organs, human extremities and small
animals to <1 mm, but depending on collimator desibese may compromise sensitivity and are
not yet available for whole body human imaging. Tise of combined SPECT/CT permits

anatomical referencing of the SPECT image.

1.3.2 SPECT radionuclides

A range of SPECT radioisotopes that have been alsgdally are summarised in Table'3.

Radioisotope Half life (h)  Production method Emission Type lgEnergy (MeV)

1 13.2 Cyclotron“Xe (p,2p)  Electron Capture /0.16 (see 1.3.2.2)
139 193 Reactor “andg /0.364,0.6 °

R 6 Generatot"Mo (6d) Isomeric Transition 10.14

Hin 67.9 Cyclotron'®Ag (a, 2n)  Electron Capture /10.17/0.25

*Ga 78.3 Cyclotron®*Cu (a, 2n)  Electron Capture /0.09/0.19/ 0.30

Table 3Common SPECT radionuclidés.

1.3.2.1 Technetium-99m

Technetium-99m is often the SPECT isotope of chagd is available at low cost and possesses
favourable decay characteristics (140 kg}¥=t6.02 h) for imaging with commercially availalge
cameras. f"Tc]TcO g is eluted from a*Mo/*™Tc generator in saline for on-site
radiopharmaceutical production using commercialsilable kits. The Tc is reduced to the
required oxidation state in the presence of a tigdie®™™ c-labelled complexes used in imaging
can be divided into two categories. “Technetiumensial” agents are those in which technetium
incorporation determines the structure and physieodcal characteristics such as size,
lipophilicity and charge that govern the biologibahaviour. Neutra’™Tc-complexes are used for
cerebral perfusion imaging, cationic for myocardiadaging and anionic for renal imaging;

examples are depicted in Figure 1.
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Figure 1 Structures of selectéd™Tc radiopharmaceuticals.

An example of a technetium-tagged or “technetiunm-essential” agent is*{"Tc]Tc-Trodat,
where a technetium chelator is conjugated to pleapdne as a targeting vector for imaging

dopamine receptors.

1.3.2.2 lodine-123

123 is most commonly produced by proton bombardmént’®e using a medium sized biomedical
cyclotron?® **Xe is formed and subsequently decays to eleméfitahs shown in Scheme 3

is washed out of the target chamber as 123-iodidmay elution with dilute sodium hydroxide in
a halogen disproportionation reaction, before aexchange chromatography is used to
concentrate the radioiodide and to harvest noriezamdded* of high isotopic purity in 0.05 M
NaOH. ' decays by electron capture with emissiongahdiation. The energy of the photons,
159 keV, is ideally suited to the excitation of thal (sodium iodide) crystal detector of current

gamma cameras and for the pinhole collimatbrs.

124Xe

(p.2n) (p.pn) (p.2p)

1230 123y 123) EC, y-decay
5.9 min 2.08 h 159 keV, 13.2h

123Te

Scheme 1(a) Decay scheme showing production and deca§IcBPECT isotopé>
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123 is not only more suitable for imaging purposeartithe therapeutically uséth-isotope due to
lower radiation burden, but allows higher counesaand better resolutidhand thus, its clinical
use has increased in recent yeaf:ioflupane (DaTSCAN™) is used to differentiate erstal
tremor from Parkinsonian symptoms related to idibjgaParkinson’s Disease, as well as to
distinguish  dementia with Lewy bodies (DLB) from zAkimers diseas®.
[**]Metaiodobenzylguanidine (Adreview™) is a trackatt accumulates in adrenergic tissue and
iIs used to identify neuroendocrine tumours, iscleemieart disease and drug-induced

cardiotoxicity*> *’

F
Co o5 I
N O 123|
123| \©/\

DaTSCAN™ Adreview™

Iz

NH,

Figure 2 The clinically used®-labelled radiotracers DaTSCAN™ and Adreview™.

1.3.3 Positron Emission Tomography (PET)

Positron Emission Tomography (PET) relies on the af positron emitting isotopes. As the
radionuclide decays, it ejects a positron fromrtheleus that will travel a short distance depending
on its kinetic energy before interacting with aaotton. The resultant annihilation produces a pair
of antiparallel 511 keV photons emitted at an aml&79.5° — 180° that are detected by a circular
array of detectors (Scheme®2).

The detection method, known as annihilation coiecak detection (AOD), only detects (near)
coincident pairs of photons, removing the needhfechanical collimation. This provides PET with
higher resolution and increased sensitivity comgatr@ its single-photon colleague SPECT.

Typically, PET achieves a 2-3 mm resolution com@aces-8 mm in SPECH
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4. coincidence def

A

5. image reconstruction

1.

Scheme 2Schematic representation of Positron Emission Tgraphy. The right image depicts a PET/CT
image of anfF]NaF bone scan showing several compression frestincluding the L1 superior endplate
and right rib. Reprinted with permission from refiece 19.

AOD determines a decay event within a line of resgo(LOR) along which the emission point is
localised, tomographic reconstruction then caleslahe point of emission to create a 3D image.
Provided several corrections are applied (atteanatcatter, random coincidences and dead time)
PET can also provide quantitative information abegional radioactivity concentrations which

enables kinetic modelling of the data.

1.3.4 Conventional PET radionuclides

1.3.4.1 Fluorine-18

Fluorine-18 is the most widely used PET radionuwlehd provides near ideal characteristics
(ty2= 110 min, "= 100%, 0.635 MeV) for high resolution PET. The elecated use of PET and
"¥F_PET in particular can attributed to the glucosetaholic tracer, ‘fF]-2-fluoro-2-deoxy-D-
glucose (°FJFDG), developed by Fowler and co-workers at BraokenZ® % [*®F]FDG is taken up
into the cellvia glucose transport proteins where it is phosphteglao {*F]FDG-6-phosphate. It
cannot undergo glycolysis in the same manner aghi6-phosphate as the C-2 hydroxyl group
essential for further metabolism has been replabgd™F, causing the tracer to become
metabolically trapped. Although originally develdptr imaging brain metabolisf,[**F]FDG-

PET has found applications mainly in oncology doehe increased glycolysis of cancer cells.
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FDG is routinely used for diagnosis, staging anal@ating therapeutic response of cancers such as

lymphoma, colorectal cancer, breast cancer andnoela® **

Figure 3 (left) Structures of ‘fF]-2-fluoro-2-deoxy-D-glucose {{FJFDG) and {°FJFDOPA (middle and
right) CT and fused'fFJFDG-PET/CT of a colorectal cancer patient wising tumour markers as indicated
by PET but negative conventional imaging (CT). Repd with permission from reference 25.

The synthesis ofF-labelled tracers can be broadly categorisednnteophilic and electrophilic
fluorination approachés. Nucleophilic fluorination is the method of choies it utilises high
specific activity {°F]fluoride that can be produced via tH®(p,n)*F nuclear reaction on small
biomedical cyclotrons. The fluoride is isolatedifD]H,O and dried by azeotropic distillatiovith
acetonitrile. Addition of a cryptand, such as timirepolyether Kryptofix 2.2.2 (K., captures
the metal cation (R and separates it from the fluoride ion, thereblgasmcing its nucleophilicity

and solubilising it in a polar aprotic solvent (8ofe 3).

80(p,n)'8F K,CO i
H,'®0 O 7F_ '8F+(H,%0), ﬁ’ K*18F~(H,'80)n.Ko 22

Scheme FPreparation of’F for nucleophilic fluorination reactions.

The resultantlfF]F' K*K,.,,complex can be used to introduce fluorida nucleophilic aromatic
substitution into aromatic rings, provided thpgssess good leaving groups (Cl < F <,NO
N*Me;) and are sufficiently activated by electron-withwiing groups such as 3- or 4-N@-Ac,

4-CHO, 4-CN or 4-CE?" Aliphatic nucleophilic substitution, employed fibre synthesis of agents
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such asfF]JFDG and f°FJFMISO (Chapter 3.2.2.2), requires good leavingugs such as triflate,
tosylate, iodo or bromo, but does not rely on atihg groups® *’

Electrophilic fluorination usesJF]F,, which is produced through the addition of carEg(0.2 %)

to the enriched'fO]0O, target, resulting in significantly lower specifictivity (1GBq pmotf) than

is achieved for nucleophilic*¥F]fluoride (up to 550 GBq pumd). In addition, labelling with
[*®F]F, often leads to fluorinated side products due éor&activity of . Nonetheless, certain PET
tracers rely on electrophilic synthesis, such *88]JfDOPA and ’F]fluoro-m-tyrosine, both of
which are investigated for imaging the dopaminergystem in the diagnosis of Parkinson’s
disease. Recent efforts have improved electrophi&thods, for instance by producing high
specific activity'®F[F,] in a post-target method from®F]fluoride?® Work by the Gouverneur
group has used this to synthesise selectfife electrophilic fluorination reagents such as
[*®F]Selectfluor and'fFINFSI2% *°

Direct *®F-fluorination requires substrates that toleratéydnous organic solvents or elevated
temperatures. Henc¥F-labelling of sensitive biomolecules such as piEgstiand proteins is often
accomplished by first labelling so-called prosthegroups, which are then conjugated to the
molecules of interest. A range of thé&e-synthons has been reported, some of which arietddp

in Figure 42%3%32

(0]
(0]
18
/@)J\O/N F\/\N3 /@)LH
18F (0] 18F

Figure 4 Commonly used prosthetic groups for tffe labelling of peptides and proteins.

1.3.4.2 Carbon, Oxygen and Nitrogen

Since carbon is abundant in natural products ang dnolecules, the use of carbon-11 allows
incorporation of a positron-emitting isotope with@hanging the chemical or biological properties
of the compound. Carbon-11 is cyclotron produc¥dl(p,a)''C) and isolated as™{C]CO, or
[''C]CH, from the target. Normally it is converted to the showidely used precursors

[*'C]methyliodide and ‘fC]methyltriflate for methylation of C, N, O and Sigleophiles. The

10



CHAPTER ONE

20.4 min half-life generally limits synthetic pratees, but reactions such € methylation or
metal-mediated'C carbonylation successfully introdut€ as the final radiolabelling stép?

A widely investigatedC tracer synthesiseda alkylation is L-f'C-methyl]-methionine (Met).
[*'C]Met images increased amino acid metabolism iunsand has proven superiori6[FDG]

for the imaging of certain brain tumours (Figuré®s)

2.["CICH;,l

s SuCHs
i 1. Nain NH3 (lig) i
HN" > CO,H

H,NT >CO,H

L-["'C-methyl]-methionine

Figure 5 (left) Synthesis of fC]Met by alkylation on a sulphur nucleophile usiitC]CHsl ** (right) PET
performed with (A)**F[FDG] and (B) {'C]Met in an anaplastic astrocytoma brain tumouiiepat FDG
tumour uptake was equivalent to that in corticalygmatter whereas tumour uptake of Met was hign t
in the cortex, allowing definition of a target floiopsy. Reprinted with permission from Reference 35

The extremely short half-lives of nitrogen-13,(t 10 min) and oxygen-15,{ = 2 min) permit
repeat PET procedures to be carried out withintdimoe-periods but in turn restrict their use to
single step synthetic procedures which somewhatslitheir clinical utility. Both are generally
used in the chemical form obtained from the cycdlottarget or converted into simple products for
inhalation or injectiorf® For instance, nitrogen-13°Q(pa)*®N) is obtained as nitrate/nitrite in
water and reduced to"N]NH; for myocardial blood flow imaging. Oxygen-15, cowmy
generated via th&N(d,n)®0O nuclear reaction, is used d3JJCO, or [O]H,O for imaging of

cerebral blood flow.

11



CHAPTER ONE

1.3.5 Metallic PET Radionuclides

[**F]NaF and {°FIFDG are only two FDA approved PET radiotracersoimcology-® Whilst
[**F]FDG has dominated clinical applications of PEfere is a need for imaging molecular
processes other than glucose metabolism, for iogfda measure tumour progression after surgery
or to probe metabolically already very active tessisuch as the brain. This requires disease-
specific agents. Increasingly, PET is turning taigareceptor targeted imaging that utilises
peptides, proteins and antibodies that target tecepnd antigens upregulated in disease with high
specificity. Radiolabeled trace quantities of thdsemarkers can monitor pathophysiological
processes at doses free from pharmacological $idet® The traditional PET isotope¥, ''C,

*0 and*®N are ideally suited for small molecule PET traceithiast pharmacokinetics. Several
¥ _labelled peptides have been explored successfuthe clinic, but the short-lived radioisotopes
generally do not cater for the biological half-svand pharmacokinetics of larger biomolecular
targeting vectors. In addition, their typical ldbej conditions are not compatible with many
sensitive biomolecules.

As an alternative, metallic PET radionuclides offerange of different half-lives to match the

pharmacokinetics and biological half-life of thegeting biomolecule (Table 4).

Decay mode (%

branching ratio) E( ) /keV  Human studies

Radionuclide Half-life Production route

*Ga 68 min  *“Gef'Ga EC + *(100) 836.02 yes
Generator *(89.14)
ey’ 12.7 h ®Ni(p,n)*"Cu EC+ *(61.5) 278.2 yes
Cyclotron *(19)
(40)
8y 14.7 h 8Sr(p,nfey EC + *(100) 535 yes
Cyclotron " (31.9)
87r 78.4h &Y (p,n)*zr EC + *(100) 3955 yes
cyclotron T (22.74)

Table 4 Metallic PET radionuclide$.*® %

For instance, radioimmunoPET with intact monoclargibodies (mAbs) requires several hours to
days for antibody localization and clearance froatkground tissue in order to achieve good

signals® For instance, recent efforts have focused onahelling of mAbs with long-lived®zr to

" The complete set of copper radionuclides is diseaisn section 1.5.1

12
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target oncogenic markers such as Epidermal GrowdhbtoF Receptor (EGFRYJ, carbonic
anhydrase (CA-IX¥ or Prostate-Specific Membrane Antigen (PSMAsing Desferrioxamine
(DFO) as a chelator for the Zr(1V) idf.

Yttrium-86 has been explored primarily for dosingestudies as an isotopic surrogate for the
therapeutic isotop&Y, but several peptides and antibody ba&$¥ePET agents have recently been
reported® In contrast, short-lived®Ga is suited for labelling peptide and oligonudigetbased
tracers.®®Ga is currently the only readily available genergmduced PET radioisotope with
short/intermediate half-life, offeringlat-based PET radiolabeling approach, such asaimpioyed
for clinically used®™Tc SPECT agents. Radiocopper offers a range okreift half-lives.
Copper-64 in particular has been investigateddbelling of small molecules as well as peptides

and antibodies or antibody fragments.

1.3.6 CT and MRI for Hybrid Nuclear Imaging

Computed Tomography (CT) is based on a series @&yXimages taken at various angles around
the object. The X-rays are attenuated to diffeexténts by the bones and tissue. Computational
processing then affords a 3-D image with sub-mélire resolutiori. In Magnetic Resonance
Imaging (MRI), the patient is surrounded by an mdé magnetic field (1.5-14.1 Tesla). A
radiofrequency field is then applied to cause angbain nuclear spin orientation of NMR active
nuclei (H, F or*P) so that they align with the magnetic field. Ration of the excited nuclei
emits a radiofrequency signal whose intensity eratteristic for the nucleus, its concentration and
the relaxation time Tand T, (where T = spin lattice relaxation time constant and depenrdghe
time taken to relax back to the ground state agwl Spin-spin relaxation time constant, determined
by the time taken for the nuclei to de-phase). d&kected signal is Fourier-transformed and a 3D
image is produced. Since, Bind T, are tissue dependent they are used to determifezedices
between'H nuclei in different environments. Whilst SPECT/@T widely used clinically, dual

PET/CT has also been implemented in clinical useesR001.

13
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1.3.7 Therapeutic applications of radionuclides

Radiotherapy relies on the use of high energy tatidrom X-rays,g-rays or particles in order to
kill cancer cells *? Several radionuclides emit radiation in the forfnacor ~ particles or by
means of Auger electron emissidfl has been routinely used in thyroid radiotheramydver 50
years.’®Re has been investigated for radiotherapy of latgerour masses since itsparticles
have a relatively long tissue range (10 -11 rfint). contrast, Auger electrons emitted'6yn have
a um range and are useful for damaging nuclear BfN&s, demonstrated by'in-DTPA-hEGF
which has achieved tumour regression in mice bgavViDAMB-468 xenografts® -emitters have
been investigated for therapy in the form of raahelled antibodies or peptides, such®®&

Zevalin™

1.4 Bifunctional chelator approach for metallic radionuclides

Non-metallic radionuclides may be incorporated siuall molecule radiotracers by exchanging an
isotopologué? In the case of PET radiometals, the radionuclileally requires complexation by a
chelator. Unlike the metal-essentidlTc agents, the majority of metallic PET radionuetidio not
rely on the physicochemical properties of the metamplex alone, but are delivered by a
biological targeting vector. In this 'bifunctiongtielator approach’, the radiometal is complexed by
a suitable chelator that is attachwd a covalent linker unit to the peptide, proteinamtibody

(Figure 6).

COVALENT LINKER

) RADIOMETAL
BIOMOLECULE "N oS ‘@ </

CHELATOR

Figure 6 Representation of the bifunctional chelate approac
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Several factors must be considered when designirigifunctional chelator to radiolabel a
biomolecule. The metal-chelator complexes must Iherntodynamically stable and equally
importantly, kinetically inert in order to avoid ssiociationin viva>® **® Often, macrocyclic
chelators provide better thermodynamic and kingttdility than acyclic chelators. This enhanced
stability, known as the macrocyclic effect, may hb#ributed to the chelators improved
preorganisation and lower solvation compared toclacysystems, resulting in more favourable
enthalpic and entropic contributions on chelafidie chosen chelator must have the right
coordination number, denticity and cavity size fioe radiometal. For instance, both NOTA and
DOTA have been successfully used for gallium, b@G{M& has a higher stability constant (IKg=
30.1) with®Ga than DOTA (loK = 21.3) since the coordination cavity of the lattig macrocycle

is less suitable for the &z@on*® %

[\ /~COOH
HOOC— SN N

e

COOH

NOTA

HOOG— / ™\ /~COOH
.

Hooc—' \—/ \_cooH

DOTA

Figure 7 Structure of the macrocyclic chelators NOTA (tapwy and DOTA (bottom row) and their
respective Gallium complexes. Crystal structuresavtaken from reference 36.

Another important consideration is the efficiengield) of labelling. For radiolabelled peptides, a
high ratio of labelled to unlabelled molecule ispwmntant to avoid receptor saturation with
unlabelled compound which reduces contrast. Fotigep and antibodies, large amounts of
unlabelled compound can also lead to an immuneoressp Labelling kinetics depend on the
radiometal and the structure and denticity of thelator. Acyclic chelators often have faster

labelling kinetics than macrocyclic chelators anejytlabel at room temperature.

15
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This is useful when labelling with short-lived radietals such a&Ga or when labelling sensitive
biomolecules. Acyclic chelators such as DFO or DTHaAe been explored for th#a-labelling

of peptides and antibodies within minutes at roemgeraturé® *°

In the case of acyclic chelation 8% by DTPA, the stability of the chelate could bepimved by
optimising the denticity and increasing the rigrdiff the chelator. Whilst the heptadentate DTPA,
using one carboxyl for conjugation proved unsugdbr in vivo use>* *?an octadentate and semi-

rigid derivative CHX-A"-DTPA forms complexes stat#aough for antibody imagirtg.>*

SN N
—N N N~ “COOH
HOOC >
HOOC HOOC COOH
DTPA
SCN
Q /_@Q/
N “N N oo "Bl VEGF + VEGF -
HOOC > > < SKOV3 tumor MSTO-211H tumor
-
HOOC HOOC COOH ) < G
CHX-A"-DTPA

Figure 8 (left) Structures of acyclic DTPA derivatives iy PET imaging of tumour angiogenesis using the
8y-labelled VEGF-specific antibod{°Y-CHX-A*-DTPA-bevacizumab. The mouse bears a VEGF-A
positive human ovarian carcinoma SKOV3 xenograftome leg and VEGF-A—negative human biphasic
mesothelioma MSTO-211H on the other leg. Reprimgd permission from reference 53.

Another important consideration is the nature @f lihker, the conjugation groups, and the site of
attachment on the biomolecule. The functionalityedudo connect the bifunctional chelator
generally needs to be reactive towards pendantapbllic groups on the protein, such as,NH

OH or SH. The optimal bioconjugation reaction skiooé fast, use mild conditions in the case of
proteins and, if possible, require minimal purifioa.®> Commonly used bioconjugation methods
are depicted in Figure 9. The conjugation site tmdnumber of chelators per biomolecule may
influence then vivo affinity of the targeted radiopharmaceutical sitoe heavy substitution may

result in a loss of affinity of the biomolecule fire target sité® Since the appended metal complex

can also affect the overall pharmacokinetics oftindogical vector, selective modification of the

16
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bioconjugate can be achieved by using differentigrged bifunctional chelators or introducing
different charges and spacers into the linker canstFor instance, the introduction of aliphatic,
aromatic and polyethylene glycol spacers in theatant linker unit has been widely investigated to
alter the pharmacokinetics of radiolabelled bombesid GRP peptides which are used to image

the gastrin-releasing peptide receptor overexpdessseveral cancer$>

O O O
R% R‘{
O—N + H2N - . HN— activated ester
(e}

0 R\ 0]
N
R-N || « HS — = 0 . maleimide
o

S

R—N=C=S§ + H2N - R\N)J\N isothiocyanate
H H

Figure 9 Different bioconjugation strategies used in tHemitional chelator approaéh.

Finally, it is important to consider that downstreaptimisations of the bifunctional chelator-
bioconjugate may be necessary following prelimiriaryitro andin vivo studies?® and designing
chelating systems that can easily be trialed wiffergnt functional groups and linkers units

accelerates these translational processes.
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1.5 Copper radiopharmaceuticals

1.5.1 Copper radionuclides

The transition metal copper offers a useful rangedioisotopes with a variety of half-lives and
decay characteristics summarised in Table 5. Tloet-$ikied isotopes®®Cu decay by electron
capture (EC) and * emission, making them useful for tomographic imggiffCu decays
exclusively by ~ emission and is thus suitable for radiotheraf@u in particular is a versatile
radionuclide due to its intermediate 12.7 h hd#:lit combines all three decay mode$, (" and
EC). Electron capture also results in Auger electemission, which increases the therapeutic
potential of radiocopper deposited in the cell ausf® The spatial image resolution &fCu is
comparable to that of’F so that the existing PET systems require no alter® With the
exception of the generator producé@u, the copper radioisotopes are commonly prodaced
small biomedical cyclotron by bombardment of ariged Nickel target! **Cu, producedia the
®Ni(p,n)*"Cu nuclear reaction, has been reported to haveeeifispactivity ranging from 10—

470 GB mol*5% 2

Isotope  Half-life  Production Emission Type (%) E. (MeV)
®Cu 23.4min  Cyclotrorf™Ni(p,n)**Cu * (93%) 2.0,3.92,3.0
EC (7%)
cu 3.32h Cyclotrorf'Ni(p,n)®*Cu *(60%) 1.22
EC (40%)
%Cu 9.76 min  %Znf’Cu Generator *(97%) 2.91
EC (2%)
®cu 12.7 h Cyclotrort’Ni(p,n)®*‘Cu "(39.6%) 0.655
*(17.4%)
EC (41%)
¥Cu 62.0h AcceleratdYZn(n,pf'Cu "(100%) 0.395, 0.484, 0.577

Table 5 Summary of copper radionuclides used for imagimg taerapy® ©
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1.5.2 Copper chelation chemistry

Copper chelation chemistry is limited to three asige oxidation states (I-l1l). Clis only rarely
found and requires stroqgdonor ligands? The Cu oxidation state forms complexes with soft,
polarisable ligands such as phosphines, nitrile®ethers, thiolates or cyanide. Since it has no
metal imposed preference for geometry it theretdten selects tetrahedral geometry to minimise
steric interactions between ligands. Due to theelatxs of any crystal field stabilisation energy,
Cu(l) complexes are often kinetically labile if netabilised with polydentate soft ligands. Thus,
they are generally not suitable for radiopharmdcaltapplications so that the predominant
oxidation state for radiocopper chemistry in pratiedia remains Ci1*® ® ®In contrast to
xenobiotic radiometals such &%r and **™Tc, copper plays an active role in many biological
processes and its homeostasis is tightly reguiatéite human bod§? In vivoit is protein bound as
Cu(ll) by extracellular (albumin, ceruloplasmin) darintracellular (cytochrome C oxidase,
superoxide dismutase, metallothioneins) proteif®es€ biochelators are present at significantly
higher concentrations than the injected radiocoppanplexes. Copper radiopharmaceuticals
therefore need to be not only thermodynamicallyblstébut kinetically inert to avoidn vivo
transchelation. Cu(ll) forms complexes with cooadion numbers from 4-6 displaying a range of
geometries that are often influenced by Jahn Tellstortions. Tetradentate chelators, such as
Schiff base and amino acid derivatives employ ax,Nlonor set and form complexes with square-
planar, tetrahedral or intermediate geometriexdntrast, copper (Il) complexes of hexadentate
chelators are commonly distorted octahedral.

Both acyclic and macrocyclic chelators have beguogegd for radiopharmaceutical applications,
but efforts generally have focused on the lattgst&ns such as polyazamacrocycles with pendant
arms benefit from increased stability through thecrocyclic and chelate effeéfsFunctionalised
DOTA, NOTA (Figure 7) and TETA (Figure 10) ligandmve been extensively explored as
bifunctional chelators fof“Cu labelling of peptides, proteins and antibod?%e&® These show
superior stability to acyclic systems but still feaffrom liver uptaken vivo which is believed to

result from transchelation to ceruloplasrirt?
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Recent efforts have examined cross-bridged cyclams$ cage-like sepulchrate/sarcophagine
ligands such as DiamSar and SarAr (Figure 10).sHneophagines aim to increasevivo stability

by steric shielding and charge effects, the cdgediructures restrain the coordination environment
of the Cd" should temporary partial ligand dissociation oc&everal functionalised variants have

been synthesised.

NH,
o)

Hooc” >N NI “COOH m/_COOH m/H NhN
L () L)) O, o
—L

HOOC.__N NZ_COOH NHHN'NC
HOOC
O
R
TETA TE2A DiamSar R= NH,, CO,H Benzodioxotetraaza
SarAr  R= NHCH,ArNH, Macrocycles

Figure 10 Macrocyclic chelators explored for use in cop@aliopharmaceuticals.

The cross bridged cyclams chelators adopisdolded confirmation. In the case of systems with
pendant carboxyl arms such as CuCB-TE2A the coatidin environment is further completed by
two carboxymethyl arms to achieve a six-coordimséorted octahedron. Cu-CB-TE2A displayed
high kinetic inertness in acid. Use of one carbate/larm for peptide conjugation caused a slight
reduction in acid decomplexation half-life, but vivo comparison of TETA and TE2A
somatostatin analogues still demonstrated that T@as superior in significantly reducing liver
uptake and interestingly also displayed a greataour affinity. Increaseth vivo stability has also
been sought by control of redox chemistry as detnatesl by a benzodiazamacrocycle reported by
the Dilworth and Maecke groups (Figure 10). The plex had a biologically inaccessible

Cu(Il)/Cu(l) reduction potential of & -1.84 Vv %
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1.6 Bis(thiosemicarbazones)

Thiosemicarbazones and bis(thiosemicarbazones) baes investigated for their biological
activity since the 1950s as antiviral, antifungaititumour and antimalarial ageritsThe ligands
are formed by acid catalysed condensation of asénmcarbazide with an aldehyde/ketone or

dicarbonyl to give a thiosemicarbazone or bis(taingarbazone) respectively’

Figure 11 (top) Synthesis of thiosemicarbazone and ligamdlibhg in a metal thiosemicarbazone (bottom)
Synthesis of a 1,2 bis(thiosemicarbazone) andtstriof its corresponding neutral metal(ll) complex

They act as ligands for most first row and someosdcand third row transition metal ions by
incorporating them in a 5-membered chelate ringugh the sulphur atom and the azomethinic
nitrogen. In the case of bis(thiosemicarbazoné®),sulphur coordinates in its monoanionic form
as a “masked thiolate”. Since two thiosemicarbazgneups are available they provide a

tetradentate pF, donor system for complexation of the metal (IB.io

1.6.1 Copper bis(thiosemicarbazonates)
Originally, ligands such as8TS and HKTS' were investigated as antitumour agéfitd® but
research quickly revealed that their antineoplaatitvity was connected to their ability to chelate

Cu.® " The exact mechanism of antitumour activity has eén fully elucidated but studies

" The nomenclature used for these ligands will iglaémed in Chapter Two
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suggested that after cellular uptake, the metalptenis reduced by intracellular thiol groups,
leading to dissociation from the ligand and intilatar hyperaccumulation of copper. This results
in disruption of DNA synthesis, oxidative phospHatipn and oxidation of thiols to disulfides, as
well as causing cellular poisonid§.Recent work by Donnelly and co-workers has explore
Cu(GTSM) for the controlled intracellular deliveof Cu to treat Alzheimer's disease® The

increased intracellular availability of Cu was seggd to activate neuroprotective pathways,

resulting in improved cognition in animals with A2

EtO
7 P
7\ N N
N N

HN” “NH
HN” “NH
Ra /& %\ Ro
R, A AR NS ST ON
NS STy d H
- . ~Cu
R=H HKTS Ri=H Rs=H H,GTS
R =CH; H,KTSM R=H Ry=CH; H,GTSM
R=CHzR,=CH; H,PTSM CUuATSM

Figure 12 (left) Structures of selected bis(thiosemicarb&joigands (right) Crystal structure of
Cu(Il)ATSM.*

The ability of the stable lipophilic copper compdaxto diffuse across cell membranes led to the
investigation of radiolabelled copper bis(thiosemnb@zonato) complexes as perfusion tracers. The
highly membrane permeabf@®'Cu-labelled Cu(PTSM) has been investigated for rateand
myocardial perfusion imaging, it efficiently crossiae blood-brain barrier and its reduction results
in good tissue retention. This created an intenastapplications of radiolabelled copper
bis(thiosemicarbazones) in other contexts. Fujibhiet al reported selective uptake of copper(ll)-
diacetyl-bis(\*-methylthiosemicarbazone), Cu(ATSM) in ischaemi@arhdissué? In contrast to
the other complexes discussed above which are eddincall cells, the Cu(ll)/Cu(l) reduction
potential of Cu(ATSM) was significantly lower artowas found to be selectively retained only in
highly reducing environments such as hypoxic ¢&8I%. Experiments revealed that the reduction
potentials of the complexes were governed by thmstgution pattern of the diimine backbone,
whereas changing the substitution pattern on tdetddminal had little effect on the hypoxia

selectivity. DFT calculations further proposed thhATSM is more efficient at stabilising the
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Cu(l) ion than ligands such asPTSM or HGTSM2* % The detailed structure-activity studies and
biological tests that were performed to investighie basis of CUATSM as a hypoxia imaging
agent are discussed in Chapter 3.

The tetradentate bis(thiosemicarbazone) ligands fhinetically and thermodynamically stable
complexes (K= 10'®). Since CUATSM is only reduced intracellularly anhypoxic environment,
frameworks that retain the core dimethyl backbormtifrshould be suitable for othén vivo

imaging applications.

1.7 Project Aims

The work in this thesis concerns two aspects ohgusiopper bis(thiosemicarbazonates) as

radiopharmaceuticals in cancer imaging.

Part I- Bis(thiosemicarbazones) as bifunctionalatoes

The synthesis and characterisation of new bis@#mosarbazones) as bifunctional

chelators for the room-temperature copper radidliaeof biomolecules.

Potential of the chelators for use with peptides ateins and biological evaluation
Part II- Orthogonal radiolabelling of copper bisgdemicarbazonates) for mechanistic studies

The synthesis and physicochemical characterisattbna suitable pair of copper
bis(thiosemicarbazonato) complexes radiolabellétieatnetal and at the ligand

Use of these complexes to study the mechanism pbxig selectivity of the class of
hypoxia selective copper (Il) bis(thiosemicarbazesn

- Invitro andin vivo studies and comparison to the parent compound Tsi{A

- Evaluation of the orthogonally labelled derivativasnew hypoxia selective tracers if

applicable
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CHAPTER TWO

2.1 Introduction

The successful exploitation of metallic radiois@sgor PET relies on the development of suitable
bifunctional chelators for the radiometal. The wderadiocopper for the labelling of peptides,
proteins and antibodies in particular requires sEhvienportant factors to be considered. Since the
number of receptors at thie vivo target site is limited in many cases, high specé#ctivity
bioconjugates are needed to achieve good conirast.reduces the amount of non-radiolabelled
biomolecule injected, thus lowering the risk of ionme response to the peptide or antibody. In
order to achieve a high ratio of labelled to unlkdakebioconjugate with copper radioisotopes, the
use of high specific activity radiocopper shoulddoenbined with a chelator that labels with high
efficiency. In addition separation of the labelleidmolecule from any excess, unlabelled form
must be carried out, frequentya HPLC methods. As outlined in Chapter 1, kinetiertness of
the copper compleix vivois crucial and the possibility @f vivo Cu(ll)/Cu(l) redox chemistry and
transchelation also need to be considéredlthough the latest generation macrocyclic cheato
have demonstrated excellent stability vivo, nearly all require elevated temperatures or non-
physiological pH ranges over prolonged periodsefficient labelling. Radiolabelling at ambient
temperatures is possible, but often requires egiknthbelling times, resulting in lower
radiochemical yields and needs addition of scavefigand to remove unbound radiocopper as
illustrated in Table 1. A chelating system with tfdabelling kinetics that achieves high
radiochemical yields under biocompatible condititinerefore would provide advantages for the

radiolabelling of sensitive biomolecules.

Ref.  Chelator Target/biomolecule = Radiometallation

4 DOTA PSMA/antibody ®Cu in NH,OAc, pH 5.5, 40°C, 40 min
quenched with DTPA

5 NOTA GRPR/peptide ®Cu in NHOAc, pH 7, 70°C, 60 min
quenched with DTPA

6 Diamsar  GRPR/peptide ®Cu in NHOAc, pH 5.5, 40°C, 60 min

7 Te2A a, 3 peptide ®Cu in NHOAc, pH 8, 95°C, 60 min

Table 1 Typical copper-64 radiolabelling conditions foffdient macrocyclic chelator systems.
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An alternative approach for the labelling of semsitpeptides and proteins could be based on a
bifunctional bis(thiosemicarbazone). As discussedChapter 1.6, p§, bis(thiosemicarbazones)
form neutral and stable complexes with Cu{if)Due to the reduction potential of Cu(l)ATSM,
reduction is believed to occur only in a hypoxitragellular environment.’® Due to their modest
size and rapid labelling, chelates based on the €arATSM should not damage or compromise
the protein or peptide or reduce receptor binding. Copper radiolabelling of
bis(thiosemicarbazones) occurs instantly at roomperature and near physiological pH and
radiochemical yields are typically >95%!%** Recent efforts by the Dilworth group have
demonstrated that bis(thiosemicarbazonate) systalws offer advantages for practical kit
formulation. Synthesis and purification &fCu-bis(thiosemicarbazonates) was achiewéal
transmetallation of the corresponding Zn(ll) biggfemicarbazonate) bound to a polymer support
via its fifth coordination sité> Addition of aqueous radiocopper only liberatesioktelled
compound in solution.

Bis(thiosemicarbazones) have already been explasduifunctional chelators prior to their use in
hypoxia imaging. Complexes such g&) and(2) incorporated carboxylic acid linker moieties into
the complex backbone (Figure 4)'? but they suffered from poor radiochemical yieldsl avere

not stablan vivodue to demetallation.

(1) n=15 (2 3

Figure 1 Previously reported bis(thiosemicarbazonate) ligadpearing a COOH functional group.
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In order to retain the favourable stability andaegroperties of Cu(l)ATSM, work by Heslagt

al. maintained the dimethyl backbone motif and inrmetl an aromatic carboxylic acid at the
terminal N4 substituent (Structuré3), Figure 1)° Although this derivative was successfully
conjugated to octreotide, it suffered from solupiind purification problems.

As part of a research programme to provide improwgaoxia tracers of the CuUATSM family,

work in the Dilworth group has yielded bifunctiondérivatives bearing a hydrazinic nitrogen

group (HATSR/A)* at theN-terminus as depicted in Figuré®.

o

- ~

HN NH

R\ /g %\ /NHQ
N S S N
H H

H,ATSRI/A
R= Et, Me, Allyl

Figure 2 H,ATSR/A ligand

These bis(thiosemicarbazones) were used to prespaaé molecule derivatives of the CUATSM
family as hypoxia selective tracers (see ChapterThe copper (Il) complexes maintained the
favourable Cu(l)/Cu(l) reduction potential, showgabd stability in serum, hypoxia selectivity
vitro, and demonstratedn vivo tumour uptake of radiocopper. For the radiolabglliof
biomolecules however, a chelator with an acid fionetity would be advantageous. Solid phase
peptide synthesis is often carried out i@-ato N-terminus fashion since some peptides reqQire
terminus conservation to preserve biological fuorctiFurthermore, protein conjugation frequently
Is performedvia pendant amine residues. It was therefore of istdoesynthesise new bifunctional
bis(thiosemicarbazones) that bear pendant COOH pgrdor the radiolabelling of sensitive

peptides and proteins.
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2.2 Aims

The aim of this chapter was to synthesise funclised bis(thiosemicarbazones) bearing pendant

COOH groups based on theAT SR/A proligand. Particular objectives were:

0] The evaluation of suitable aliphatic and aromatiacers for functionalisation

(ii) The synthesis of chelators with more than one fanat group for derivatisation

(i)  ®Cuand®™Tc radiolabelling

(iv) Evaluation of the derivatives for use with solicaph peptide synthesis and solution
phase protein coupling conditions, using suitabbeleh systems

(V) Biological evaluation of the peptide and proteiadainjugates
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2.3 Nomenclature

An abbreviated naming system for bis(thiosemicashey ligands and metal complexes based on
the R-R, ligand substituents, as shown in the general tstreién Figure 3, has now been widely
adopted. The first letter designates the subsdiiypiattern of the backbone, where for instance A=
dialkyl, G= glyoxal and P = pyruvaldehyde. The nhidbktters TS denote thiosemicarbazone. The
Rs and R substituents on the terminal nitrogen atoms adecated by single letters such as M =
methyl, E = ethyl, P = phenyl. In the case of aswtiwal ligands, both halves are indicated by a
forward slash, for instance,ATSM/A. The abbreviated names of key derivativeghis thesis,
illustrated for the ligand structures, are sumneafipy the Table of Figure 3 below. Where this
facilitates discussion for biological work, derivats will be discussed based on this naming

system with an appropriate extension as defineédoh compound.

R1 R2 ngand Rl Rz Rg R4
N;/ \:N H,ATSM Me Me Me Me
HN” “NH H,PTSM Me H Me Me
Row A AR, HGTS H H H H
N s sT N H,ATSM/A Me Me Me NH,
H,ATSE/A Me Me Et NH

[H,ATSR3/R,] H,ATSMen Me Me Me (CH),;NH,

Figure 3 Nomenclature of symmetrical and assymetrical biggemicarbazone) ligands.

2.4 Ligand synthesis

2.4.1 Imine conjugates

Several previous ATSR (where R is a functionalisaldstituent) derivatives were synthesiseu
the Zn complex rather than the proligand, since firener displays better solubility. The Zn
complexes may be transmetallated quantitativeljthi® corresponding copper complexes. To
explore both routes for synthesising a pendant CQieHvative, the ligand2.03 (H,ATSM/A)
and2.04 (H,ATSE/A) and their corresponding Zn complexX85and2.06 were synthesised from

the half ligand®.01and2.02as previously reported (Scheme™ij*
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\
N | N N N N
HN™ °. HNYS (@) HN” “NH (b) N|/ \z / \lN
—_— - n
R R NH R NH
\N*S _NH \N/gs S%\N/ 2 \N)\S/ \S)\N/ 2
H HoN H H H H
R = Me 2.01 R =Me H,ATSM/A 2.03 R=Me ZnATSM/A 2.05
R=Et 2.02 R=Et H,ATSE/A 2.04 R=Et ZnATSE/A 2.06

Scheme 1Synthesis of asymmetrical,LATSR/A ligands and corresponding Zn compleXe&@) 10% HCI
(aq) catalyst, ethanol, 50°C, 5 h (b) Zn(OA2H,0, methanol, reflux, 4 h.

In order to synthesise a conjugate bearing an atiiplspacer unit, simple ring opening of succinic
anhydride to form2.07 was first explored. Reaction of ZnATSM/A with sudc anhydride
resulted in a mixture of unidentified products ogerange of temperatures (ambient to reflux) in
THF, MeOH or DMF. Similarly, reaction of JATSM/A with succinic anhydride at room
temperature was unsuccessful. Reaction at higngpaeatures in MeOH resulted in a sparingly
soluble precipitate. ESI-MS arfti NMR analysis revealed formation of a ring cloggdduct
2.08 as indicated by am/zof 342 and a singlet resonance with integral ¢fydrogens for the
succinimide ring methylene protons at 2.8 ppm. Hamwethe extremely low solubility of the

substance prevented further characterisation oisiésn further chemistry.

4 5
N N:/ \iN 60
HN NH 0 3 HN” “NH
8
N 1
\NKS S%\N/ \H/\)J\OH \Nks S%\N/N
H H H SRS
o] A ,
2.07 2.08
45
7 3,6 li) “
I M ﬁ\ L
S SSRGS
11 10 9 8 7 6 5 4 3 2

Chemical Shift (ppm)

Figure 4 '"H NMR (DMSO-dg) of product2.08 obtained from reaction of ATSM/A with succinic
anhydride . The desired prod@&07was not observed.
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Previous H or ZnATSR/A derivatives have been successfulliaimied by condensation with an
aldehyde or keton®: ?* Since derivatives of aliphatic carbonyls are regbrto be unstablfg,
aromatic imine conjugates were investigated. listargly, reaction of the Zn compl&x06with 2-

or 4-carboxybenzaldehyde yielded multiple produmsed ontH NMR and HPLC analysis. In
contrast, trial conjugations with the protecfedhethyl ester proceeded cleanly. This suggests that
the problems may be attributed to the free acidigehich could coordinate to the free apical fifth
coordination site on the Zn during reaction or gsigl This route was not further pursued since
transformation of the free ATSE/A proligand to the imine conjugat2€99and2.10proceededn
yields of 70 - 85% (Scheme 2). Ligands were fulyamacterised bjH and®C NMR, ESI-MS and

elemental analysis as summarised in Table 2.

N N ,N/ \N\
I | (b) N| N |N | X
N X .
s N N\ \ /\N S/ \S)\N/N NS /\
H H
-COOH 2.09 M=2Zn R=4-COOH 2.11
-COOH 2.10 M=2Zn R=2-COOH 212
M=Cu R=4-COOH 213
M=Cu R=2-COOH 214

Scheme 2Synthesis of imine bonded functionalised ligandsl anetal complexes from the,ATSE/A
proligand. (a) 1.2 eq aldehyde, MeOH, room tempeeatl16 h, 82% (b) 1.1 eq Zn(OAGgH,O or
Cu(OAc)-H,0O, MeOH, rt, 30 min, 85-96%.

Previous reports carried out these imine condemsatat reflux, however it is noteworthy that
reaction of HATSE/A with 2- and 4-carboxybenzaldehyde in mettgmmoceeded cleanly when
carried out at room temperature overnight or alCAfifr 6 h. Reaction at room temperature also
avoided ligand self-cyclisation, which has beeroreggl previously for reactions of theAT SM/A
ligand at higher temperatur&sThe copper complexés13and2.14were formed by complexation
of the ligand with CuGlin methanol. Although the Zn complexes were nquieed as synthetic
precursors, it was of interest to synthesise thaterespect to the solid supported radiolabelling

method. Remarkably?2.11 and2.12 could be formed by reaction of the proligands waCl,

confirming that the problems encountered w2tlo6 may be attributed to reactions of the free
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carboxyl group with free or complexed zinc. Althbug single peak HPLC spectra and HRMS
analysis could be obtained f@rll, repeated efforts showed low C and N values imeigal

analysis. These could be indicative of the presefeeter as has been previously obseRled.

Compound m/zcalc (M-H) m/zfound R (min, M;) Elemental Analysis C, H, N

2.09 406.1125 406.1137  11.85 472 (472),5.1 (5.20 £24.1)
2.10 406.1125 406.1123  12.05 47.1(47.2),5.1 (5.2 £24.1)
2.11 468.0260 468.0267  11.75 35.5 (40.8), 3.2 (4.18 (#0.8)
2.12 468.0260 468.0259  11.75 40.9 (40.8), 4.1 (4.18 £90.8)
2.13 467.0265 467.0253  12.25 41.0 (41.1), 4.1 (4.09 £00.9)
2.14 467.0265 467.0255  12.05 40.9 (41.1), 4.0 (4.09 £90.9)

Table 2 Analysis data for imine conjugated bis(thiosenmigeone) ligands and their Zn and Cu complexes.

Initially, imine condensations conducted in thispter also included the use of theARISM/A
derivative. However, transformations of theAHISE/A ligand generally proceeded more cleanly
than those of FATSM/A. Where purification was required, derivasvef the ethyl ligand also
proved easier to recrystallize, presumably duehair tslightly improved solubility in DMSO as
well as protic solvents (MeOH, EtOH) at elevatedhpgeratures. Further efforts therefore focused

mainly on the ethyl derivatives.

2.4.2 Amide conjugates

Since aromatic imine derivatives may be prone tdrdlysis in agueous conditions, amide linked
derivatives were also investigated for improvediitg. To avoid the possibility of obtaining
further cyclised derivatives such 298 aromatic dicarboxylate motifs were used. Previmumide
conjugation reactions in the group employed actiddiHS esters of an aliphatic carboxylic &id.
Initially therefore, the reaction of th&-hydroxysuccinimide (NHS) activated esters of the
monoprotected (as the esters M@ or CQEt) aromatic dicarboxylates with ,ATSE/A was
attempted. However, the use of aromatic activatstére resulted in incomplete reaction or
formation of side products. Coupling of the monagcted acid using EDCI was also unsuccessful.
Efficient coupling could be achieved using the B®@Bupling agent and DIPEA base in
combination with 44ert-butoxy-carbonyl)benzoic acid as the dicarboxylatdis was more

suitable than the mono Me- or Et-esters as these Voeind to partially hydrolyse during the
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coupling procedure, leading to a mixture of produ@ouplings were conducted in the minimum
amount of DMF at room temperature over 4 h and fe=silts were achieved when using a 0.1 eq
excess of acid (with respect to the ligand), caoypkgent and base to achie/&@5in 96% vyield

(Scheme 3). Addition of water followed by sonicatiof the suspension resulted in formation of a
fine precipitate which was isolated by filtratiocBubsequently, the precipitate was washed with

water and EtOH to remove the by-products liberatethe coupling agent.

OQtBU \/ j \/ r
7 N\

NTNL R NN\ COH
2.04+ (a) 1 I H (©) l AV ﬁ H
—_— N — N
SN Ns s7ON7 ST NN
H H H H
07 OH 0 o
R =CO,Bu 2.15 b M=Cuor®Cu 217
R = CO,H 2.16] (b)

Scheme 3Synthesis of amide bonded liga@dl6 from the HATSE/A proligand (a) 1.1 eq BOP, 1.1 eq
DIPEA, DMF, rt, 4 h, 96% (b) trifluoroacetic acidKA), rt, 2.5 h, 65% (c) Cu(OAg) MeOH, rt, 30 min
85% or P*Cu]Cu(OAc) (see 2.4.5).

Deprotection oR.15gave2.16in 65% yield using neat TFA over 2.5 h at room pgenature. The
volume of TFA was decreaséa vacuobefore addition of EO and isolation of the product by
filtration. The products were fully characteriseg BESI-MS, *H and *C NMR and elemental
analysis, as summarised in Table 3. Noteablybisighiosemicarbazone) ligand was stable in neat

TFA for periods of up to 4 h.

Compound m/zcalc (M-H) m/zfound R (min) Elemental Analysis C, H, N
2.15 502.1666 502.1667 13.18 (¥ 50.0(50.1), 6.0 (6.1), 20.4 (20.4)
2.16 422.1075 422.1076 10.35¢(M 45.3 (45.5), 5.0 (5.0), 23.2 (23.2)
2.17 483.0214 483.0213 10.30 (M 39.6 (39.6), 4.0 (4.0), 20.1 (20.2)

Table 3 ESI-MS data, T denotes (M+Na)HPLC retention times (methods;Mind M) and elemental
analysis data found (calc.) farl52.17.
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2.4.3 Solution phase conjugation and extended linker syhesis

The suitability of the new set of carboxyl functdised bis(thiosemicarbazones) for coupling to
peptides and proteins under aqueous conditionsagsesssed. Glycine and triglycine were chosen
as amino acid and peptide sequence mimic respbctiVee NHS activated ester @09 was
formed readily using EDCI in DMF, but the activatester 0f2.16 was not detected by ESI-MS.
The low solubility of the imine activated ester wggd its usen situ. An aliquot of the DMF
solution was added to an equimolar amount of gi/@ntriglycine in PBS. Regrettably, the active
ester showed slight precipitation and was recovarethanged at the end of the 6 h incubation. To
investigate whether the lack of reactivity was thuéhe low solubility of the derivatives, the water
soluble sulfo-NHS ester was synthesised and ursesitu. No desired product was detected. It
seemed possible that this may be caused by a dedre@aactivity of the aromatic NHS esters,
further enhanced by a stabilising conjugation it ATSE ligand system.

We surmised that the reactivity and solubility abbk improved by breaking the conjugatida

the introduction of a further aliphatic spacer. pi&s the lack of reactivity of the NHS ester,
coupling of the pendant aromatic COOH groudf6to glycinefertbutylester) was accomplished
using the BOP coupling protocol to afford conjug@é8 in 98% yield (Scheme 4). TFA

deprotection analogous to that applie@ tb5afforded the extended link2r19

Cu=_Cuor[®*Cu] 2.20

Scheme 4(a) 1.1 eq glycine tertbutyl ester, 1.1 eq BOR,ely diisopropylethylamine, DMF, rt, 4 h, 98% (b)
trifluoroacetic acid, rt, 2.5 h, 71% (c) Cu(OAd),0, MeOH, rt, 30 min, 96% of{Cu]Cu(OAc) (see 2.4.5).
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The TFA deprotection conditions were deemed unisigitfor the imine conjugate. The extended
aldehyde linker methyl 2-(4-formylbenzamido)acet®e21)** was synthesised first and then
condensed with JATSE/A to afford 2.22 in 68% vyield (Scheme 5). The ligands were fully
characterised by ESI-M3H and**C NMR and elemental analysis. Figure 5 and 6 depitH
and**C NMR spectra oR.22 Copper complexation of both extended linkersive §.20and2.23

was achieved using Cu(OA@QH,0 or CuC} in MeOH at room temperature.

204 + H (a) /\Nks S% N

2.21

2.23

Scheme 5Synthesis of extended imine-conjugated liga&r@P and its copper complex.23.(a) MeOH, rt,
16 h then 50°C, 2 h, 68% (b) Cu(OA¢t),0, MeOH, rt, 30 min, 76%.

5 6
>/ \< 13
, an Y Ny 3 N~ CO,H 14
1/\N/§S S%\N/N 11 12
H H 10
3 8 O
2.19
2
3
!
14 8947 12 1011 13 56 1
! AN L JIU e
13 12 11 10 9 8 7 6 5 4 3 2 1 0

Chemical Shift (ppm)

Figure 5'H NMR spectrum 02.19in DMSO-d.
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Chemical Shift (ppm)

Figure 6 *C NMR spectrum 02.19in DMSO-ds

In order to prevent further solubility problemstasse encountered with the NHS activated ester of
2.09 only the water soluble sulfo-NHS analogues ofdkeended linker ligands were synthesised
using EDCI and sulfo-NHS in DMSO. The esters wesedin situ and reacted with triglycine in
DMSO or PBS. Product formation in these trial reaxt was detected by ESI-MS. After 1 h, the
desired conjugate®.24 and 2.25 could be detected, after 12 h only product andlves$ acid (if
conducted in water) were detected. These prelimieaperiments demonstrate that the extended
linkers should in principle be suitable for conjtiga to proteins under aqueous conditions using a

frequently employed EDC/sulfo-NHS approdth.

Corresponding  Activated ester Triglycine

Compound activated ester m/zfound (calc) conjugate m/zfound (calc)
2.09 NHS 503.1 (503.1) not detected
2.09 sulfo-NHS 583.09 (583.09) not detected
2.16 NHS not detected -

sulfo-NHS not detected -
2.19 sulfo-NHS 679.09 (679.09) 2.25 593.17 (593.17)
2.22 sulfo-NHS 640.12 (640.12) 2.24 634.19 (634.19)

Table 4 ESI-MS ((M-H)) data for activated ester formation and reaction.
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HN™ N\NH
/\H/gs s H/R 40 e
N\)J\H/\H/N\)LH/\H/OH
R=N=C 224 o] o o
R=NHCO 225

Figure 7 Products of the reaction of the sulfo-NHS estéra. 89 and2.22with triglycline.
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2.4.4 Bifunctional derivatisation- conjugation with glutamic acid

The preparation of a bifunctional chelator that e@sommodate another orthogonal attachment
site, in addition to that conjugated to a targetimgmolecule, was investigated next. This allows
the bis(thiosemicarbazone) chelator to accommodasecond diagnostic label for multimodal
imaging or a pharmacokinetic modifier. In additianoffers the possibility to incorporate the
radiotracer at any given point within a peptideusawe. In order to enhance the solubility of the
bis(thiosemicarbazone), the derivative was base@romliphatic construct, using glutamic acid
with orthogonally-protected NHand CQH groups as depicted in Scheme@®3was conjugated

to FmocGlu(CBu)OH using the previous BOP coupling protocol @uk 4). The resultant

product was recrystallised from EtOH to achiev26in 59% yield.

NH NHFmoc @) HN™ “NH NH,

H H
/g )\ _N O'Bu /g )\ _N O'Bu
SNTNs sTON M SNTNs sTON
H H H H
0 o)

N ON. N NG J
HN NH H NHFmoc HN NH H HN
N OH N OB
H H H H
(e} (e} (e} (0]
2.28 2.30
o o
;/ \i > < .
_N N_ /N/ \N\ - biotin
N| \C/ |N H NHFmoc N~ N / 'N H HN
u Ci
A AN N OH AR O'Bu
N S S N N S S N
H H H H
(e} (e} (@] (0]
2.29 2.31

Scheme 6Synthesis, selective deprotection and bioconjogatf an aliphatic linked bis(thiosemicarbazone)
bifunctional chelator2.26and2.30were prepared under the same conditions a8.i&using BOP. (a) 20%
piperidine, DMF, 45 min then 4@, then EXO, 60% (b) TFA, 3 h, rt, then 2, 59% (c) Cu(OAg}H,0,
MeOH, rt, 30 min, 77% foR.29and 96% foR.31(d) Biotin, BOP, DIPEA, DMF, 4 h, 63%.
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Selective deprotection of the functional groups aetsieved using standard FriBe/ deprotection
methods. Reaction with 20% piperidine in DMF afted@.27 bearing a free amine group whereas
deprotection in neat TFA over 3 h ga2e8 followed by Cu-complexation to give.29 As a
proof-of-principle,2.27 was conjugated to the commonly used biomarkeiirbiot obtain ligand
2.30which was fully analysed by NMR, ESI-MS, HPLC aslémental analysis. Subsequent Cu-
complexation to form2.31 proceeded with a 96% vyield. Elemental analysisa dat the Cu
complex indicated low values for C and N but a Emqmeak HPLC and high resolution mass were

successfully obtained.

Compound m/zcalc (M+NaJ] m/zfound R (min) Elemental Analysis C, H, N (calc)

2.26 691.2455 691.2437 1455 5556 (55.7), 5.9 (5.96 (86.6)
2.27 447.1955* 447.1964 12.40  42.9 (43.0), 6.8 (28)0 (25.1)
2.28 613.2010* 613.1989 12.45  52.9(52.9), 5.2 (518)2 (18.3)
2.29 672.1004 672.0983 12.40  48.0 (48.1), 4.6 (4.5p 56.6)
2.30 695.2550 695.2554 11.26  46.4 (46.4), 6.5 (6.6) 220.8)
2.31 756.1690 756.1691 11.84  39.6 (42.5), 3.2 (5.8)7 {89.1)

Table 5ESI-MS, HPLC and elemental analysis data2f@6-2.31 *denotes (M+H).

2.4.5 ®Cu Radiolabelling

The ligands2.09 2.16 2.19 and 2.22 were selected for copper-64 radiolabelling expents.
These were performed at the Siemens Oxford Moledataging Laboratory. Copper-64 was
purchased either from Mr Paul Burke at the WolfBoain Imaging Centre, Cambridge, or from Dr
Rowena Paul at St. Thomas’ Hospital, King's Collégadon. The radioisotope was prepared by
the ®Ni(p,n)*!Cu nuclear reaction on a medical cyclotron by baumiipg an enriched®Ni
electroplated gold targét[*'Cu]Cuf*(aq) was extracted from the target in HCI and sapdrfrom
[**Ni]Ni ?* using ion exchange chromatograpiYC[JC#* was obtained as aqueoG¥Ju]CuCh in

0.1 M HCI. The stock solution of copper was refolaed to f“Cu]Cu(OAc)g(aq) by addition of
0.2 M sodium acetate buffer (pH = 5.5) and thisisoh was used for radiolabelling reactions. The
®Cu-complexes were prepared from the correspondiagds as reported for previous systémns.

A 1 mg mL* solution of the relevant ligand was prepared in & For these small scale
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reactions, 10 - 20 pL offCu](OAck(aq) (<10 MBq) was added to 50 pL of the ligandutioh
and 150 pL DMSO. Reaction mixtures were left tandtat room temperature for 5 min before
25 uL of the reaction solution was analysed by ree@hase radio-HPLC and radio-TLC.

As anticipated for bis(thiosemicarbazones), labglliof 2.09 2.16 2.19 and 2.22 to give
[*Cu]2.13 [*Cu]2.17, [*"Cu]2.20and f'Cu]2.23respectively occurred virtually instantaneously at
room temperature. Radio-HPLC and radio-TLC confiirtieat all four complexes were obtained in
high radiochemical yield (RCY) (typically > 98%) crhigh radiochemical purity (> 95%) as

summarised in Table 6. Figure 8 depicts the radi-€l of [“Cu]2.23

104 —*cuj2.23
[2)
=
>
(@]
(&)
k5
o 0.54
T
£
o
Z -
0.0 ML . ; .
0 10 20

Time (min)
Figure 8 Radio-HPLC trace offCu]2.23

Although these derivatives were not yet conjugatea targeting biomolecule, it was of interest to
get a first indication to what the extent they biodserum proteins, since binding to the protein
fraction in bloodin vivo can affect biodistribution and availabilty.?® To this end, {'Cu]2.13
[**Cu]2.17, [**Cu]2.20 and f*Cu]2.23 were incubated in fresh mouse serimvitro, and aliquots
were removed up to 120 min post incubation for ysial The amount of protein bound
radioactivity was determined by the ethanol préatjpn method (for a detailed discussion of this
method, see Chapter 5.6). At 120 min, around 20%efactivity was bound for all derivatives.

Significantly, the amount of activity bound remaineonstant over time, suggesting little or no
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decomposition over the course of incubation. Thicémparable to what has previously been

observed forfCu]CuATSM and related derivativés?®* 23

Serum
Compound RCY binding Log P

[¥Cuj2.12  >98% 18% 1.36
[*Cul2.17 >98% 20% 1.48
[*Cul2.2C  >99% 19% 0.88
[#Cuj2.2¢  >99% 22% 0.94

Table 6 Radiolabelling yields (determined by radio-TLC Q&c/MeOH 95:5) of {*Cu]2.13 [**Cu]2.17,
[**Cu]2.20and P*Cu]2.23and a comparison of serum binding and log P vairethe derivatives.

2.5 Applications to the ®*Cu-radiolabelling of peptides

Following the successful synthesis afidu-radiolabelling of the COOH-functionalised liganid
was decided to test their suitability for the rdalelling of a peptide model system. In particular,
the ability to survive standard solid phase pepgiglthesis conditions is important if the chelasor
to be incorporated into a peptide sequence. Tlidestanide bonded chelatd2sl6 and2.19 were

deemed most suitable for this purpose.

2.5.1 Bombesin

One of the most widely investigated radiolabellegtfde targeting vectors is Bombesin (BBN).

% The 14-amino acid sequence is the amphibian hayuelof the gastrin releasing peptide (GRP).
Gastrin releasing peptide receptors (GRPR) ardyhmferexpressed on a variety of human tumour
cells in prostate canc@rbreast canc& and small cell lung cancer tissi&8BN sequences have
been extensively radiolabelled with various radiges, such a&F, ®’'Ga, **"Tc and*’’Lu and
®4Cu, for diagnostic PET and SPECT imaging as wellaageted radiotherap§® In particular,
BBN sequences have been investigated WitBu using several DOTA and NOTA type
macrocycle¥ and should therefore serve as a suitable benchmark investigate
bis(thiosemicarbazonate) peptide conjugates, pmyida platform forin vitro and in vivo

comparison.
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The exact peptide sequence was chosen in colladmoraith the group of Prof Dirk Tourwé at
Vrije Universiteit Brussels. The chosen sequencs th@ minimum active sequence BBS(7-14)
that had been optimised to achieve enhanced phakinatics. The amino acids LEwand Met*
are replaced by Cha and Nle respectively and theesee bears &Asp Ala Ala spacer between
the peptide and chelatSt.* These modifications have been shown to increadslisg and confer

higher tumour uptake when radiolabelled WithTc using an RHisAc chelatof’™ **

2.5.2 Conjugation to Bombesin

Peptide conjugation was carried out at the DepantraEOrganic Chemistry at Vrije Universiteit
Brussels, Belgium under the supervision of ProkDiourwé and Dr Veronique Maes.

The protected peptide, kindly provided by Dr Magas synthesised on a rink amide resin using
the Fmoc-strategy previously descrilfall couplings were carried out in duplicate ush@q of
Fmoc-amino acid, 4 eq of DIC and 4 eq of HOBt in BMIhe synthesis of the conjugate is

outlined in Scheme 7.

O
@ /Ni/ \iN\ . 3hAsp-pAla-pAla-BBS—D
Fmocp®hAsp-pAla-pAla-BBS—Q ——= 1 I H HA@/B
N
/\ H S S ” P n

(@]
l(b)

o
>/ \< .
N N hAsp-BAla-pAla-BBS-NH
HN NH ] HW BAla-B >
%\ /N o
~ N /gs s7ON n

H
O

n=0 ATSM-BBS1 2.32
n=1 ATSM-BBS2 2.33 BBS—O = GIn-Trp-Ala-Val-Gly-His-Cha-Nle

Scheme 7Solid phase synthesis of the bis(thiosemicarbdzBBS conjugates. Reagents and Conditions (a)
1ml 25% 4-methylpiperidine in DMF, 2 10 min, rt then ATSM-BBS1: 2 eq BOP, DIPEA, DME, 8 h;
ATSM-BBS2: 2 eq DIC, HOB, 3 h, rt (b) thioanisqlEA)/ethanedithiol (EDT) 7:3 in TFA, 3.5 h, rt.
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Immediately prior to conjugation with chelat@16 and 2.19 the terminal Fmoc group was
removed from the resin-bound peptide by treatmenh wi-methylpiperidine in DMF. As
anticipated from the solution phase coupling experits in section 2.4.3, chelatdrl6 required
activation with BOP coupling agent and DIPEA baserd3 h to achieve conjugation. Chelator
2.19 coupled readily over 3 h using the standard DI@ E®Bt protocol employed for the Tc
chelators. Prior to peptide cleavage, the resinwashed with CkCl,, ELO and driedn vacuo
Global cleavage and deprotection was performedgu3iRA as described in Scheme 7. The
solution was then added to,Btto precipitate the peptide which then was lyapéd to afford the
conjugates2.32 (designated as ATSM-BBS1) an?.33 (ATSM-BBS2) respectively. Both
conjugates were purified by preparative HPLC armaphjlisation. During preparative HPLC, not
all of the material was recovered from the coluffinis was attributed to the slightly low solubility
of the conjugates in the solvent system. Attemptside other systems were unsuccessful. The

purities of the isolated conjugates compared veethé previously reported systems as summarised

in Figure 9%
Ligand ATSM-BBS1 ATSM-BBS2
m/zfound 1638.6 1694.7
z ) ) (calc) (1637.8) (1694.8)
B 3 yield 53.4% 19.4%
T purity 94% 95%
— B ——— | N ef ;) 14.1 min 14.0 min

T T T T T T T T T T T T
200 4.00 6.00 8.00 10.00 1200 1400 1600 1800 2000 2200 2400 26.00
Minutes

Figure 9 (left) HPLC of the bis(thiosemicarbazone) bombesimjugate ATSM-BBS1 after preparative
HPLC purification (R= 4 min = solvent peak) (right) Chemical charastgion data of both conjugates.
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2.5.3 EPR studies

The backbone-functionalised bis(thiosemicarbaza@ystems previously reported suffered from
significant non-specific copper protein bindihgBefore proceeding with radiolabelling
experiments, it was therefore decided to establisather metal binding at ambient temperature
would still result in specific copper complexatianthe chelator site, rather than unspecific bigdin
to the peptide sequence. For this purpose, batutitonjugated chelat@.16 and the ATSM-
BBS1 sequenc@.32 were titrated with 1 eq of Cu(OACc2H,O at room temperature to form the
corresponding copper complex247and2.34 (designated as CUATSM-BBS1). EPR analysis was

then used to analyse the copper species formedtr&peere recorded by Dr Michael Jones.

—2.34
— 217

-6 T T T T T T T T T T T 1
2600 2800 3000 3200 3400 3600 3800
Field

Figure 10 X-band EPR spectra @17and2.34in anhydrous DMF/ethylene glycol 4:1 at 60K.

As can be seen from Figure 10, the EPR spectratbf217and2.34indicated that a single Cu(ll)
species had been form&d® The copper isl® square planar and the EPR spectra at X-band bear
close similarity to other Cu(Il)ATSM derivativesgwiously studied? This confirms that in the
conjugates the copper is bound exclusively in tisétlhosemicarbazone) ligand as there are no
signals attributable to copper bound to the protéhis in line with the clean radio-HPLC traces

that were observed for tfi&Cu-labelled complexes (see sections 2.4.5 and)2.5.4
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2.5.4 ®'Cu-radiolabelling of ATSM-BBS conjugates

Copper-64 radiolabelling and biological investigas of the ATSM-BBS conjugates were carried
out at the Centre of Radiopharmaceutical Sciendethe Paul Scherrer Institut, Switzerland.
Radiolabelling of the conjugates for biological @stigations was performed by Mr Alain Blanc.

Biological tests were conducted by Dr Elisa Gafg&ayoa.
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Figure 11 Radio-HPLC of {*Cu]CUATSM-BBSL1 radiolabelled at rt after Sep-pakification.

Copper radiolabelling of ATSM-BBS1 and ATSM-BBS2 tgive [**Cu]CUATSM-BBS1
([**Cu]2.34 and P‘Cu]CuATSM-BBS2 (f*Cu]2.35 was performed in ammonium acetate buffer at
pH 5.5 at room temperature. The radiochemical yoélff*Cu] CUATSM-BBS2 (91%) was slightly
higher than that for °{Cu]lCUATSM-BBS1 (85%). Simple purification by Sep-pak cartridge
proved sufficient to obtain radiochemically purarmmexes. Interestingly, when the labelling was
done at 75°C, yields were90-95 %. Radio-HPLC analysis after 24 h reveabed the complexes
were stable in saline solutiobog P values were determined as described earlier amudfto be
0.42 + 0.04 and 0.39 + 0.01 fo¥Qu]CUATSM-BBS1 and §Cu]CUATSM-BBS2 respectively.

Figure 11 depicts the HPLC chromatogram®6€{ij CUATSM-BBS1 after purification.

" The radiocopper used at PSI for peptide labeliing in vitro andin vivo experiments contains small
amounts of ‘Cu. Puré’Cu was used for all other labelling work in thigsfs.
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2.5.5 Receptor binding and internalisation studies

Receptor binding is an important prerequisite fighhtumour affinityin vivo and therefore the
receptor binding affinity of the ligand peptide Qoyates was verified prior tan vivo
investigations. Binding studies were performed omén prostate adenocarcinoma cells (PC3) that
express a high level of GRPR. A competition assayg werformed on adherent cells using a
previously reported procedure with the non-labeRdSM analogues and¥I-Tyr*|BBS.* 1Cs,
values, determined from the replacement curves showrigure 12, were 2.9 nM and 3.8 nM for
ATSM-BBS1 and ATSM-BBS2 respectively. The bis(tl@oscarbazone) conjugates therefore
displayed affinities in the range of the analogdid¥His)chelator containing sequence previously

used for chelation of™Tc (5.1 nM) and compared well to that of naturanbesin (1.9 nMf* #?

1007 - e ATSM-BBS1 2.32 ® [®“cu]CuATSM-BBS1 [**Cu]2.34
e ATSM-BBS2 2.33 547 e [®4Cy]CUATSM-BBS2 [**Cu]2.35
801 >8 45
sa
& 60 g 2 36
.c\
2 g2
£ 40 S ¢
m 55
£ 2 184
=3
20- o
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32 10 1 2 3 4 5 6 0O 20 40 60 80 100 120
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Figure 12 (left) Displacement curves of ATSM-BBS1 and ATSNBS2 in PC-3 cells. (right) Time course
internalisation of thé*Cu-labelled analogues in PC3 cells. The percentdgeternalised activity is given
relative to the total activity added to the cells.

Receptor internalisation assays with the radioleHatonjugates®{Cu]2.34and f*Cu]2.35showed
that internalisation was somewhat slower for tH€JJCUATSM-BBS conjugates than for the
comparable®™Tc(N*His) system which showed close to 80% internalizatafter 30 mirf!

Overall, f*Cu]CUATSM-BBS2 showed much better internalisatiwant f*Cu]CUATSM-BBS1.
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2.5.6 In vivo biodistribution

Since [‘Cu]CuUATSM-BBS2 (f'Cu]2.35 displayed better internalisation and lower nogesfic
binding, this derivative was chosen for preliminaryivo evaluation. Biodistribution studies were
performed in female CD-1 nu/nu mice bearing PC-fidur xenografts. Mice were injected
intravenously with 100 kBq of*{Cu]CUATSM-BBS2 and sacrificed at 1 or 24 h posedtion
(p.1.). Organs were harvested and countedgitaunter to determine the percentage of the injecte

dose per gram of tissue (%ID/q).
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Figure 13 Biodistribution by dissection of*JCu]CUATSM-BBS2 (f*Cu]2.35 in nude mice with PC3
tumour xenografts.

From the dissection data in Figure 13, it can tenshat {*“Cu]CUATSM-BBS2 showed rapid
blood clearance, with 3% ID/g at 1 h and less D&96 ID/g remaining in the blood at 24 h p.i.
Interestingly, lung uptake was very high at thdyetime point but was cleared at 24 h. This is in
contrast to what has been observed for & c derivatives previously (<1% ID/g). It was
suspected that this may be due to the low solyhilitthe conjugate in aqueous media. The high
pancreatic and gastrointestinal uptake is condiskéin the high receptor expression in these

organs. These values could be significantly redumedlocking studies, where mice were
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administered a co-injection of 100 ug of unlabelpptide. Liver uptake was high which is in
accordance with the high lipophilicity of the dexiiwe. However it is highly likely that this arises
from copper being sequestered from the ATSM liggee discussions in Chapter 5 onitheivo
stability of CUATSM). Furthein vivo experiments would be needed to determine thegaexigin

of this high liver uptake.

Significantly however, tumour uptake &f'f'Cu]CUATSM-BBS2 was high, displaying tumour-to-
muscle ratios (RTM) of 9.6:1 at 1h p.i. A directgmarison with othe¥’Cu systems is hampered as
data for this exact peptide sequence labelled waitbther copper chelator is not yet available.
However, the uptake observed was significantly éigthan for other copper chelators with a
comparable bombesin motif, where tumour uptakeDi@TA and NOTA labelled derivatives was
4%ID/g*® Importantly, tumour uptake of{*Cu]CUATSM-BBS2 was significantly reduced in

blocking studies which confirms the specificitytbé uptake.
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2.6 Applications to the **Cu-radiolabelling of proteins

The peptide conjugation and room temperatdf€u-radiolabelling of the carboxylate
functionalised bis(thiosemicarbazones) in sectioh @monstrated that these are in principle
suitable bifunctional chelators for tHféCu-labelling of biomolecules. Thus it was decided t
investigate the potential of the bis(thiosemicadoa) motif for the radiolabelling of heat-sensitive
proteins. Besides accomplishing a mild, high speeittivity radiolabelling approach, site specific
attachment of the label is crucial for certain pno$ to retain their specific targeting. Traditittpa
radiolabels are attacheda the thiol groups of cysteine residues or, most roonly, via the -
amine of lysine residuéd Whilst this is readily achieved, the abundancé¢hese residues means
that the protein could be modified at, or closdt®active or binding site, potentially renderig
bioconjugate biologically inactive. One way to agkl this concern is to provide a bio-orthogonal
conjugation site for the chelator on the protein.

The aim of this section was to investigate the akility of functionalised copper
bis(thiosemicarbazonates) for the mild, site speéi€u-radiolabelling of a genetically engineered

C2A domain of rat synaptotagmin |, which was saédbr proof-of-concept experiments.

2.6.1 C2A and cell death

The regulation of cellular death is critical to miain normal physiology in the body. The two main
forms of cell death are apoptosis (programmedde=th) and necrosis (accidental, non-regulated
cell death)’* Dysregulation of these pathways, in particulathwispect to apoptosis, is central to
many diseases. Unwanted apoptosis for instancerocuing myocardial infarction or immune
rejection following an organ transplafitin contrast, many cancers acquire resistancedptagis
and chemotherapeutic treatments and radiotherapyaianed at inducing apoptotic cell dedth.
Hence, the non-invasive imaging of cell death isn@portant clinical objective to assess the extent
of disease or to monitor treatment progress. A commgharacteristic of apoptosis is the
externalisation of phosphatidylserine (PS), a camept of the inner leaflet cell membrane, which

acts as a molecular flag for phagocyteShere are several proteins that have a high ffiior
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phosphatidylserine, examples include Annexin V #mel C2A domain of Synaptotagmin | that
both bind to PS in a Gadependent manner. Radiolabelled, these may servyerateinogenic
imaging agents. Annexin V, radiolabelled witf'Tc and*®F has been widely investigated in
preclinical and early stage clinical PET and SPR@aging of cell death in myocardial infarction
and cancer>”’ Likewise, the ~16 kDa protein C2A has been labeléth **"Tc for SPECT? A
recent report comparing fluorescently labelled G2 Annexin V suggests that C2A has reduced
binding to viable cells, resulting in up to 4-foldore specific binding to necrotic and apoptotic
cells when compared to Annexin®*/Similar to Annexin V however, C2A is vulnerablerton-site
specific modification and it has been demonstratkdt labelling via the lysine residues
surrounding the C2A site causes a decrease in fitftyaf’ Recently, Tavarét al. reported an
engineered C2AcH protein that incorporates a fgstetne (for site-specific covalent modification)
and a hexahistidine tag (for site-specific radielaig with [°"Tc(CO)%(OH,)4]") in the C-terminal

with excellent PS affinity. A second derivative,AZ2 includes only the C-terminal cysteine.

Although'®F-radiolabelled C2A has been investigatethere are to date no reports of any site
specifically labelled analogues for PET. To thetlsé®ur knowledge, the use 8Cu has not been
explored and it was decided to investigate theaise functionalised bis(thiosemicarbazone) for

the mild, site specifi’Cu-radiolabelling of this biomarker.
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2.6.2 Synthesis of maleimide functionalised bis(thiosemacbazones)

Conjugation to the pendant thiol group of C2Ac nh&yachievedia introduction of a maleimide
group on the bis(thiosemicarbazone) chelator. fHarange of 6.5-7.5, the maleimide undergoes
alkylation with the thiol to form a stable thioethbond. In order to introduce an exocyclic
maleimide onto the bis(thiosemicarbazone), we fngblored the use of maleic anhydride in a
cyclisation reaction on the pendant hydrazine gRFSE/A. A range of reaction conditions
resulted in sparingly soluble products that coutire analysed further.

Instead, the use of ATSM/en, a more highly alkylated and more solubteligand previously
reported by this group, was explored. (For synthasid a detailed discussion of the reactivity of
this proligand and its Cu-complex, see chapter. Ragrettably, reaction of ATSM/en or its Zn
complex ZnATSM/en with maleic anhydride resultedfammation of untractable side products
(Scheme 8). In the reaction of ZnATSM/en, the opkain maleamic acid derivativ&39 was

detected by ESI-MS, but attempts to drive the feactowards the ring-closed product were

unsuccessful.
O
N:/ \i (a) /N/ \N\ O
HN- “NH + O %, E’L I ) N\
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H H H H 0
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| zn | + - - n N
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b N o} H H
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Scheme 8Attempted synthesis of maleimide functionalised(thiosemicarbazones) via direct reaction of
amine functionalised JATSM/en or ZnATSM/en with maleic anhydride underrange of reaction
conditions (a) MeOH, molecular sieve, 50°C (b) Me@HTHF, molecular sieve, 50°C - reflox MeOH,
AcOH, reflux.

Consequently, the pendant maleimide group wasduotredvia the previous successful peptide

coupling strategy, attaching the bis(thiosemicasba ligand to a maleimide functionalised
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carboxylic acid. As depicted in Scheme 9, coupbfigh,ATSE/A (2.04 to 3-maleimidopropionic
acid and 3-maleimidobenzoic acid afford@d40 (H,ATSE/A-ALmal) and 2.42 (H,ATSE/A-
ARmal), bearing aliphatic and aromatic linkers exgtjvely between the ligand core and the
maleimide functionality. Use of commercially avélila 3-maleimidopropionic acid resulted in
formation of inseparable side-products, hence tladeimide had to be purified by Kugelrohr
distillation before us& The ligands were isolated in >95% purity. Attemiatsecrystallise either
ligand (from DMSO/HO or DMSO/EtOH) did not improve the purity and résd in
decomposition of the product when heat was app8etsequently, both ligands were purified by
preparative HPLC. Removal of the MeCN(H solvent systenn vacuoon a rotary evaporator
caused the off-white solids to turn yellow and imjpes were detected in the HPLC. Instead, the
ligands were successfully isolated when the MeCN asxaporated at room temperatirezacuo

followed by lyophilisation.

—
M IO

o~

S et SRR A

Scheme 9Synthesis of the maleimide functionalised liga@d#0and2.42and their copper complex@s1
and2.43 The synthetic route is outlined for the aliphdiiker-based derivatives and was analogous for the
chelator and complex bearing the aromatic linkétsuiia) BOP, DMF, DIPEA, 4 h, rt, 9492.40 and 98%
(2.42 (b) Cu(OAc) H,O, MeOH, rt, 5 min, 71%241) and 65% 2.43).
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Figure 14*H NMR spectrum of.42in d-DMSO.

Synthesis of the copper complexz41 (CuATSE/A-ALmal) and2.43 (CuATSE/A-ARmal) was
achieved using Cu(OAghand standard procedures. Table 7 summarisesdgheental analysis and
mass spectrometry data f2r402.43 Elemental analysis values for C, H, N A3 were low,
again probably due to the presence of water adigjsisd could not be dried under héatvacuo
Single peaks in HPLC and radio-HPLC (see secti6rBRwere obtained however and the accurate

mass agreed very closely with the proposed streictur

Compound m/z calc. m/zfound R; (min)  Elemental analysis C, H, N
2.40 H,ATSE/A-ALmal 449.1148 449.1137 9.25 42.2 (42.2% 65.2), 26.2 (26.3)
2.41 CuATSE/A-ALmal 510.0288 510.0283 9.54 37.0 (364}, (4.1), 22.8 (23.0)
2.42 H,ATSE/A-ARmal 529.1411* 529.1412 10.94 48.0 (48415 (4.7), 23.7 (23.6)
2.43 CuATSE/A-ARmal 534.0323 534.0322 11.55 37.6 (4236) (3.7), 17.4 (20.9)

Table 7 ESI-MS data (corresponding to (M +H[M + Na) or *(M+Na+CHOH)*, HPLC retention times
(M,), and elemental analysis data found (calc.pfd0-2.43
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2.6.3 Radiolabelling

Both ligands2.40and2.42were successfully radiolabelled by reaction wifft{ij(OAc), using the
standard procedures outlined in section 2!4.Bs anticipated from the carboxylic acid
functionalised ligand<,'Cu-complexation proceeded at room temperature.dRdBiLC and radio-
TLC analysis within a few minutes of labelling indted formation of°fCu]2.41 and f*Cuj2.43
with high radiochemical yields>( 95%) and radiochemical purities (> 97%) as deteeochiby
radio-TLC and radio-HPLC. Figure 15 depicts theaddPLC traces of both complexes.
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Figure 15 Radio-HPLC traces of{Cu]2.41and f*Cu]2.43

2.6.4 Reactivity towards thiols

Prior to protein conjugation, the reactivity 8f402.43 towards thiols was verified. For this
purpose, a stock solution of ligand or copper caxph DMSO was added to PBS at pH 7.4 (1:3
DMF:PBS), containing an equimolar amount of cystethyl ester as a model thiol. The solutions
were screened for product formation after 30 micubation by ESI-MSm/z Data is shown in

Table 8 and agreed with the proposed products tebic Figure 16.
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Figure 16 Structures of cysteine-ethyl ester conjugatedigeiotds2.44 and 2.46 and their corresponding
conjugated Cu-complex@&s45and2.47.

No Product m/z calculated m/z found
2.44 H,ATSE/A-ALmalCysOEt 598.1659 [M+N3] 598.1663
2.45 CuATSE/A-ALmalCysOEt 659.0798 [M+N4&] 659.0808
2.46 HATSE/A-ARmalCysOEt 646.1659 [M+N4] 646.1655
2.47 CuATSE/A-ARmalCysOEt 707.0798 [M+Na]  707.0796

Table 8 Results of ESI-MS screening 2f40-2.43 reacting with HCysOEt.HCI in DMF/PBS to gia44
2.47as detected by ESI-MS.

2.6.5 ®Cu-labelling of C2Ac via bis(thiosemicarbazone)-maleimide derivatives

Having established the reactivity 840and2.42towards thiol, conjugation to C2Ac was explored
for mild postlabelling of the protein wiftiCu.

Work in this section was performed in collaboratwith the group of Dr Greg Mullen at the
Department of Imaging Sciences, King's College Lamd Conjugation experiments were
performed under the supervision of Dr Richard Téyarotein expression and radiolabelling

experiments were conducted by Dr Richard Tavaré.

2.6.5.1 Conjugation of maleimide functionalised bis(thioseritarbazones) to C2Ac

C2Ac protein was expressed and purified as prebjalescribed® Bioconjugation was performed
as outlined in Scheme 10. To 1 mL of C2Ac prot@&img mL" in PBS) was added a 3-fold molar
excess of chelata?2.40 or 2.42 dissolved in 100 pL DMSO. The pH was adjusted tan8 the

solution was incubated for 4 h at room temperature.
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Scheme 10Conjugation of C2Ac to maleimide functionalised(ttiosemicarbazone) proligan8s40 and
2.42 (a) 3 eq of chelator were dissolved in DMSO aracurated with C2Ac in PBS at pH 8 for 4 h at rt to
afford the2.40C2Ac and2.42-C2Ac chelator-protein conjugates.

During the incubation of C2Ac witB.42 formation of a fine precipitate was observedjdating
that the solubility of2.42 in aqueous media may be problematic. After indobatthe excess
chelator was removed by size exclusion chromatdyraising a PD-10 column pre-equilibrated
with PBS. PD-10 fractions were monitored by UV-aissorption for the presence of the protein
(280 nm)*® LC-MS was used to confirm formation of the C2A@kttor conjugates as summarised
in Table 9. The data indicated formation of hé0C2Ac and2.42C2Ac conjugates as shown by
peaks at 15424.7 and 15472.2 Da respectively.2FHb2-C2Ac, a second peak was detected at
15491.0 (+18.8 Da) which could not be further idfead. Owing to precipitate formation and the
presence of this unidentified by-produ2t42 and 2.42C2Ac were not investigated further and

efforts focused on the more soluble chel@dObearing the aliphatic linker.

Protein/Conjugate m/z expected m/zfound

C2Ac 14998.0 [M+H] 14998.4

2.40-C2Ac 15425.1 [M+H] 15424.7
2.42-C2Ac 15472.5 15472.2, 15491.0

Table 9 Summary of ESI-MS data for C2Ac and thd0-C2Ac and2.42-C2Ac protein conjugates.

2.6.5.2 ®Cu-radiolabelling of 2.40-C2Acvia post-labelling approaches
Firstly, 2.40C2Ac was radiolabelled by addition of aqueo€{ijCu(OAc) at pH 6.2 at room
temperature. Radio-TLC analysis indicated that &3%he conjugate was already labelled after 5

min incubation. Following a total incubation timé 80 min, the labelled ®fCu]2.41-C2Ac
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conjugate was purified by PD-10 fractionation usthg procedure applied for tH#240C2Ac

chelator conjugate. The PD-10 elution profile, degd in Figure 17A, confirmed that 81% of the
activity was associated with the protein-containfiragtions (1 and 2). However, radio-TLC of the
main protein containing fraction 2 indicated thaef'Cu was still present as shown by the activity

detected in the 40-50 mm region (Figure 17B).
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Figure 17 (A) PD-10 fractionation after 30 min incubation %0-C2Ac with *Cu]Cu(OAc), with the
protein contained in fractions 1 and 2 (right) Ra@LC (10% ammonium acetate:methanol 1:1) of faac®
indicates a 74% radiochemical purity, with the pre of {*Cu]2.41-C2Ac (20 mm) and a further peak
found in the region of th¥Cu-copper ion (40-50 mm).

Since PD-10 size exclusion chromatography wouldekgected to separate the low molecular
weight®Cu from the radiolabelled 15 kDa protein, it wassidered whether the fré&Cu-activity
observed in the radio-TLC may be due to the prdiéiding Cd* and competing with the chelator
for ®Cu?*. This could then cause leaking of the non-tigluthelated activity later on during size
exclusion treatment or radio-TLC. Indeed, a sirgigort suggests that Eainding sites in C2A
bind CU#* with an affinity suspected to be in the nanomatange®® C2Ac contains 3 Ca binding
sites composed of Asp residues that approach adbetate or heptadentate coordination
environment? ®

Thus it was considered how any non-bis(thiosemaasbate) bound activity, which may be
associated with the protein, could be removed. Bbyret al. previously compared the &u
binding properties of CUATSM and EDTA.The authors found that a direct titration of a

H,ATSM:EDTA (1:2) mixture did not result in formatiasf Cu(ATSM) as detected by UV-vis. In

contrast, Cu(ATSM) was stable overnight in 1000ie@fi EDTA. The experiments indicated that
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EDTA binds CG* more rapidly than BATSM but the copper ion does not exchange between t
two ligands, reflecting the kinetic stability of B8USM once formed. Thus, it was anticipated that
addition of excess EDTA after the radiolabellingpstmight remove non-specifically bound
activity.

Incubation of the2.40-C2Ac conjugate with®fCu]Cu(OAc), was repeated and followed by radio-
TLC analysis. Radio-TLCs for thé'Cu]Cu(OAc), reference and thé*Cu]2.41-C2Ac conjugate at
5, 15, 30 and 120 min post labelling were obtawéd EDTA included in the running buffer (10%
ammonium acetate:methanol 1:1+25mM EDTA). Agairspaction of the radio-TLCs indicated
that ~80% of the activity was associated with thljaegate at 5 min, this decreased slightly to 75%
at 120 min (Figure 18A), with the remainder of thetivity being free (or EDTA-bound)
[**Cu]CU™*. At 120 min post incubation with the radioisotop80 pL of 50 mM EDTA were added
to the conjugate solution to chelate any free on-specifically protein-bound*Cu. The

[**Cu]2.41-C2Ac conjugate was purified by PD-10 size exclosis before (Figure 18B).
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Figure 18 (A) Radio-TLC (10% ammonium acetate:methanol 15.#8M EDTA) of [Cuj2.41-C2Ac at
120 min post labelling (B) PD-10 fractionation &01min post labelling (C) and (D) radio-TLCs at rhfn
and 20 h post PD-10 purification. At 20 h post ioation, 95% of the activity is found in the regioh
[**Cu]Cu(OAc), indicating the activity is no longer associatethwhe protein-chelator conjugate.
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The elution profilerevealed that 66% of the activity was found in pinetein fractions 1, 1.5 and 2.
The remainder was associated with lower molecuksaractions (fraction 3-6), indicating either
free [‘Cu]lCu or f'CulCUEDTA. The main YCu]2.41-C2Ac containing fraction 1.5 was
monitored by radio-TLC to assess the stability®€{i]2.41-C2Ac in PBS over time. Radio-TLC
at 5, 15 min (Figure 18C) and 150 min indicated #80-95% of the conjugate remained intact. In

contrast, radio-TLC at 20 h showed that only 5%hefcomplex remained intact (Figure 18D).

2.6.5.3 Pre-labelling approach

The leaking of activity from the protein fraction kater time-points (Figure 18D) raised the
possibility that the C& binding sites in C2A may effectively compete witthe
bis(thiosemicarbazone) for €uchelation. In order to ascertain whether there imdsed protein
binding of P‘Cu]CW**, or whether the leaking was due to inherent intalof the **Cu-labelled
chelate, a pre-labelling approach was performeccéonparison. Labelling of chelat@40 with
[**Cu]Cu(OAc) (Figure 19A) was performed using standard proesias reported in section

2.4.5. f’Cu]2.41was purified on a C-18 Sep-Pak cartridge and metditated into EtOH.

CIA [ffcuj2.81 95% = B 45 min 96%
W / [64Cu]2.41-C2Ac
Ny WM\\W‘M’ | 1 )
6, C ! D 16 h post PD-10 93%
5 1 / [64Cu]2.41-C2Ac
4 1 200
£ 150
2 100
;4 —— oy L OO

0.0 200 400 600 800 mm
0 2 4 6 8 10
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Figure 19 Post-labelling approach by conjugation 8fCu]2.41 to C2Ac. (A) radio-TLC of {’Cu]2.41
before conjugation (EtOAc:MeOH 95:5) (B) radio-TL®f [*‘Cu]2.41-C2Ac (10% ammonium
acetate:methanol 1:1+25 mM EDTA) at 45 min post jugation (C) PD-10 elution profile of
[**Cu]2.41-C2Ac at 45 min post conjugation (D) radio-TLC (1@ monium acetate:methanol 1:1+25 mM
EDTA) of [**Cu]2.41-C2Ac at 16 h post incubation in PBS (37°C).
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The ethanolic solution was concentrated undereastrof nitrogen before addition to C2Ac in PBS
(pH 8) for conjugation.

Radio-TLC after 45 min incubation at room tempemindicated that’fCu]2.41-C2Ac conjugate
formation was already complete (Figure 19B). PDi&@tionation was performed to remove any
unconjugated °fCuj2.41 and revealed that 88% of the activity was conjedato the protein
(fractions 1 and 2, Figure 19C§*Cu]2.41-C2Ac from fraction 1 was then monitored over tiase
previously to determine the stability of the corgteyin PBS solution. In contrast to the results
obtained for the one-step labelling approach, 93%he conjugate was still intact after 16 h
incubation in PBS at 37°C as determined by theorddiC analysis (Figure 19D). The contrasting
results for the post- and prelabelling approachesestigated suggest that C2A effectively

competes with the bis(thiosemicarbazone) moiety*ou.

2.6.5.4 Serum stability of [**Cu]2.41-C2Ac

Since the behaviour ofCuj2.41-C2Ac (formedvia pre-labelling) suggested formation of a stable
conjugate, the copper bis(thiosemicarbazonatoepratonjugate was investigated further. Tine
vitro stability in serum was determined by incubatiffg{ij2.41-C2Ac in human serum. Aliquots
were withdrawn at 1, 2, 6 and 20 h post incubatiod monitored by radio-TLC as before. Since
serum proteins such as ceruloplasmin or human satoomin are able to sequester’Guadio-
TLC was complemented by gel analysis to test fer ghesence of other radiocopper-containing
protein. Samples from each experiment were ran@B-BAGE and analysed by autoradiography
as depicted in Figure 20. Analysis of the percemi@divity in each lane revealed that 81.7+1.9%
and 97.9+1.8% remained associated with the C2Aijoréraction (15 kDa) for samples incubated
for 20 h in serum or PBS respectively. The seruahibty observed is therefore slightly lower than
for the SPECT analogué[Tc]AcH-C2A (94%, 16 h§® Since the remainder of the activity was
seen at higher molecular weight bands, some activity indeed be sequestered by serum proteins

able to bind copper, such as albumin or ceruloglasm
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Figure 20 SDS/PAGE gel ofCu]2.41-C2Ac samples after overnight incubation in PBSemum. A and B
represent duplicate measuring points.

2.6.5.5 Preliminary results for binding of [*'Cu]2.41-C2Ac to PS on red blood cells

In order to establish whether thé&'Qu]2.41-C2Ac conjugate (formed via the pre-labelling
approach) retained affinity for phosphatidylseramered blood cells. In contrast to fresh red blood
cells, phosphatidylserine is exposed in preseregdbiood cells, allowing Annexin V or C2A to
bind in a calcium dependent manner. A literaturgoreed binding assay previously applied for
fluorescently labelled Annexin V afld"Tc-labelled C2AcH was performé@@Full results have not
been obtained to date, but preliminary experimesisaled increasing binding of théGu]2.41-
C2Ac conjugate to PS with increasing calcium cotregions, suggesting that the site specifically
attached copper-bis(thiosemicarbazonate) did neeradly affect the binding affinity of the

protein.
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2.7 Discussion of peptide and protein labelling results

The synthesis, characterisation and radiolabelbhghe COOH functionalised and maleimide
functionalised bis(thiosemicarbazone) derivatidesnonstrate that the,ATSR/A proligand can
readily be functionalised for bioconjugation. Swgsfal solid phase peptide synthesis and
bioconjugation under aqueous conditions at roonpeature further support their suitability as
bifunctional chelators. Whilst radiolabelling ofetlpeptide was readily achieved, in the first
instance, investigation of the postlabelling applofor proteins appeared to be impeded by the
chosen protein’s ability to bind copper. Contropesiments seem to confirm this, siné&u]2.41-
C2Ac, formedvia the pre-labelling approach, displayed acceptadens stability and maintained
protein affinity in preliminary binding assays. $tsuggests that indeed C2Ac competes to some
extent with the bis(thiosemicarbazone) moiety fSE{JCLF* in the direct post-labelling approach.
The facile pre-labelling and fast conjugation swjgehat the maleimide-functionalised
bis(thiosemicarbazone) provides a viable routeterf“Cu]-radiolabelling of C2Ac, which has not
previously been successfully labelled wifgu. However, a two-step approach is also achiegeabl
with macrocyclic chelators that confer higher inovistability. In vivo investigations are therefore
needed to evaluate th¥Cu]2.41-C2Ac conjugate and whether there are any parti@daantages

of bis(thiosemicarbazones) for use in a pre-labglapproach.

Nonetheless, the room-temperature labelling praserof the bis(thiosemicarbazone) motif,
combined with the good binding affinity of the dadbelled conjugate, suggest that
bis(thiosemicarbazones) may serve for the f&élai-radiolabelling of other heat or pH sensitive
proteins that require postlabelling, where no cditipa from the protein is expected.

The preliminaryin vivo biodistributions of the’fCuJATSM-BBS2 peptide conjugate revealed high
liver and lung uptake. Lung uptake may be due troprecipitation, since the low solubility of the
peptide conjugates already presented problems gitinie purification. The high amount of non-
specific binding also requires further investigati vitro andin vivo experiments, in particular
with respect to metabolite and stability studigs,r@quired to determine whether non-target uptake

is a result of the clearance pathway of the biomd&or whether it is solely due to lack of staili
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of the bis(thiosemicarbazoneh vivo. However, §*Cu]ATSM-BBS2 revealed higher tumour
uptake than other copper-chelators with comparpbfgide motifs and significantly, the uptake
was specific and could be blocked. Approachesitiess the above concerns about stability could
involve modification of the chelator to increasaddic stability. Work within the group has already
explored chelators with modified donor groups ttét label at room temperature, for instance by
replacing one of the sulphur donors with a pyridimecarbonyl moiety to yield asymmetric donor
system& Another possibility would be to increase the stéxilk of the chelator at the backbone or

pendant arms in order to enhance kinetic stakiliig minimise any possible transchelatiorivo.

2.7.1 Increasing the steric bulk of the ligand

In preliminary experiments, the introduction of amantyl substituents was investigated to increase
the steric bulk of the bis(thiosemicarbazone) layad-(2-Adamantyl)thiosemicarbazid@e48 was
synthesised following a previously reported procefuThe thiosemicarbazide was then reacted
with 2,3-butanedione to afford ligar®l49 Reaction with Zn(OAg)H,O in 7:3 CHC}:MeOH
afforded the Zn-comple®.50in 80% yield.2.49 and2.50 were fully characterised by NMR, ESI-

MS and elemental analysis.

_NH, >/ \< > <
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Scheme 11Synthesis of bis(thiosemicarbazone) ligand amdesponding Zn-complex bearing adamantyl
substituents on the exocyclic nitrogen. (a) 2,3%batlione, conc. 30, EtOH, rt, 16 h, 54% (b)
Zn(OAc), 2H,0, CH;CI/MeOH, 50°C, 2 h, 79%.
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Crystals 0f2.50 suitable for single crystal X-ray analysis werewn by slow evaporation of a
concentrated DMSO solution of the complex.

The crystal structure was recorded and resolvedrymber Thompson and Dr Michael Jones.
The crystal was initially solved as triclinic inglspace group.Pwith a Z prime of 4 but as this was
unusual, alternative symmetry was considered awdstfound that the correct unit cell was in fact
monoclinic with the space group of,Cand Z prime of 2. Attempts were made to model the
partially occupied, diffuse, disordered DMSO maoles also present in the structure, but a stable
model could not be reached with these in it, so BRXE was required to provide a sensible
solution’® The solved structure was very similar to previpuslblished examples of zinc(ll)
bis(thiosemicarbazonato) complexes which are 5Sdinate distorted square based pyramidal and
withdrawn in the order of 0.43-0.52 A out of the SlIplane by a monodentate ligand in the apical
site’® ' ™ "?This case is comparable, with a molecule of diylsthifoxide coordinatedia the O

to the Zn in the apical site, resulting in Zn sigti0.521 A above the SNNS plane.

The majority of the bond lengths and angles dodiféér significantly from the ZnATSM-DMSO

structure that was reported by Christlital, and the respective DFT calculated distarites.

Figure 21 ORTEP® "plot of the X-ray crystal structure @50 with the thermal ellipsoids drawn at 30%
probability and hydrogen atoms removed for clarity.
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Molecule 1 Molecule 2

Znl.S2 2.329(2) Zn40 . S41 2.331(2)
Znl . N5 2.133(7) Zn40 . N44 2.132(7)
Znl . N8 2.102(8) Zn40 . N48 2.079(8)
Znl.S11 2.340(3) Zn40 . S51 2.336(3)
Znl . O36 2.061(5) Zn40 . O75 2.075(5)
S2.7Zn1.N5 80.28(19) S41 .Zn40 . N44 79.7(2)
S2.7Zn1.N8 147.53(18) S41 . 7Zn40 . N48 1471.92(
N5.Znl.N8 75.0(3) N44 .Zn40 .N48  75.3(3)
S2.7Znl1.S11 111.57(9) S41 . 7Zn40 . S51 11147
N5.7Znl1.S11 149.55(16) N44 . Zn40 . S51 124.8)
N8 .Znl.S11 82.0(2) N48 . Zn40 . S51 82.5(2)
S2.Znl1. 036 110.22(14) S41.2Zn40.075 @4a5)
N5.Znl. 036 96.6(2) N44 .Zn40.075 96.37(19
N8 .Znl. 036 93.45(19) N48 .Zn40. 075 97199
S11.Zn1.036 104.56(15) S51.Zn40.075 1HE5)
Znl.S2.C3 97.3(3) Zn40 .S41 . C42 96.6(3)
N4 .N5.2Znl 123.1(5) N43.N44 .zZn40  123.5(6)
Znl.N5.C6 116.3(6) Zn40 . N44 . C45 1153(6
Znl.N8.C7 117.3(6) Zn40 . N48 . C47 118)9(7
Znl.N8.N9 120.8(6) Zn40 . N48 .N49  120.0(7)
C10.S11.zn1 93.9(4) C50.S51.27Zn40 93.2(4)
Znl.036.S37 134.5(3) Zn40 . O75 . S76 135.3(3)

Table 10Key bond lengths and angles of the X-ray crydtaicsure 0f2.50.

Overlays of the two molecules in the asymmetrid using Mercury 2.4, indicated that the two
forms (depicted in green and blue in Figure 22)engary similar, with no significantly different
conformational orientations observed in any paftdhe molecule. In addition, the respective

atomic distances vary only within experimental uteaty.

Figure 22 Overlay of the two molecules (green and blue)hia asymmetric unit for the X-ray crystal
structure o2.50
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2.8 Conclusion

A series of bis(thiosemicarbazone) bifunctional latees bearing aromatic and aliphatic linker
units with pendant COOH and maleimide groups haeenbdeveloped. The ligands were
radiolabelled rapidly at room temperature with higitiochemical yields and purities. Solution
phase coupling experiments have demonstrated aisupeactivity for aliphatic over aromatic
COOH groups.

Two pendant COOH group chelators have been comddata peptide using standard solid phase
peptide synthesis conditions. Room temperatureolaoilling, EPR characterisatiom vitro
binding assays and preliminany vivo biodistributions revealed that rapid, site spedcifibelling

and target affinity are maintained when the bisghimicarbazone) is conjugated to a peptide.

Reaction of the maleimide functionalised ligandhwé thiol-bearing protein demonstrate that
conjugation under aqueous conditions is feasibdsi-Rbelling was complicated by the intrinsic
copper binding properties of the protein chosenndtioeless, experiments with the pre-labelled
analogue demonstrated that the conjugate retairedl gtability in serum and preliminary
measurements suggest that the bis(thiosemicarbpauiety did not adversely affect the protein’s
target affinity.

Furtherin vivo work is needed to obtain a full evaluation of theferivatives as bifunctional
chelators. Further synthetic work could involve ifiodtion of the ligand structures to optimiise
vivo behaviour and to increase stability of the conjegavhilst maintaining the favourable rapid

labelling properties at room temperature.
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CHAPTER THREE

3.1 Tumour hypoxia

Hypoxia is a pathological condition of insufficieakygen supply. It occurs when the vascular
supply to tissue is interrupted, as in myocardiédriction or stroke, in diabetes mellitus following
poor perfusion of limbs, or in certain types of carl

When cells are suddenly deprived of oxygen, varichismosensory systems act to reinstate the
oxygen supply by modulating pulmonary circulatigrerfusion and blood circulationlf the
oxygen requirement for oxidative phosphorylationreat be met, cells normally die by apoptosis
(programmed cell death) or necrosis (accidentaldesith)* 3

Cancer cells, however, can respond differentlyyjpoixia by adapting their metabolism to survive
the low oxygen environments. Hypoxia is a typidam@cteristic of advanced solid tumour growth
and significantly alters the biology of the canceil.* ® In tumours, perfusion limited or acute
hypoxia can arise from limited oxygen delivery cadidy deficits in perfusion of the tumour
microenvironment. Chronic hypoxia arises from iased diffusion distances between tumour cells
and their nutritive blood vessels, as encounterieenstumours outgrow their vascular suppf/A
variety of changes in protein and gene expressioturoand there are many characteristic
pathological markers of hypoxfa? For instance, cells compensate their nutrient idagion by
enhancing glucose uptake via hypoxia induced espmesof glucose transporters and a switch
from aerobic to anaerobic metabolism (glycolysidypoxia also mediates the production of
growth factors that induce angiogenesis (the faonabf new blood vessels) to assist oxygen
delivery. Furthermore, hypoxia can cause proliferaind metastasis, initiated by cell migration
and regeneration after acute or chronic hypoxiaadgnHypoxia can also incur genetic instability
and immortalisation of cells. These further conttébto the tumour’'s aggressiveness by providing

a natural selection of tumour cells that are fistiovive the specific tumour microenvironmént.

A major mechanism governing the adaptive respotses lack of oxygen is the regulation of
transcription by the transcription factors Hypoxieducible Factors (HIFS).More than 100
proteins are upregulated as a response to hypgxitifs, in particular Hypoxia Inducible Factor 1

(HIF-1)2 HIF-1 is a heterodimeric protein composed of aggen sensitive & unit and a 1
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subunit. As depicted in Scheme 1, under normoxit5-14 is hydroxylated by the prolyl
hydroxylases and targeted for proteasomal deg@daising oxygen as a co-factor. In the absence
of oxygen, HIF-A concentration increases and dimerises with theubinit to form HIF-1. The
heterodimer binds to the core DNA-binding sequesitRCGTG-3" of target genes and activates
transcription of hundreds of proteins, includinggl essential to promote angiogenesis, glycolysis,

invasion and metastasis.

\
| J
P e s\ AV AN

. HHt

Scheme 1Schematic representation of HIF-1 pathway. Undemoxic conditions, HIF-4 is hydroxylated,
preventing binding to its cofactors and enablingééing by the von Hippel-Lindau factor for ubiqoétion
and proteasomal degradation. Under hypoxic condfiat can interact with its cofactors to form a
heterodimer that binds to hypoxia response elemants activates transcription of proteins to promote
survival of the cancer cell.

These adaptations equip cancer cells to betteriveuia their hypoxic environment and thus
promote tumour survival. Clinically, this resultsincreased tumour aggressiveness and resistance
to radiation- and chemotherapy. As illustrated higuFe 1, hypoxia in tumours has a negative
effect on prognosis due to higher recurrence ratk raetastasis.Starting from the pioneering
work of Gray® over fifty years ago, numerous studies have shivrole of hypoxia in resistance

to radiation therapy. lonising radiation is modeefive when leading to irreparable DNA double

strand breaks. Oxygen is a potent radiosensitisepramary radicals react with ,Cto form
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secondary free radicals that cause permanent DNwada which cannot be repaired by
intracellular thiols. Hence the increased resisgtanaadiation therapy is directly related to thekl

of intracellular Q.> *° In normal tissue, oxygen tension shows a Gausdistnibution with a
median of 40-60 mmHg and ranges from 20-80 mmHgadAic tumours have a median of 10
mmHg and this value has been associated with tleetoof resistance to radiotherapy. Full
resistance occurs in tissues of < 0.5 mmHglypoxia also influences chemotherapy. Most
chemotherapeutics function as antiproliferativendg@nd are thus less effective on tumour cells
that have slowed their growth rate as a responbggdoxia® '*In addition, reduced perfusion rates
and increased distances to tumour vasculature timaitherapeutics’ access to the tumour, and thus

shield cells from the cytotoxic effects!
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O Small, oxic tumors and Node negative , n= 35
[\ m——— Small hypoxic or large oxic and node negative , n= 31
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Figure 1 Kaplan-Meier analysis showing the influence of dwip on disease free survival. Prognostic
groups were created by assigning patients to graopsrding to tumour size, hypoxia and nodal stafuke
tumour. Reprinted with permission from reference 13

These aspects demonstrate that tumour hypoxia isegative prognostic factor and the
identification of hypoxic regions has become an antgnt goal in tumour staging and disease
planning. A reliable diagnostic method to determtime location and volume of hypoxic fractions
in tumours will greatly assist in radiotherapy plarg or help to determine the most suitable
chemotherapeutic treatment. However, it could dsoused to determine where a palliative

approach may be more appropriate.
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3.2 Measurement of tumour hypoxia

3.2.1 Invasive methods

To date, there have been several approaches taraea® quantify tumour hypoxia in the clific.
The “gold standard” remains the use of a polardgmpxygen sensitive needle electrode to
directly measure p£in tumoursin vivo, with a good correlation between results and respaa
therapy and patient prognosts'* **However, this invasive approach requires accessishour
sites and damages tissues, further it is proneamapbng errors and relies on CT or ultrasound
guided placemertf. Immunohistochemical methods are often used toctleted quantify tumour
hypoxia. A nitroimidazole compound, such as pimaaale or EF5 is administered as a hypoxia
marker prior to biopsy (for mechanism and strugtsee section 3.2.2). Immunohistochemical
staining of the sample with an antibody bindinghe hypoxia marker is then perform&d° These
invasive methods have severe drawbacks. Seriabig®po monitor tumour oxygenation pre- and
post-therapy are painful and impracticable. In &ddj tumours often are spatially and temporally
heterogeneous with well-perfused areas co-existiogg those of severe hypoxia. Representative
sampling thus only gives information on a smaltfian of the tumour.

To plan and monitor treatment, a non-invasive mettihat permits serial assessment of hypoxia is

highly desirable and functional molecular imagirfgis possible alternatives.
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3.2.2 Methods for Molecular Imaging of Hypoxia

Molecular imaging methods such as PET, SPECT or Nk the potential to delineate tumour
hypoxiain vivo. Several tumour locations can be assessed simoltiaty and the possibility to
repeat measurements allows therapeutic progrdss maonitored. Oxygen electrode measurements
merely provide apO, value, molecular imaging agents can provide furtbestinction by
delineating only viable, hypoxic tissue, since nafshe agents discussed below are not targeted to
necrotic tissue. Hence, molecular imaging agents pravide near real-time, dynamic data with
spatial resolution capable of assessing regiortaltbgeneity.

A range of molecular imaging modalities has beewrstigated foin vivo measurement of hypoxia
that rely either on direct measure of intrinsic gay concentration or on a surrogate marker that

responds to, or becomes activated within, hyposils.c

3.2.2.1 MRI

MRI provides several approaches to measure tumogpoxie. F-MRI oximetry uses
perfluorocarbons (PFCs) as oxygen-sensitive reparielecules® A linear relationship exists
between the®F MR spin-lattice relaxation rate {Rl/T;) of PFCs and oxygen tensiolm vivo
measurements of ;Rcan be converted intpO, maps usingn vitro calibration curved with
compounds such as hexafluorobenzene (see FiguRFFZs are biologically inert and exhibit low
toxicity, but a severe drawback is the need foratimoural injection of the agent to avoid
sequestering in liver and spleen. Blood oxygenlldependent (BOLD) MRI is an alternative and
measures blood oxygenation based on the paramsgnetideoxyhaemoglobin (oxyhaemoglobin
is diamagnetic) in order to reflect changes in tunmxygenatiorf> BOLD allows a high temporal
and spatial resolution but is not quantitafi¥eThe bioreductive 2-nitroimidazole EF5 (Figure 2
and section 3.2.2.2) has also been investigated®&sNMR probe. Sincé’F-MRI suffers from a
lack of F-MR facilities capable of imaging humans altevepO, probes based diti-NMR are

being investigated:
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Figure 2 (left) structure of HFB and EF5 used'f-MRI. [**F]EF5 (F*=°F) is also used in PET (rightjF
MRI oximetry using HFB to image a H460 tumour xeradgin a nude rat (0.57 chtumour xenograft) to
acquirepO, maps with an in-plane resolution of 1.25 mm wihiile rat breathed air (left) or oxygen (right).
The corresponding histograms below depict the nurobgoxels exhibiting a definedO, range during air
or oxygen breathing, respectively. Diagram repdniéth permission from reference 1.

3.2.2.2 PET and SPECT

Several PET and SPECT agents have been explorgddging hypoxid® A large proportion of
these are based on compounds bearing a 2-nitrainiglagroup as the targeting moiety. The
mechanism of hypoxia selectivity is thought to itveoan intracellular, enzyme-mediated, series of
one-electron reductions as shown in Scheme 2. Rutr@dmidazoles, the initial one-electron
reduction is biologically accessible and reversiltdence, in the presence of sufficien, Ghe
initial radical anion is reoxidised to the originadutral tracer which can diffuse back out of the
cell. In the absence of,Oreoxidation is slow and further reductions caadi¢o a highly reactive

hydroxylamine or amine derivative that resultsawalent intracellular bindingf,

— —_— —— — —
//\N e’ //\N - oH* r\N 2e" 2H* r\N 26" 2H* r\N
RN\/( S RN\/( _e,2H RN\/< _2e.2H RN\/< _c&.en RN\/(

02 _ 'HZO 'Hzo

NO, NO,” NO NH-OH NH,

Scheme 2Series of one-electron reductions for the propasedcellular trapping of nitroimidazolés.
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Chapmanet al. first investigated*“C labelled misonidazole in spheroids to define hiypoxic
tumour microenvironmerit. Since then, several nitroimidazoles have beenlli&bavith both
metallic and non-metallic radionuclides, as depidte Figure 3. For instance, BMS 181321 is an
agent based on #™Tc-amineoxime chelate linked to a 2-nitroimidazblet this tracer was too
lipophilic and showed poor hepatic clearafité’ Another amine-oxime ligand, based on a four-
carbon backbone iS*Tc]JHL91m. Interestingly, the control ligan@®[Tc]HL91 which lacks the
nitroimidazole group, was found to have the higmngyoxia selectivity but its mechanism of action
is still uncertairt™ 3 lodine-labelled 2-nitroimidazoles, such d$3JIAZA ** for SPECT and
["AIAZA ®, [®*FIFAZA and [*1]AZG** **for PET have also been reported. Ar-radiolabelled

variant of EF5 (see 3.2.2.1) has also been invasiif®

;t \ j/VN% :tN\O/Nj;N% ;t \ ji ml,mF/\g

NOQ NO2

[*°*™Tc]BMS181321 [99"‘Tc]HL91m [99'“Tc]HL91 ['Z1AzA
['8FIFAZA

Figure 3 Technetium and iodine based agents investigateidhfiging of hypoxia.

The most widely studied PET imaging agent for hyaois [*F]FMISO whose synthesis is
depicted in Scheme 3. The lipophilic tracer (log R.6) is thought to diffuse readily through cell
membranes. FMISO is directly affected by tumourgeqation and hypoxic regions requp®,

38 and clinical studi€d have

levels below 2-3 mmHg to cause significant retentfoPreclinica
demonstrated successful assessment of tumour lypeikih a direct correlation between the
volume of the hypoxic fractions andfJFMISO uptake. Pre-therapy FMISO-imaging in patien
studies was predictive of radiotherapy outcome éachand neck cancer patiéfitand higher

hypoxic volumes and tumour-blood ratios were asdedi with shorter time to progression and

survival in glioblastoma patient5 However, FMISO presents several major limitatichsmour-

to-blood ratios are <1.2 and the limited contrasiorreflects the lovin vivo uptake. The problem
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is enhanced due to slow clearance which delaysiimgafgr up to 3 h after injection which is
suboptimal for the shoHF half-life.

To improve the low count rate and image qualityw rderivatives such a¥F-fluoroazomycin
arabinoside, 'fFJFAZA, have been investigated which showed supdsiood clearance when
compared to'fFJFMISO:** So far, the above mentioned agents have all baastigated in the
clinic but have received mixed reports, limitedpiart by strong background signals due to slow

clearanc® and some tumour line dependefity.

= OTHP = OH
N/\\l‘\l (a) [Kryptofix 2.2.2/K,CO4]"éF N/\\,\\, NF
Y OTs () Ht Y
O.N O,N

Scheme Radiosynthesis of the hypoxia tracEFJFMISO.

An alternative approach to the radiolabelling dirsimidazoles is to use a complex where the
radionuclide constitutes a part of the construat tonveys the hypoxia targeting properties. One
such agent is the copper (Il) complex copper(l§ediyl-bisf\*-methylthiosemicarbazone),
Cu(ATSM). Cu(ATSM) rapidly delineates tumour hypaxwvith high tumour to muscle ratios. As
discussed below, the redox properties of the coppethought to be key to the mode of hypoxia
selectivity, but the currently accepted mechanisrmat consistent with certain aspects of its
observedin vitro and in vivo behaviour and the exact mode of selectivity ifl st fully

understood.
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3.3 CuATSM

As outlined in Chapter 1, copper(ll)bis(thiosemiaonato) complexes were first evaluated in the
1990s as an alternative t8H]JFMISO for the PET imaging of hypoxia. Fujibayashial.observed
hypoxia selective uptake of CUATSM in ax-vivq isolated rat heart model of ischerfiiad
reductive retention mechanism mediated by NADH-depat enzymes of the electron transport
chain in mitochondria was proposed. Specificaltywas suggested that Cu(ll)ATSM is only
reduced to become irreversibly trapped under hyposis a result of abnormally reduced

mitochondria, as depicted in Scheme 4.

Cu(ll)(PTSM) Cu(ll)(ATSM)
blood
PROED PR POROROEOEOEORO
cell membrane [1T }41910/0:0:01 éﬁ@m@ mmg
cell
Cu(ll)(PTSM) Cu(ll)(ATSM)
+e” +e” +e”
<—— normal mitochondria abnormally reduced
mitochondria by hypoxia
Cu(l) Cu(l)

\ Cu retention /

Scheme 40Original mechanism of hypoxia selectivity of CQATSM, proposed by Fujibayashi and
supported by Obata.

In hypoxic cells, electron flow is disturbed duehyper-reduction of NADH dehydrogenase, also
called Complex |. Reduced Complex | is thought$e MADH as a two-electron donor to reduce
Cu(IDATSM. In normoxic cells, undisturbed Compléxis incapable of accessing the redox
potential of Cu(IlATSM. This is in contrast to Cl8M, which has a less negative reduction
potential and is non-selectively trapped in all<&l

Obataet al. conducted additional studies in subcellular fiawdi of Ehrlich ascites tumour cells to

show that reductive metabolism occurred in the asiome/cytosol fraction rather than in the
mitochondria’® They demonstrated that the reductive process was-gensitive and could be

enhanced by exogenous NAD(P)H. Reductase inhibgtodies of NADH:cytochrome b5- and
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NADPH:cytochrome P450 reductase further indicatesdrtinvolvement in the reductive retention
of Cu(ll)ATSM. The retention mechanism in tumoull€&vas compared to that in normal cells and

it was found that the enzymatic reduction of CKTISM was enhanced under hypoxia.

3.3.1 In vitro and mechanistic studies

Dearling et al. investigated the dependence of the redox poteatiaihe hypoxia selectivity of
CuATSM by conducting detaileih vitro structure activity relationship studi€sThe reduction
potential of a series of copper bis(thiosemicarbases) was found to be altered by the alkylation
pattern of the ligand backboffe’® The presence of two alkyl groups gave complexés meidox
potentials in the range of -0.57 to -0.59Which showed varying degrees of hypoxia selegtiivit

in vitro cellular uptake assays. In contrast, complexes @it or no alkyl groups had less negative
potentials (-0.42 V to — 0.53 V) and showed no @wydependent uptake in cells, as illustrated in

Figure 4.

Figure 4 (left) Nomenclature for copper(ll) bis(thiosemibazonato) complexes (right) Plot of hypoxia
selectivity of copper(ll) complexes in relationtteeir Cu(ll/l) redox potential measured versus stendard
Ag/AgCl electrode. Reprinted with permission froeference 48.

! The reduction potentials in references 48-50 apomtedvs Ag/AgCl electrode, where the Cu(ll)/Cu(l) reduction
potential of CUATSM is -0.59 V. Ag/AgClI has a potehtdf +0.197 Vvs. NHE (normal hydrogen electrode) and the
saturated calomel electrode (SCE) has a potentied @42 VVvs NHE, giving a difference of 0.045. Electrode puigls
in this thesis have been reported versus the SGESCE), for ease of comparison with previous workisithe group.
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McQuadeet al. further reported that CUATSE, bearing two exoeydthyl- instead of methyl
groups as in CUATSM, had elevated uptakmivitro cellular assays over a wider range of oxygen
conditions and showed increasiedvivo tumour uptake. This suggested that subtle modidina
may enable ligand tuning for imaging of differeetéls of hypoxia.

Whilst the structure-activity relationships eludeld the structural dependence of hypoxia
selectivity of copper-bis(thiosemicarbazonates,ntechanism proposed by Obata and Fujibayashi
however was at variance with cellular uptake andgha@ut studies performed by Lewgs al.®
who compared uptake of CUATSM, CuPTSM and FMISOeundarying degrees of hypoxia in
EMT6 cells. CUATSM exhibited more efficient uptaliad superior washout kinetics in hypoxic
and normoxic cells compared to FMISO and suggesigidit would offer superior PET imaging of
hypoxia. The study showed oxygen dependent uptakddth CUATSM and FMISO whereas
CuPTSM showed high uptake independent of oxygememmation. In the washout studies, cells
were incubated under variop®, for 60 min and subsequently resuspended in frestiium at
20% QG for 60 min. The studies showed that little (~108@shout was observed from cells that
had been incubated with CuPTSM under normoxia goki, suggesting that CuPTSM was
reduced efficiently in all cells. For cells incubdtwith CUATSM however, over 40% washout was
observed from normoxic cells over 1h incubatiofrésh medium, whereas only 27% of CUATSM
was washed out from cells that had previously égpeed hypoxia. In conjunction with
Fujibayashi’s results, the authors suggested that retention of CuATSM is a reversible
phenomenon, depending only p®,. Enzymatic reduction (most probably by Complexdturs

in all cells rather than being a result of cellullmmage, but is upregulated in hypoxic cells that

contain Complex | with particularly high electronnddor NADH concentrations. These

48, 49 [ 51
"

observations led to a revised mechanism by Deadliral. and Maureet al.,” who proposed
that reduction in both normoxic and hypoxic cedid ko the [Cu(I)ATSM]species. The unstable
Cu(l) complex could then either slowly dissocideading to irreversible trapping of Cu(l), or be
reoxidised in the presence of oxygen to Cu(l)AT8Ml diffuse back out of the cell. The authors
suggested that the stability of CUATSM is the nfa@ture that determined the hypoxia selectivity

of CUATSM. Density functional theory and cyclic tashmetry with variable pH and UV/visible
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spectroscopy monitoring were used to investigageftite of the Cu(l) speciés.” It was found
that the reduction of the perfusion marker Cu(IiRT and Cu(Il)GTS became irreversible in the
presence of weak acid whilst Cu(IlATSM seemedamain unaffected. The Cu(l)ATSM species
was proposed to be more resistant to acid catalgissciation than the non-hypoxia selective
complexes CuGTS or CuPTSM, which increases theaghahreoxidation to Cu(l)ATSM when
molecular oxygen is present.

The results are at variance with studies by Holleetd al. who carried out further
spectroelectrochemical and computational studies sgries of copper(bisthiosemicarbazonates) to
elucidate the exact role of th&pand protonation of both the Cu(ll) species andiced Cu(l)
species® Spectroelectrochemistry demonstrated that molecubxygen can re-oxidise
[CU(NATSM]" extremely rapidly. The reduction of the coppebigjthiosemicarbazonato)
complexes investigated was shown to be highly ppeddent and a combined revised mechanism
confirms previous findings that the one-electroduidion potential and rate of reoxidation are

structure dependent as illustrated in Scheme 5.

cell membrane
g8
>—( §§ uptake +e
/ &g reversible trapping

N
Nl/ ot \lN £ E Cu(II)(ATSM)~—|:’IFTLZ]L‘CU(I)(ATSM)9 -”:|=~ Cu(I)(ATSMH)
2 412 -
\N)\S/ \s)\N/ % washout -e
H H Ks

&3 e

Rs® ®
CullSR <5 Cu(l) + ATSMH, <—— Cu(l)(ATSMHy)

copper metabolism irreversible trapping
copper metabolism

Scheme 5Revised mechanism proposed by Holland €t @he scheme shows the proposed mechanistic
pathways involved in the hypoxia selective uptaké eetention of Cu(ATSM). The simulated rate contta
(ky = 9.8(x0.59)x10s™, k, = 2.9(x0.17)x10s?, ks = 5.2(+0.31)x10s*, k, = 2.2(x0.13) motdm®,

ks= 9(+0.54)x1(s") shown were based on a fit between the proposethanism and experimental cellular
uptake and washout data by Lewls.
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It was also proposed that Cu(l)ATSM and Cu(l)PTSdthbare stable towards ligand dissociation
in the absence of a proton source, whilst high aoidcentration encouraged the dissociation of
copper () ions from the ligand. At low acid contration, a range of protonated intermediate
species were observed, with the equilibrium betwibendifferent protonated species also being
structure dependent. The particular hypoxic satigtof CUATSM arises from a “delicate balance
between enzyme mediated one-electron reductionsabdequent oxidation by dioxygen versus
protonation and ligand dissociatiot’.For CUATSM, the rates of reduction, reoxidatiord an
protonation are fast relative to the rate of pH-iatl ligand dissociation. The individual
equilibrium for the species involved is dependentlee electron donating or withdrawing nature of
the ligand backbone. These results were also faanoe consistent with the vitro cellular
uptake and the washout studies by Lewisal. Holland and Lewis subsequently published
estimated rate constants based on a simulatioreketthe revised mechanism and the obsearved

vitro uptake and washout data reported, as depictechiere 5° > >

3.3.2 Nomenclature

In discussingn vitro and invivo literature work in this chapte®*Cu]CUATSM uptake designates
[*“Cu] radioactivity resulting from*fCuJCUATSM administration where the cited work does
distinguish between intact complex and other foohsadiocopper. Literature work customarily
refers to CUATSM ‘uptake’ and the author's termowy generally has been preserved in this
introduction. In Chapter 5, the word ‘uptake’ iplaced with ‘retention’. The exact processing of
radiocopper is not known and the radioactivity nuees in our studies may be the balance of both

uptake and efflux of radioactivity. Retention déses the net result of these processes.
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3.3.3 Preclinical work

The in vitro cellular uptake and washout studies by Leetisl. discussed in section 3.3.1 were
accompanied byn vivo biodistribution studies which showed equal retamtof CUATSM and
CuPTSM at 1, 5, 10, 20 and 40 min p.i. in EMT-6 ewmbearing miceEx vivoautoradiography
was undertaken on tumour slices from animals thdtrieceived a co-injection o¥Cu]CuATSM
and f°Cu]CuPTSM. The authors reported that fSICLHJCUATSM, uptake was heterogeneous in
tumours known to contain hypoxic fractions whilsor f[*°CulCUPTSM demonstrated a
homogenous distribution. In a 9L glioma rat modedy showed that for CUATSM, retention was
found to correlate with tumoypO, as measured by a needle oxygen electrode. TheenxXggels

in tumours were manipulated by administration ofifajazine (to increase tumour hypoxia) or
varying the inhaled oxygen levels (atmospheric 4bD0 % Q). Visual examination of the
autoradiography data indicated that the high tumaptake seen for CUATSM was relatively
homogeneous in hydralazine treated animals. Umttleahimals showed less and heterogeneous
uptake, consistent with hypoxic and normoxic amgsected in the control tumours. In a further
study in canine myocardium®*f#*Cu]CUATSM was taken up in hypoxic and ischemicuiss
within 20 min of administration, and the activityas not retained in necrotic tisste.
[*¥5251Cu]CUATSM uptake kinetics were seemingly indepenaérmlood flow, indicating that the

tracer may potentially be used clinically to detmgibcardial hypoxia.

Further work evaluated the spatial correlationativity with regions of hypoxia, as determined by
autoradiography and immunohistochemistry. Yw#nal. investigated the spatial correlation of
[**Cu]CUATSM and the hypoxia marker EF5 by performiRET imaging and comparing
autoradiographic distributions and immunohistocloatnistaining on R3230Ac, FSA and 9L
tumours in rats at 1h pi.Higher RTM were observed for FSA compared with BB%c and 9L.

[**Cu]CUATSM autoradiography and immunohistochemisimages also varied between the
tumour types: whilst R3230Ac and 9L showed a ckysatial correlation betweef'Cu]CUATSM

and EF5 hypoxia staining, FSA tumours showed noetattion. Results were confirmed by further
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controls with the hypoxia markers pimonidazole aadbonic anhydrase IX. Breathing carbogen
significantly decreased tumour hypoxia in FSA-begranimals as measured by EF5 staining, but
did not affect {*Cu]CUATSM uptake. Tumour line dependent uptake* @] CUATSM was also
observed by O’Donoghuet al. who compared the intratumoural distribution 8CU]JCUATSM,
[*¥F]FMISO, pimonidazole and the perfusion marker Hyechst-33342 in rats bearing R3327AT
prostate tumours and FaDu squamous cell carcinoffimsire 5)3' The study found that
[*®F]FMISO uptake was similar between 30 min-4 hip.both tumour types. In FaDu, serial PET
imaging showed similar early and lat&’QulCUATSM PET images that corresponded to
[*¥F]FMISO scans and electrode measurements. In R3BZ@Aours, {*CulCUATSM uptake
showed a temporal evolution over 0.5-20 h p.i. Early time-points, a negative correlation
between®Cu and hypoxia (pimonidazole), and a positive datien with perfusion (Hoechst
staining) was observed as depicted in Figure 5y @ullate time points did®jCu]CUATSM
correspond to 'fFJFMISO PET images, autoradiographic distributiand acolocalisation with

pimonidazole.

Figure 5 R3327-AT tumour slices of a rat killed (A) 1 h a(®) 24 h post T'Cu]CUATSM administration.
The black and white images show the digital autogm@ph of*‘Cu distribution (light = high counts,
dark = low counts). The fluorescence microscopylayemages shows distribution of perfusion deterexi

by Hoechst 33342 dye (blue) and hypoxia as defibgdpimonidazole-associated immunofluorescence
(green). The images shows correlatior?@u activity with perfusion at the 1h time point(#), whereas
®¥Cu correlates with regions of hypoxia at later fmi@ts as shown by (B). Visual comparison is conéid

by the correlation coefficients obtained from smattiagrams of autoradiography pixel count versus
fluorescent intensity. Reprinted with permissioonfrreference 57.

Subsequently, Burgmaat al. investigated uptake ofCu]lCUATSM as a function of oxygen

concentration in two rodent and four human tumaalt kines in vitro.*® **Cu accumulation was
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rapid during the first 0.5-1 h of incubation andswaways highest in anoxic cells, but lower and
dependent on cell type in hypoxic cells. The ihitiptake kinetics were also highly cell-line
dependent. The metabolism of CUATSM by the cells algo investigatedia octanol extraction
(see Chapter 5.6). Within 2 h under hypoxic condij no intactfCuJCUATSM was detected
anymore, whereas the amount of intact compoundvezed under normoxia was one fifth. The
metabolised ¥Cu]CUATSM activity was also taken up when incubaitedresh cells, albeit at a

slower rate. In addition, the authors observedgisocell-line dependent efflux of activity.

More recent investigations underlined the tumowecijzity. [**Cu]CUATSM uptake in SCCVII
squamous cell carcinoma bearing mice did not vaiti vmcreasing tumour oxygenation, whilst
[**F]FMISO uptake decreased with increasing tumour gergtios’ Tumour uptake of
[**Cu]CUATSM could also not be changed if the tumoas we-oxygenated by carbogen inhalation
90 min post-injection. This was interpreted astfertevidence of irreversible cellular trapping of
the P*Cu]CUATSM.

A dual tracer autoradiography study by Demteal in 9L glioma compared the distribution of
[**Cu]CuATSM, PFIFDG and PFIFLT.%® [**F]FMISO and f‘Cu]CuATSM demonstrated
excellent regional correlation at 10 min and 24oktpnjection. The proliferation markef]JFLT
also showed a strong correlation wifidQu]CuATSM, implying that hypoxic regions were also
high in proliferation. No regional correlation beten the uptake offCu]CUATSM and PFJFDG
was found. Obatat al. compared TCu]JCUATSM and PFJFDG in VX2 tumour bearing white
rabbits®* The major accumulation of‘Cu]CUATSM occurred in the active, outer rim celfstee
tumour whereas'{FJFDG was distributed in the pre-necrotic innerioeg. Ohet al. confirmed
that FDG was also not positively correlated wiiCiJCUATSM uptake in a Lewis lung carcinoma
tumour mouse modéf. There was no correlation with pimonidazole uptakelh p.i. the activity
was found to accumulate on the outer edges of uhmur. In contrast, pimonidazole staining
occured in the inside tumour regions and showed esooverlap with TF]FDG.
Immunohistochemical analysis with different praliéton markers revealed th&Cu]CUATSM

accumulated in quiescent, but clonogenic celldcatthg that they continued DNA synthesis.
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The authors suggested that regions of pimonidazpteke were severely hypoxic, whereas the
regions of highTCu]CUATSM accumulation were mildly hypoxic and migreighly reducing due

to a high NADH/NADPH concentration. The article poses that the differing uptake of
[**Cu]CuATSM and pimonidazole are a result of theifedent retention mechanisms and therefore

[*“Cu]CUATSM and the nitroimidazole based agents mage different aspects of hypoxia.

3.3.4 CuATSM for radiotherapy

The efficiency of radiotherapy is dependent upan dliygen enhancement effect as a higher O
concentration increases DNA damage by generatiggasxfree radical$’Cu, as well as being a
positron emitter, also emits medium energyarticles and high LET Auger electrons. These lsave
subcellular range and deposit their energy extrgrolgse to the site of decay, and, if deposited
close to the nucleus, can cause DNA damage. Sihrse dccurs independent of oxygen
concentration, a few studies have evaluated thengiat of P“Cu]lCUATSM as a radiotherapeutic
agent to localize ®fCu] in potential hypoxic tumour regions. Lewi al. have shown that
administration of a therapeutic dose (4-10 mCi)[8€u]CuATSM significantly increased the
survival time of hamsters bearing human GW39 tumauith no acute toxicitj® One group of
animals had also been given hydralazine to indsesitent hypoxia, however this did not increase
the therapeutic effect. The study was also ablasw PET and MRI with a therapeutic dose of
[**Cu]CUATSM to monitor tumour volume over time anddetermine tumour dose accurately,
which may have important applications for dosimeticulations and real-time PET monitoring of
therapy in the clinical setting. Further studiesndastrated that pre-treatment of mice bearing
EMT6 tumours with 2-deoxyglucose (2-DG) led to eased uptake offCu]CUATSM compared

to non-treated mice. Tumour growth was inhibited~®0% and survival was increased by ~50%
when compared to untreated mice or ones which hadreceived one of the agents. To evaluate
the molecular basis of usin§’Cu]CUATSM as a radiotherapy agent, Obataal. carried out
clonogenic survival, cell growth and comet assayscells that had been incubated with

[**Cu]CUATSM under hypoxi&! [**Cu]CUATSM uptake was able to induce DNA damage aid
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proliferation was inhibited after 24 h. Subcellulacalisation data revealed tH4€u activity was
primarily found in the microsomal/cytosol fractiobyt a transition to the nuclear fraction was
observed with time. Interestingly, comparative dat#ained for {*CulCuPTSM indicated no

significant differences in localisation as depiciedrigure 6 below.

Figure 6 (left) Bar chart showing the subcellular distribut (mean % of total radioactivity) ofCu
following treatment of cells wit*fCu]CUATSM and {*Cu]CuPTSM. S2 is the cellular residue after removal
of nuclei and mitochondria. With time, a relocdiisa from S2 and the mitochondrial to nuclear fiactis
observed for both compounds. Data reprinted witimission from reference 64.

Weekset al. investigated the correlation between cellular W@@nd DNA damage/cytotoxicity
induced by {'CulCUATSM?® They confirmed that DNA damage induced was attable to the
radioactive emissions frofiCu, and further showed that the toxicity experiens@s a result of
increased YCu]CUATSM uptake alone under hypoxic conditiondheatthan a synergy between
radiation and hypoxia. As the intracellular extehtypoxia is difficult to determine, the authors
monitored HIF-A expression as an indicator of hypoxia and foursiraeng correlation between
HIF-1a and P‘Cu]CUATSM uptake. The combined results further ulied the potential of
[**Cu]CUATSM as a therapeutic drug for the deliveryrafliotoxic ®)Cu to radiation resistant

tumours.
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3.3.5 Clinical studies

A limited number of clinical PET imaging studiessaflid tumours in humans have been conducted
to date with {¥*?Cu]CuATSM> % The studies primarily assessed the relationshipvesn
tumour uptake of CUATSM and survival/response terdpy. The first study published in 2000
observed intense uptake 8fGu]lCuATSM in patients with lung canc®rA negative correlation
with blood flow was also observed, suggesting kbnatflow enhanced uptake of CUATSM and the
distribution of radioactivity was different to thaf [**F]FDG. A further study in non-small-cell
lung cancer (NSCLC) patients investigated whethee-tfgatment tumour uptake of
[*®Cu]CuATSM could predict response to ther&pf.umour uptake was variable and tumour-to-
muscle ratio (RTM) threshold could be used to dgtish responders to radio-/chemotherapy with
a RTM <3.0 from non-responders that had a RT3D. Tumour SUVs however did not correlate
with therapy response or survival and the tumouake of FDG was not significantly different in
responders and non-responders. Further studieseahel cervical cancers confirmed CuATSM

uptake to be inversely related to progression-$teeival and response to therdy*

Figure 7 Transaxial PET images of the pelvis representingrsed data obtained 30—60 min after injection
of [*®Cu]CUATSM of patients with primary cervical tumourShere is intense®JCuJCUATSM uptake
(RTM = 5.1) in Patient A who developed recurrergedise at 6 months. In patient B, IGRCU]CUATSM
uptake is visible (RTM = 2.3) in the primary tumaand the patient remained free of disease at 23hson
Reprinted with permission from reference 69.

Dehdashtiet al. determined a correlation between molecular markérsypoxia and CuATSM
uptake. The study used immunohistochemical mettmdtain for VEGF, EGFR, COX-2 and CA-

9 in cervical biopsy samplé$.Patients with high CUATSM uptake were found to rexeress
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VEGF, EGFR and COX-2. A noticeable common featudrallothe above clinical studies is that
they compare tumour uptake of CUATSM with respamstherapy, rather than with direct tissue
oxygenation measurements using polarography oxwydeectrodes as discussed in section 3.1.1.

This was in part justified by the inaccessibilifythese tumours, as is the case in NSEL.C.

At the time of writing, further clinical studieseaunderway or recruiting patients, for instance to
quantify the reproducibility of CUATSM uptake ineptreatment CUATSM PET scans and to

evaluate CUATSM for identifying hypoxic atherosoléc plaque’?

3.3.6 CuATSM and copper metabolism

Whilst clinical studies have demonstrated that C8MTis able to provide a prediction of treatment
response, it remains unclear why preclinical swidi@relating CUATSM with hypoxia in several
tumour types have shown such varied results.thus uncertain whether the uptake is a universal
reflection of tumour hypoxia in terms @O, or whether the uptake and retention of CUATSM
involves other biochemical mechanisms that havbeeitresulted from hypoxia, or are even
independent of it. The authors that report cell tamdour-line dependent variations suggest that the
observed differences may be the result of diffedetiular metabolism. The efflux 8fCu after the
initial incubation in certain cell lines under hyp® and anoxia cannot be accounted for by the
mechanisms proposed in section 3.1.5. When fH@uJCu(l) becomes subject to cellular
metabolism at these later time points, cellulaelgwf®Cu are reflecting the active transport of
®¥Cu metabolites rather than uptake BEL]JCUATSM.

Cellular Cu homeostasis is maintained by an arfagwtransporters and Cu chaperofie§ The
primary transporters for copper into the cell dre plasma membrane copper transporters Ctrl and
Ctr2. Ctrl transports Cu with high affinity in ané-dependent and energy-independent manner and
it has also been shown to facilitate the transpbthe anticancer drugs cisplatin, carboplatin and
oxaliplatin/® Once copper is in the cytoplasm, copper chaperdekser copper to target enzymes

such as Cu/Zn superoxide dismutase (SOD1) in theplasm, and cytochrome C oxidase (CCO)
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in the mitochondria. Another target for deliverg a&TP7A and ATP7B which function primarily
as Cu exporters. ATP7A supplies copper to otheyraes which are secreted from the cell or are
placed in vesicles, but it can also export Cu wtynplasmic levels are too high. All of these Cu
transporters are specific to Cu(l). Burgmah al. and Donogueet al. postulated that these
transporters may be involved in the active transpb€u metabolites, and that the cell/tumour-line
dependent retention 8fCu is governed by the balance of Cu(l) import arpoet in each cell
line.>” *® This has been supported recently by Dearling arakdtd, who suggest that the trapping
mechanism of CUATSM is biphasit.The first phase is the reduction/oxidation equilim
involving molecular oxygen and thiols. The secotap $s the interaction of the copper ion with the
intracellular proteins. The authors postulate that second step can be complicated by the changes
in cellular biochemistry and cell proteomes as sulteof hypoxia, leading to differences in the
extent of uptake and retention between differeltlioes. Interestingly, hypoxia has been found to
stimulate copper uptake and to increase the expresd Ctrl transporter in macrophage cells,
which in turn increased transport to ATP7A andhi® $ecretory pathwdy.To date, however, little

is known in general about the effects of pathopilggical conditions- such as hypoxia- on

intracellular copper homeosta$fs.
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Reference Animal/celltumour model ~ Comparative maker Correlation Technique Comment/Conclusion
Lewis EMT6 FMISO/CuPTSM Yes suspension/adherent O, dependent cellular uptake of CUATSM
1999° (PO, medium) cellular uptake assays FMISO binding at higher pfthan CuUATSM
% uptake of FMISO lower than CUATSM
Burgman rodent: R3327-AT, FSall N/A (PO medium) Yes adherent cellular uptak©xygen dependent decomposition of CUATSM
2005* human:MDA468, MCF7, assays under anoxia,Oxygen dependent uptake cell line dependent
DU145, FaDu hypoxia and normoxia  *Cu efflux cell line dependent
Lewis Balb/c mice EMT6 CuPTSM/ AR (1h) N/A PET/ heterogeneous CUATSM distribution
1999°° dual tracer AR homogeneous CuPTSM distribution
Lewis Fischer 344 rat /9L glioma Needle oxygen electrode Yes po, CUATSM uptake increased with lower pO
20018 N/A hydralazine hydralazine increased CUATSM uptake
O’Donoghue Fischer Cpn rat /R3327AT  FMISO (CuATSM 1h) No PET/AR/pQ R3327AT: CuUATSM correlates with FMISO at
2005”7 /IR3327AT FMISO (CuATSM 24h) Yes dual tracer AR late timepoints, confirmed by AR/IHC. FaDLl:
/FaDu FMISO (CuATSM 1h) Yes correlation between early/late CuATSM anpd
/FaDu FMISO (CuATSM 24h) Yes FMISO, confirmed by AR/IHC
pimonidazole
Yuan Fischer 344 rat /R3230 EF5 (1h) Yes AR R323aAc and 9L: correlation of CUATSM and
2006° IFSA FSA only: No EF5 IHC. FSA: no correlation with
/9L glioma  pimonidazole/CA IX Yes pimonidazole and CAIX IHC
Matsumoto  C3H mice/SCCVII FMISO Yes Dynamic PET/AR/IHC small but significant paradoxical increase in
2008”° CUuATSM No CuATSM tumour uptake for animals breathing
air or carbogen compared to 10% oxygen.
Dence Fischer 344 rat/ 9L FMISO (CuATSM 10 min)  Yes PET/ confirmed 9L results by Yuan et al.
2008° FMISO (CuATSM 24 h) Yes dual tracer AR regions of high hypoxia as defined by
FDG (CuATSM 10 min) No glucose metabolism CUuATSM are highly proliferative but have
FLT  (CuATSM 10 min) Yes varied glucose metabolism activity
Oh C57BL/6 mice / LLC1 FDG (CuATSM 1h) No/in part dual tracer AR/IHC CuATSM accumulated in quiescent Qut
2009* Pimonidazole clonogenic tumor cell regions under mild
Ki 67/BrDu (proliferation) No/Yes proliferation hypoxia
Grigsby cervical tumour patients VEGF antibody Yes PET/cervival biopsy/I[HC  Increased ®“CulCUATSM uptake was$
2007 COX-2 antibody Yes correlated with overexpression of molecular
CA-IX antibody Yes markers of hypoxia
EGFR antibody Yes

Table 1 Overview ofin vitro, preclinical and clinical studies that compare T&M to other biomarkers of hypoxia using PET imagilmmunohistochemistry (IHC) and

autoradiography (AR).
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3.4 Outlook

Table 1 summarizes key studies to date that cordgaué\TSM with other hypoxia biomarkers in
in-vitro, preclinical and clinical settings. Further stisd@dso investigated CUATSM in the context
of fatty acid synthase expressigncancer stem ceffsand HIF&/Calll expression of hypoxic
muscle tissu&. The literature demonstrates that CuATSM holdsageotential as a hypoxia
selective imaging agent, but also serves as a danthat it remains to some extent a “prototype”.
The investigations discussed demonstrate thatwatndypoxia selectivity for CUATSM has been
provenin vitro andin vivo, the relationship between oxygenation status,keptad retention is not
universal but tumour and cell line dependent. Thises concerns about its ability to delineate
hypoxia in all tumour types. Reports on the spat@telation with nitroimidazole-based markers
are also variable and suggest time-dependencetidwaiali caveats are that CUATSM responds only
to regions much more hypoxic than is clinically mm@ant for the onset of radioresistance and the

tracer displays high uptake in some non-targetr@gach as the liver.

As discussed in this chapter, the currently progosedels are based predominantly on the
chemical and electrochemical experiments that wardged out alongside vitro and preclinical
investigations. However, further investigations aeeded to complete or amend the mechanism to
elucidate the anomalies observadvitro andin vivo to date. This will help to evaluate CUATSM
and related bis(thiosemicarbazone) biomarkers rimgeof their clinical potential, improve the

interpretation of the imaging outcome and potelytia¢lp to design an improved tracer.

In vivo studies so far have focused mainly on detectirgatmount and distribution of tumoural

radiocopper activity. Few investigations pay aitamto the nature of the Cu species involved or on
the intracellular metabolism. One aspect hardlyestigated is the uptake, distribution and
metabolism of the bis(thiosemicarbazone) ligande Tdillowing chapters are aimed at designing
and applying a new mechanistic probe that enabtesrgarison of the metabolic fate of the metal

and the ligand of a copper bis(thiosemicarbazonbth in then vitro andin vivo setting.
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Orthogonal labelling of bis(thiosemicarbazones)

for mechanistic studies



CHAPTER FOUR

4.1 Introduction

As described in Chapter 3, the currently acceptedhanism of hypoxia selectivity of CUATSM
involves cellular uptake of the compound followeg bnzyme mediated reduction to a
[Cu(DATSM]" species. This either dissociates (under hypoxials aeoxidised to Cu(Il)ATSM
(under normoxia), enabling it to pass back outhef ¢ell. The hypoxia selectivity depends on the
redox potential and lipophilicity of the ligand, wwh in turn is governed by the backbone
substituents. The detailed structural dependendtleeoCu(l)/Cu(l) reduction, the relative stability

of the Cu(l) species and the pH dependence ofribieps have since been further investigated.

To date, biological investigations involving thepper-radiolabelled complex, such s vitro
uptake in cells andn vivo studies in rodents have only been able to moriher fate of the
radiometal. Investigations on the subcellular distributionl|l di@e- and tumour line dependence
and tumour oxygenation status have provided dattherabsolute uptake and distribution of the
Cu* activity. However, the studies did not distimgubetween intact complex and Codund to
protein or other biological ligands. In particuléingre is little information to indicate if the &e
bis(thiosemicarbazone) ligand is retained in thd wehen CuATSM dissociates. Valuable
mechanistic information on the mode of activitybidmarkers belonging to the CUATSM family
could be gained from independamtvivo tracking of both the metal and the ligand. Thegfeand
synthesis of a suitable mechanistic probe woulde gimformation on the fate of the

bis(thiosemicarbazone) ligand of copper-bis(thidsanbazonatedh vitro andin vivo.
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CHAPTER FOUR

4.1.1 Orthogonal labelling

In order to investigate the fate of the bis(thiogmbazone) ligand, we decided to employ a novel
strategy termed Orthogonal Labelling. The conclipstrated in Scheme 1, involves the synthesis
of a pair of structurally identical radiotracersieobears the radiolabel at the metal c8t€y),
whilst the other contains a radiolab®F or *2%) attached to a specific position in the liganteT
two orthogonally labelled tracers then allow thgahd and the radiometal to be tracked
independently. Mechanistic information can be otsteifromin vitro cellular uptake experiments

as well asn vivo biodistributions and dynamic PET or SPECT imaging.

N ON

N| E“Cu/ |N parent bis(thiosemicarbazone)
)\ / N J\ ~
S S H

N
H
/ functionaliseo\
derivative
>/—\< 64Cu-analogue >/ \< 18F.analogue

_N N.
C e ~ \:
\N s~ O SN s s NS
H H H
~ in-vitro lead screening
& mechanistic evaluation
55
X x ) {
. P — . oMy )
- SN - WS SN ;
{
s in vivo PET invivo PET

Scheme 1Schematic of the orthogonal radiolabelling appho@iustrated for'®F) for a pair of structurally
identical copper-bis(thiosemicarbazonates). Thdogoes, labelled either witfCu or **F, are designed to
determine the fate of the metal or ligand respettivScreening of the copper-complexes identifesdb
with suitable electrochemical profile aind vitro cellular uptake. The corresponding orthogonal athen
used to obtaiin-vitro andin-vivo mechanistic information about the mechanism ofolxjg selectivity.

The orthogonally labelled tracers should providmplementary information about the role and the

fate of the ligand. This may help to design a sdagemeration of bis(thiosemicarbazone) ligands to
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address current problems such as high hepatomakstptake. Should the orthogonally labelled
tracers maintain hypoxia selectivity, such that ligand is retained inside the cell in a similar
manner to the radiocopper, this would also enalue use of alternative radioisotopes for the
radiolabelling of copper-bis(thiosemicarbazonaté4fu is not routinely produced in many
locations, wherea®F for instance is widely available at low cost aeaeral iodine radioisotopes
are also in routine clinical use. The hypoxia dsifeccomplex could thus be radiolabelled at the
ligand according to radioisotope availability.

In the literature, the concept of orthogonal lahgllis mainly limited to the labelling of known
tracers with a different half-life radioisotope.rikostance, an azomycin arabinoside derivative has
been labelled with both iodine and fluorine to giV&?3]IAZA and [**F]IAZA. There are a few
other examples of orthogonal radiolabelling for hatstic investigations, such as studies with
[*H]JFMISO which has been used for delayed tissueradiography in an animal stroke model to

understand the role of cellular hypoxia in stroke.

4.1.2 Functionalisation of Cu(ATSM)

As discussed in Chapters 1 and 3, mechanistic figeg®ns have shown that the hypoxia
selectivity is primarily governed by the reductipotential and the alkylation pattern of the
backbone. Research within the Dilworth grotipnd elsewhere has demonstrated that, using the
pendant amine substituentsATSR/A* and BATSRert described in Chapter 2.4.1 and 2.6.2, it is
possible to synthesise bis(thiosemicarbazones) th&din the dimethyl backbone but are
functionalised on one exocyclic nitrogen withoutgaromising the redox potential or the hypoxia

selectivity of the complex. Some of these compleresdepicted in Scheme 2.
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Scheme 2Copper bis(thiosemicarbazonates), based on thd $M/A and HATSM/en motif, previously
investigated as hypoxia selecti¥€u-labelled radiotracers.

* 5 revealed a shift from

In vivo biodistributions of a water soluble glucose coafieg(5)
hepatointestinal to partial renal excretion compaie CuATSM, but the overall biodistribution
was largely unaffectetiThe imine condensation of, ATSM/A to 4-nitrobenzaldehyde to for(6)

or to an aldehyde bearing a nitroimidazole groupt (shown) resulted in highly lipophilic
conjugates with gooth vitro andin vivo hypoxia selectivity. These derivatives howeverfeneid
from large liver uptaké.Less lipophilic variants, such as derivat{{#®, were achieved by amide
coupling of HATSM/en to nitroimidazoles bearing carboxylic agdoups. These agents had
improved uptake differentials between normoxic hgdoxic cellsin vitro and significantly lower
non-target organ uptake vivo than derivatives based onATSM/A. The above examples
illustrate that functionalisatiomia the exocyclic nitrogen is possible without comprsing the
hypoxia selectivity of the bis(thiosemicarbazonatonplex. It further demonstrates that the linker

and the conjugate group can have a significant anpa both the hypoxia selectivity and the

biodistribution.
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4.1.3 Previous strategies for '®F- and ®‘Cu-orthogonally labelled
bis(thiosemi-carbazonato) complexes

The derivatives discussed in 4.1.2 retaiireditro hypoxic selectivity andh vivo tumour uptake.
Therefore modificationvia the exocyclic nitrogen presents a viable approéwh ligand
functionalisation. Work carried out simultaneoushithin our groups has produced two

orthogonally*®F- and®*Cu-labelled derivatives (Scheme 2).

\
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. ST Ve NS \N)\S/ \S*N/N\
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(10) (12) Fand®cCu
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205 T N g N + SNL o~
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N
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H
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0u \HJ\S S/k”/N\

(16)
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Scheme 3(a) 4-fluorobenzaldehyde, MeCN, 80°C, 15 min, 58%Y (b) Cu(OAc) or [**Cu]Cu(OAc),
DMF/H,0, rt, 5 min, quantitative (c) MeOH, 65°C, 2 h, 8@&) CuSQ, Na-ascorbate, DMSO, 100°C, 15
min, 84% RCY (e) Cu(OAg) DMF, rt, 5 min, 88% (f) MeOH, 65°C, CugNa-ascorbate, rt, 4 h, 38% (g)
[**Cu]Cu(OAc), DMF/H,0, rt, 5 min, quantitative.
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ZnNATSM/A was transformed in an imine condensatiagth w-fluorobenzaldehyde to giv@1) or
(12) and a Huisgen 1,3-dipolar cycloaddition witfF]2-fluoro-1-azidoethane to gi&5) or (16).”
The cold complexe€l2) and(16) showed similar redox potentials (-0.60 V and -O8f4&ompared

to the parent Cu(ATSM) (-0.65 V). Unfortunateiy, vitro cellular uptake assays revealed that
neither(12) nor(16) showed sufficienin vitro hypoxia selectivity.

In contrast, a further amide-bonded derivaii¥@) had a sufficiently large hypoxic differentiil
vitro for furtherin vivo investigations. Substratd7) was synthesisedlia peptide coupling of

H,ATSM/A to 4-fluorobenzoic acid as depicted in Scleefn

- Nam (@) it NSk F
/g %\ ' on /& %\ N
NH N
SN s STONT 2 SN s s7 N7
H F H H 8

H

H,ATSM/A 2.03 4.02 or ['®F]4.02 (16) or ['®F](16)

J(b)

Detection/cps

T T T T T T T T T T 1

Absorbance
/

I=
==
\

», z
AN 9/
/N~

w Z

/
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=
\
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E_n

=
o

[84Cu)(17) or ['8F](17)

Time/mins

Scheme 4Synthesis of amide-bonded orthogonally-labelledvdéves [5F](17) and f‘Cu)(17).” (a) BOP,
MeCN, DIPEA, 80°C, 15 min, 32% decay-corrected R&Ym °F (b) [**Cu]Cu(OAc) or Cu(OAc),
DMF/H,0, rt, 5 min, both quantitative*3F]-4-Fluorobenzoic acid was synthesised accordingference 8.

Whilst it was possible to synthesis®H(17) in small quantities, the chosen route presented
significant problems. The reaction required a twepssynthesis of ‘{F]fluorobenzoic acid.
Subsequent coupling of the acid tgAHISM/A ligand using BOP coupling agent resultedowor
yields due to the formation of by-products containi’F, as shown by the radio-HPLC trace in

Scheme 4. Previous work within the Dilworth groupdawithin this thesis had shown that
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couplings of a functionalised ligand are most sasfié when using stoichiometric amounts of
ligand, coupling agent, a non-nucleophilic base emapling partnef! These conditions are not
easily reproduced on a radiochemical scale as essexof ligand and coupling agent is inevitably
present compared to the labelled prosthetic grawgpthis leads to the formation of side-products.
In addition, the use of heat when coupling bis@bimicarbazone) ligands to shorten the reaction
times for compatibility with the'®F- half-life can also lead to unwanted side prosluct
Consequently, it was unfortunately not technicalyssible to produce enough of the labelled

derivative forin vitro or in vivo investigations.

4.2 Aims

This chapter concerns the design and synthesis sgfcand generation of orthogonally-labelled
derivatives for mechanistic studies. In order toveeas suitable mechanistic probes, the lead
compounds are required to maintain the favourabieipochemical and biological characteristics
of the parent compound, while simultaneously pringjdeasible radiosynthetic routes to provide
sufficient quantities of the orthogonally labelléerivatives for preclinical studies.

The following changes from thé&F-labelling approach discussed in section 4.2 hbgen

employed:

(i) The use of a different functionalised bis(tlgoscarbazone) core for th&F-labelling and
conjugation

(i) The synthesis of derivatives orthogonally Ikée with ' and®‘Cu to provide a longer half-
life to facilitate synthesis of the orthogonal detives and provide time for transportation of the

labelled compounds fan vivoimaging

107



CHAPTER FOUR

4.3 Second generation of orthogonal’F and ®*Cu-labelled copper

bis(thiosemicarbazonato) complexes based on the AVEen motif

We wished to explore a new approach to orthogonddlyelled bis(thiosemicarbazonato)
complexes that uses the ATSM/en core introduceskation 2.6.2 to obtain CUATSMen£.Q3
depicted in Figure 1. We opted to persist with 4aftuorobenzoic acid motif as the hydrazinic

functionalised tracef{Cu](17) displayed favourable physicochemical amditro properties.

CuATSMenF 4.03

Figure 1 Structure of proposed second generation fluorthdegivative for orthogonal labelling

The synthesis of the proligandATTSM/en .36 and its corresponding Cu complex CUATSMen
(4.09 has previously been developed within the groupl @ depicted in Scheme '5.
Monoprotected ethylene diamine is reacted with@artisulphide, followed by methyl iodide. The
resultant dithiocarbamate05is then reacted with hydrazine to afford thioseariazidet.06

SNV SN
/\ 0 @) /N (b) _©, >\_
H,oN NH,* Boc™ “Boc — = H,N HN—Boc — = NH  HN—Boc NH ~ NHBoc

4.04 4.05 4.06

J(d)

N| \C / IN () HN NH (e) HN NH
u -~ -—
NH NH /A
\N/ks/ \S/kN/\/ 2 \N/gs S%\N/\/ 2 \N/gs S%\N NHBoc
H H H H H H
CuATSM/en 4.08 H,ATSM/en 2.36 4.07

Scheme 5Synthesis of the JATSMen ligand2.36 and the CuUATSMen complex08 (a) CHC}, 0°C (b)
NEt;, CS then Mel, EtOH 20°C (c) NpNH, H,O, EtOH, reflux (d) 4N-ethyl-3-thiosemicarbazone, cat.
HCI, EtOH, 45°C (e) TFA, rt (f) Cu(OAgRH,0.
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Imine condensation with the Me half liga@d1 followed by Boc-deprotection in neat TFA gave
the desired proligan#.36

Besides potentially improveid vivo profiles (section 4.1.2), bis(thiosemicarbazor®sed on the
alkylamino derivative HATSM/en also offer synthetic advantages. The re#gtof hydrazine is
normally enhanced over other amine nucleophilestdube a-effect. The lone pairs in the two
adjacent nitrogen atoms interact to increase tieddtive energies to result in a more nucleophilic
species. This effect would be expected to opematéhé hydrazine moiety of the,NTSR/A
proligand and metal complexes, however these botkieg to be much less nucleophilic than
expected. This is due to substantial delocalisatiothe lone pair of the nitrogen adjacent to the
chelate ring. This is confirmed by X-ray crystaliaghy for the free FATSM ligand in the two

structures in Figure 2 below.

Figure 2 Two views of the ORTEP representations of the stinecof HATSM showing the planarity of the
N3 exocyclic nitrogen. Relevant bond distancesiinC1-N1 = 1.368, C1-N3 = 1.323, C2-N2 = 1.292-C3
N3 = 1.455.

The side elevation of the structure on the rightwah that N3 is essentially planar due to
delocalisation of the lone pair. The bond distarades confirm this with the C1-N3 distance being
intermediate between the values for a C=N bond N@2= 1.292A) and a C-N single bond
(C3-N3=1.323A). Although this structure is for ATSM, analogouslatalisation will occur for
H,ATSM/A and this will have the consequence of alsducing the electron density on the

terminal exocyclic NH group.
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As a consequence of the above, reactions of botirakinic derivatives FATSR/A and
ZnATSR/A with activated aromatic esters resultethoomplete reaction and the formation of side
products as already discussed in Chapter 2.

A potential solution to this would be to insulateetlone pair of the pendant amine from the
delocalisation by use of the aminoethyl linkeAFISM/en and its Cu complex.

Conjugations of the JATSM/en proligand with activated esters have profaeter and proceeded
cleaner in higher yield, whilst BOP couplings o€tligand were also successflUse of the
ATSM/en motif also provides further synthetic pa#tys that can be explored. It has previously
been shown that attempts to synthesise unconjugaiéd SM/A from HATSM/A does not yield

a stable speci€s.”® In contrast, CUATSM/en is stable and this opensth@r one step pre-
conjugation route to CUATSM/en with a pre-labelf@dsthetic group. Use of the metal complex
instead of the ligand would allow elevated tempees to be used to speed up the reaction whilst

the presence of the metal would avoid the previoalskerved ligand cyclisation reactions.
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4.3.1 CuATSMenF

Before attempting the routes for tiéCu and *®F-labelled compounds, the cold fluorinated
reference ligand.09and copper comple&.03were synthesised by the standard coupling strategy
employed in Chapter 2.4, using BOP coupling agadt@IPEA base in DMF at room temperature

as depicted in Scheme 6.

HN™ “NH + OH (a) H

N

\N/&S S%\N/\/NH2 F \”/gs S%\”/\/
H H o

H,ATSM/en 2.36 H,ATSMenF 4.09

‘ (b)

I

_N N F
N| ot |N "
u
N
\N)\S/ \S/]\N/\/
H H o

CuATSMenF 4.03

Scheme 6Synthesis of FATSMenF @.09 and CuATSMenF4.03 (a) BOP, DIPEA, DMF, 4 h, rt, 70% (b)
Cu(OAc), 2H,0, MeOH, 15 min, 81%.

Compound4.09 was purified by sonication in water and cold Et@hd fully analysed by NMR,
HRMS and elemental analysis. NMR spectra were dstbin DMSOds. Figure 3 shows the
assignedH spectrum o#.09 The assignment was confirmed by HMQC and HMB@| both'H
and™®C NMR were in agreement with the proposed structGamplexation with cold copper to
obtain4.03was carried out by addition of 1.2 eq of Cu(OAd)O to a suspension of the ligand in
methanol and the reaction was complete within 18 &ti room temperature. The copper(ll)
complex was considerably more soluble in methamal anethanol-water mixtures than the
CUuATSM/A fluorobenzoic acid derivativil7). Thus the solvent had to be removed complétely
vacuobefore washing the remaining residue witfOHo remove the excess copper acetate salt.

This increased solubility is an additional advastafjusing the ethylenediamine based linker.

111



CHAPTER FOUR

(6]
4.09
|
H 12
|
3,6 101 l 8|
11 ]
3,6 7 2 11 JUEJ 1 4,5
_JU\'—_LUL_J Uu_.qu_
LI (L L L L L DL L L L LA L L (L L L L L L L L L L L L L L L L L L L LR L L LB DL |
10 9 8 7 6 5 4 3 z

Chemical Shift (ppm)

Figure 3'H NMR spectrum o#.09in DMSO-d.

4.3.1.1 [**Cu]CuATSMenF

The **Cu-labelling of all derivatives in this chapter weeried out by the same method, either by
transmetallation from the Zn-bis(thiosemicarbazar@yplex or by direct addition of radiocopper
to the bis(thiosemicarbazone) ligantCu]Cu(OAc) (10-150 MBq) was added to a stock solution
of ligand or Zn complex in DMSO (50 L of 1mg Ml The solution was left to stand for 10 min
before purification. The compounds were purifiedptgcing them on a pre-conditioned C-18 Sep-
pak cartridge and any unchelat8Cu]Cu** is then removed by flushing with water before ielyt
the compound in ethanoP*Cu]CuATSMenF (f'Cuj4.03 was prepared in this way fro09in >
95% RCY and > 99% RCP, as determined by radio-HRh@ radio-TLC. Figure 4 depicts the

radio-HPLC trace of°fCul4.03confirming formation of a single species.

112



CHAPTER FOUR

/N>/ \<N\ . /N>/ \<N\ .
HN NH H (a) N| g/“:u\/ |N H
N N
~ N /&S S%\ N N ~N N /l\s S N N
H H H H
H,ATSMenF 4.09 [(4Cu]CuATSMenF [%*Cu]4.03

Scheme 7Synthesis of fCu]CUATSMenF. (a)fCu]Cu(OAc), DMSO/H0, 95% RCY.
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Figure 4 Radio-HPLC trace offCu}4.03 (**Cu]CuATSMenF).

Before proceeding with the synthesis of tffelabelled analogue, the electrochemical amditro
behaviour of the complex was investigaté@®3 had a Cu(ll)/Cu(l) reduction potential close tatth

of CUATSM (-0.649 V and -0.646 V respectively.vitro cellular uptake experiments confirmed
its hypoxic selectivity and the results of bothsheneasurements are detailed in sections 4.4.6-

4.4.8.

4.3.1.2 [**F]CuATSMenF

We anticipated that CUATSM/en, displaying betterctevity than HATSE/A or ZnATSE/A, could
be reacted with the activated ester, 4-fluorosutdylbenzoate (FSB) as shown in Scheme 8.
In order to synthesise the orthogonally-labellEBE]CUATSMenF ({°F]4.03 the reaction was first

verified non-radiochemically, employing CuATSM/emda N-succinimidyl 4-fluorobenzoate
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(4.10.** **CuATSM/ert®* was dissolved in DMSO and a stoichiometric amanirt. 10 and EtN
were added. The reaction was stirred at 60°C foaridh monitored by UV-HPLC and ESI-MS,
gave quantitative conversion to the product. Phegigi a shortened reaction time of 15 min at

80°C achieved similar results, so these conditieaie chosen for the hot synthesis.

N H

(0]
>—< (0] O—N N
N N F

N/N\ /N\N . (a) N“ N N
W= ° = M AN R

S/ \S N/\/NH2 N S S ”/\/

H
F

CuATSM/en 4.08 FSB 4.10 CuATSMenF 4.03

Scheme 8Synthesis o#.03 (CuATSMenF) by reaction of CUATSM/en with the F&Btivated ester (a)
Et;N, 80°C, 15 min, quantitative conversion by HPLC.

The synthesis of radiolabelled activated esf&}4.10was carried out on an automated Scintomics
synthesis unit as depicted in Figure 5. To dryabaeous®-fluoride, it was first passed onto a
QMA anion exchange resin cartridge to remove th€Hand eluted into the first reactor vial with
a solution of Kryptofix 222 and 4CO; in acetonitrile/water (vial A). The resulting"¥/Kryptofix

222 complex was dried by azeotropic distillationla0°C with 3 x 0.5 mL acetonitrile under a
stream of N before the resultant dry complex was dissolvedrnhydrous acetonitrile. Reactants
were either added to reactor 1 (from vial C or D}he liquid was dispensed into reaction vials for
external, manual synthesis. Transfer into the sgceactor allowed an interim C-18 purification
and further synthesis (reactants/solvents frommiahd G). F]JFSB has been widely used for the
fluorine-labelling of peptides and proteitfs.All current protocols require a three-step
radiosynthesis in several reactors, with excepbiba three-step one-pot procedure and a two-step
procedure recently developed by Tdngnd Glaséf respectively. Both these methods are in

theory compatible with the two-reactor set-up @ 8tintomics Synthesis Unit.
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Figure 5 Scintomics Synthesis Unit.

The method of Tang was attempted first and involvE8-fluorination of ethyl 4-
(trimethylammonium triflate)benzoate4.(1), followed by saponification of *{F]-ethyl-4-
fluorobenzoate4.12) with tetrapropylammonium hydroxide to yield tH&A]-4-fluorobenzoate salt
413 This was converted to'®F]4.10 by treatment with N,N,N',N-tetramethyl-O4-
succinimidyl)uranium tetrafluoroborate (TSTU). Fnlling the above steps, the product was passed
through a C-18 cartridge into reactor 2 contairéngper complex.08in DMSO for conjugation.

An equimolar amount of triethylamine was added #edreaction was heated at 80°C for 15 min.
Unfortunately, nofF]4.03could be isolated; sampling of reactor 1, reatand the final product
post preparative HPLC purification showed that astyall amounts of'fF]-4-fluorobenzoate had

in fact been formed.
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o}
CO,Et CO,Et CO,NPr,* 0. O_ ;{5
@, o © L0 N

NMez*OTf" 18p 18F
18F

4.11 4.12 4.13 ['®FIFSB ['®F]4.10
trace product

(lit. 32.2% decay-corrected)
Scheme 9Attempted synthesis of 9F]JFSB on the Scintomics system using the methodlarig. (a)

[*¥F]K[2.2.2])/K,CO;, 10 min, 90°C (b) N(gH;)OH, MeCN, 120°C, 3 min (c) TSTU, MeCN, 90°C, 5 min
steps (a)-(b) were not isolated from the synthesit trace product was detected in (c).

Attempts to employ the method by Glaser were moeassful. F]fluorobenzaldehyde4(01)
was synthesiseda a previously reported procedure (Scheme® isappointingly, the compound
was only isolated in a RCY of 10%. The subsequerdct oxidative conversion of.01 to
[*®F]4.10 using diacetoxyiodobenzene and NHS is thoughtvolve the reaction of aldehyde with
diacetoxyiodobenzene and NHS via formation of PAINHS in situ™ This step had to be
optimised to replace EtOAc with a water miscibldvent to comply with local rules of our
radiosynthesis laboratory. Cold trial reactionsveb that DMSO was unsuitable whereas reaction

in MeCN afforded the desired activated ester qtativtely from 4-fluorobenzoate.

o}
CHO CHO
- @ o 5
18F 18F

NMe;*OTf-

414 ['®F14.01 ['®F]FSB 4.10

Scheme 10 Synthesis of PFJFBA® followed by [°FJFSB synthesis (method of Gla¥¥r (a)
[**F]K[2.2.2]/K,CO5, 15 min, 90°C, 10% RCY (lit. 60%) (b) PhI(OACNHS, MeCN 20% RCY (from
FBA).

The method by Glaser suggests that it is essettigarry out this step at 0°C, so reactor 2
containing solid diacetoxyiodobenzene was fittethvein ice bath prior to starting use of labelled

material. {F]4.01and NHS in MeCN were added to reactor 2 and taeti@n was kept at 0°C for

15 min, followed by 5 min at room temperature. feation by preparative HPLC and
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reformulation into MeCN afforded 18 MBq of®F]4.10 (20% non-decay corrected RCY from
['®F]4.01).

The ester was removed from the Scintomics uniteddaanually to the functionalised copper
complex4.08in DMSO and reacted at 80°C for 15 min (Scheme Thg crude reaction mixture

was analysed by radio-HPLC. Figure 6 shows theecradio-HPLC trace of{F]4.03compared to

the cold4.03UV reference sample antfff]4.10starting material.

H ﬁ />_<\ 8F
\* *NNHQ 5 —»\A kNYO

CuATSM/en 4.08 ['®F]FSB 4.10 ['®F]CuATSMenF ['®F]4.03

Scheme 11Conjugation of ¥F]JFSB to CuATSM/en to form'{F]4.03 (a) DMSO, 80°C, EN, 15 min
quantitative conversion by HPLC.
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Figure 6 Radio-HPLC spectra of'¥]4.10 activated ester,*§F]4.03 and the cold4.03 UV reference
spectrum.

The trace confirms that the activated est¥#f]§.10is almost quantitatively converted t8M]4.03
by HPLC, with only minor trace impurities formedathcould be removed by preparative HPLC.

The crude product was not further purified duelthelevels of activity (< 10 MBq) isolated.
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The successful reaction dfff]4.03 proves that coupling of the aminoethyl derivai@ATSM/en

to [*%F]4.10provides a valid alternative for orthogonal laivgjlof the CUATSM core and does not
generate the unwanted side-products encounteredthén coupling of HATSM/A to
[*®F]4-fluorobenzoic acid. However, the difficulties producing large amounts dfffJFSB from
our permitted activity limit have prevented the thgsis of sufficient quantities of*F]4.03 for in
vivo work. This is carried out at the Churchill hosp#dad transport takes at least an hour so with
the short half-life of °F it is necessary to be able to make at least 3@ kBabelled product to

obtain an adequate PET image.
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4.4  Orthogonal radiolabelling approaches using lodine-23

The work by Carrollet al” and the second generation derivatives discussedeathow that a
prosthetic group approach for thé&F-orthogonal labelling of bis(thiosemicarbazones) i
principle successful but suffers from a limitediriihg activity of°F labelled prosthetic group.
Therefore, to produce enough activity fior vivo work within our current technical limits, we
considered an alternative approach using the leligsd SPECT isotope;d, for a third
generation of orthogonal tracers. Besides assisgyighesis, the intermediate-length half-life
allows longitudinal imaging to study pharmacokinstover longer time periods than can be done
with short-lived radiopharmaceuticals. This coudditmportant for mechanistic studies, since some
reports claim that CUATSM is best imaged after Zdde Chapter 3). Should the ligand be retained
in the tumour, these derivatives could also offérypoxia selective SPECT imaging agent. This
alternative to the expensiv&Cu-parent compound could utilise the SPECT camemad
infrastructure already present in most hospitalstHermore, iodine offers a range of radioisotopes
with different half-lives both for SPECT4, t,,= 13.2 h) and PET{1, ty,= 4.2 days*, ty,=

59.4 days) imaging as well as radiotherap¥i,(t,, = 8 days) and these could be useful in the

further development of hypoxia imaging and therapiyng bis(thiosemicarbazonato) complexes.

4.4.1 Radioiodination methods

In general, the radioiodination routes can be diglichto nucleophilic and electrophilic substitution
reactions® ?* The nucleophilic substitution pathway is dominabgdhalogen-halogen exchange
reactions (Scheme 12). The isotopic or non-isotegthange catalysed by ammonium sulphate or
copper (1) in acidic, aqgueous medium. It can beliapgo activated or non-activated arenes, and

has for instance been used for the radiosynthé8BRBG mentioned in Chapter 1.3.2.
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p— /,(I)u
\ o —
\ X +cut —>aCid (aq) R/\ / X B — \ I*
R A < R
S}
I*
X=8Br,l

Scheme 1Nucleophilic radioiodinatioria halogen exchand®8.

Electrophilic radioiodination is the overall prefed route due to the facile and rapid oxidatio of
to an electropositive form of iodine I* (HOI*, B1*) under mild conditiong? Oxidants such as

chloramine-T N-chloro- or bromosuccinimide or peracetic acidasedin situ

X =H, HgCl, SnMe3, SnBus, SiMe;

Scheme 1FElectrophilic radioiodinatior’

In order to limit oxidative side reactions wherbddiing sensitive substrates such as proteins,
immobilized forms of theN-chlorosubstrates are employed: lodobeads® are pooous
polystyrene beads derivatised wilirchlorobenzenesulfonamide (sodium salt) and iod&gen
containing four functional chlorine atoms is coateda reaction vess& The electrophilic iodine
species generated can then react either directlly thie aromatic substratea electrophilic
aromatic substitution or in a demetallation reactath an organometallic species (Scheme 13).
Trialkyltin compounds are often the precursor obick as radioiododestannylation proceeds in

high radiochemical yields and high regioselectiviging small amounts of precursor.
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(@) (b)

0
CI\N)J\N/CI

]
9 O
— N
L O o
@ ~
Ny .* °

Cl—

lodobeads® lodogen® Succinimidyl-iodobenzoate (SIB) 4.15

Figure 7 (a) solid phase oxidising agents lodobead® anaded® (b) thep-succinimidyl-iodobenzoate
prosthetic group SIB.

Direct electrophilic radioiodination is readily aebed in proteins for instance on tyrosine residues
by substituting a hydrogen for an iodimetho to an aromatic hydroxyl group. Due to their
similarity to thyroid hormones however, these arenp toin vivo deiodination by specific
enzymes whilst other proteins are altogether uablgt for direct iodination. For this reason,
prosthetic groups, suciN-succinimidyl-iodobenzoate (SIB) shown in Figure fave been
developed® ?° The N-succinimidyl ester derivatives will react with ér@mine residues such as
lysine. The SIB acylating agent is reported to hawgreater stability than the phenolic iodide and
can be prepared eitheria the above mentioned iododestannylation (vide )nfra isotopic
exchange, when high specific activity is not regdfr>® Prosthetic group labelling of proteins can

successfully reduda vivo deiodination and prolong plasma half-fffe&?
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4.4.2 Strategies for iodinated copper bis(thiosemicarbazmmto) complexes

The first objective was the synthesis arfdCu-radiolabelling of potential iodinated
bis(thiosemicarbazone) derivatives to determiner thaitability in terms of physicochemical
characteristics andh vitro hypoxia selectivity. This was followed by an intigation of the
synthetic feasibility towards the radioiodinateditess. In an analogy to the orthogonally labelled
¥ _fluorinated tracers, the synthesis of the iodiddiis(thiosemicarbazonato) complexes in Figure
8 was investigated.

Radioiodine incorporation is preferred at sgf hybridised carbon, since both the vinylic and
aromatic carbon-iodine bond strengths are highé&8-297 kJ/mol) than the relatively weak
aliphatic bond (222 kJ/mol); this prevents vivo deiodination by & substitution or -

elimination®*>* Therefore, a click-compound analogous'f6/f*Cu](16) was omitted.

H H N s s N
o)
CUATSE/A-iminel 4.16 CUATSE/A-amidel 4.17
N < >N\ I
| /CU | H
N
H H I

CuATSMenl 4.18

Figure 8 Structures of the proposed iodinated copper bas@micarbazonato) complexes for orthogonal
123. and®Cu-radiolabelling.
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4.4.3 Synthesis of imine-based conjugate: CUATSE/A-iminel

Despite the*’Cu-labelled fluorinated orthogonal tracgir2) (section 4.1.3) having lovn vitro
hypoxia selectivity, we decided it worthwhile torpue an analogous iodinated derivative
CuATSE/A-iminel @.16 since all other imine-bonded derivatives syntbesiwithin the group
previously had shown hypoxia-selectivity. Furth@fiormation would also be available on whether
the lack of hypoxia selectivity effect was spectbiche HATSM/A-imine fluorine derivative.

We pursued derivatives based ogARSE/A rather than the methyl derivative, as warssed that
these should be easier to purify, based on thénfisdoutlined in Chapter 2.4.

The desired iodinated ligand,ATSE/A-iminel @4.19 and zinc complex ZnATSE/A-imine#(20
were successfully synthesised by conjugation witbdédbenzaldehyde as shown in Scheme 14.
The condensation reaction of ZnATSE/A with iodotsdehyde was carried out in MeOH at 50°C
for 3 h, whilst HATSE/A, as expected from Chapter 2, did not toefaat and required reaction

at room temperature overnight.

(@) NT N\ )N\N I
a
,—» Wi N\/©/ -
/\N S/ \S N" =~
H H
ZnATSE/Aiminel 4.20 N /

\ |
() / \|N
|\~ o
/\ )\ \
\O j f H
CUuATSE/Aiminel 4.16
L

H,ATSE/Aiminel 4.19

\/

Scheme 14Synthesis of the imine conjugation proddci6via the iodinated zinc complex or the ligand (a)
ZnATSE/A, MeOH, 50°C, 3 h, 95% (b),ATSE/A, MeOH, rt, overnight, 71% (c) Cu(OAQH,0O, MeOH,

10 min, rt, 84%.

Thus the Zn complex may be a preferable precum®rheating the hot route can be used to

minimise reaction times. Both compounds were fullyaracterised by NMR, ESI-MS and

elemental analysis. Complexation was performed v@tiCL or Cu(OAc). ESI-MS revealed
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formation of the product CUATSE/A-imine# (16 as shown by the desired [M-Hnd [M+H]
peaks, however analytical HPLC revealed two pedkst comparable JATSR/A imine
conjugates, two peaks in the HPLC spectrum haveiqusly been attributed to imin&/z
isomerst* However, the elemental analysis4o16 displayed lower than expected values for C and
N, indicating that two species may be present. band N values have previously been observed
for copper bis(thiosemicarbazonates) and may bécatide of HO binding strongly to the
complexes even after extensive drying in a vacuuemo

To investigate further the nature of the Cu-comfi@nned and to confirm the coordination of
Cu(ll) to the bis(thiosemicarbazone) ligand, ttengmetallation reaction of the zinc comp#R0

to the corresponding copper compléxi6 was monitored by UV/vis spectroscopy (Figure 9).
Aliquots of 0.1 equiv of CuGlwere added to a solution of 0.04 mAR20 in DMSO and the

solution changed from bright orange to red-brown.

1.2+
ZnATSE/Aiminel 4.20

—— CUuATSE/Aiminel 4.16

1.04
08 /il

0.6"

Absorbance

0.4 1

0.2

0.0

800

I / nm

Figure 9 UV titration of4.20with CuCl in DMSO. The orange line represents the UV/vichpen of4.20,
the brown line is the spectrum of copper compled6 obtained by addition of 10 x 0.1 equiv aliquot&¢i
lines).

Isosbestic points were observed at 281, 406 anch#f6This is consistent with a clean transition
between the zinc and copper species. The oveittlirslabsorbance is comparable to that observed
for previously reported JATSR/A imine specie$. The clean transmetallation using sub-

stoichiometric amounts of Cu suggest that it shdxalghossible to radiolabél20
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4.4.3.1 [**Cu]CuATSE/A-iminel
The standard radiolabelling conditions outlined section 4.2.1.1 were applied. Addition of
[**Cu]Cu(OAc) to 4.20afforded f*Cul4.16in 95% RCY as determined by radio-TLC. Pleasingly,

a single peak radio-HPLC chromatogram was alsairodada

:/ \i
Nl/N\64 /N\|N \/©/I
u
/\H)\S/C\S/I\H/N\

[B4Cu]CuATSE/Aimine-l [**Cu]4.16

Figure 10 Structure of {'Cu}4.16

Following successful radiolabelling, the Id value was determined (log P = 1#8201, see
section 4.4.7). Cyclic voltammetry measurementsewthen performed to investigate whether the
ligand modification would adversely affect the Qufb Cu(l) reduction o#.16 Unfortunately, the
complex did not possess the required redox pragseréis shown by an irreversible reduction at -
0.525 V.In vitro cellular retention assays further revealed no Rigselectivity andt.16therefore
was not pursued for orthogonal radiolabelling. @ik&ailed redox properties amdvitro profile are

described in section 4.4.6-4.4.8.
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4.4.4 Amide bonded derivatives: CUATSE/A-I

Since the fluorinated amide bonded orthogonal tr§té) prepared by Carrolket al. displayed
favourable physicochemical properties andvitro behaviour, an analogous iodinated derivative
was selected next. We chose to use the ATSE/Ainsetead of its methyl analogue in accordance

with the results from Chapter 2 that showed a nfaxcie purification of the ethyl derivative.

4.4.4.1 [*Cu] CUATSE/A-I

Initially, we attempted the reaction of ZnATSE/A tiwvi4-succinimidyl-iodobenzoate (4-SIB,

4.16* to form4.22 due to the prevalence of 4-SIB as a well-knowenagor iodination (Scheme

15). As could be expected from reactions of thecdmplex with aromatic activated esters in
Chapter 2, the reaction did not go to completion.H@ating, it resulted in the formation of side

products that could not be adequately removed.

o}
> < O~_ _O—N > <
N”N< )N\N N/N< )N\N !
N AN oy Ty o T ALK
/\N S/ \S N~ 2 /\N S/ \S N~
H H H H
o}
I
ZnATSE/A 2.06 4-SIB 4.16 ZnATSE/A-amidel 4.22

Scheme 15Attempted synthesis @f.22by activated ester conjugation.

Thus we opted for the previously employed peptioigpting strategy using the BOP phosphonium
agent and DIPEA in DMF to conjugate theAHISE/A ligand to 4-iodobenzoic acid to afford the
iodinated ligand HATSE/A-I (4.23 Scheme 16). In an attempt to provide a directogue of
(17), we also coupled 4-iodobenzoic acid to the metlighnd HATSM/A (not shown).
Surprisingly, the coupling did not go to completmver 4 h at ambient temperature in DMF, whilst
coupling of HATSE/A over the same period resulted in the desodohated produc#.23 Copper
complexation to givé.17was achievedia the standard procedure using Cu(OAd)0O. 4.17was

fully characterised by ESI-MS, HPLC and elementellgsis.
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Os__OH \ /
— 7\
7 N\ N N [
an- Y N \H (@ HN” “NH
' R N
N
P /§ 2\ _NH, SONTNs sTONT
N S s N H H
o}

H,ATSE/A 2.04 4-iodobenzoic acid H,ATSE/A-1 4.23

‘(b)

/ \

/\x x/

CUuATSE/A-l 4.17
or [®*Cu]4.17

Scheme 16Synthesis of iodinated derivatives forme&d amide bond formation. (a) BOP, DIPEA, DMF, rt,
4 h, 93% (b) Cu(OAgH,0O, MeOH, rt, 30 min, 74% of{Cu]Cu(OAc) DMSO, rt, 5 min, 90% RCY.

®Cu-radiolabelling using the standard conditionscpesled in > 90% RCY and > 97% RCP to
afford [*'Cul4.17 as determined by radio-TLC and radio-HPLC. Befpreceeding with the
synthesis of the precursor for the orthogonal @dinre, the physicochemical properties o7
were determined (log P = 150,04, E, = - 0.5703 V). {*Cu]4.17 demonstrateéh vitro hypoxia

selectivity.The results are discussed in detail in section$-441.8.
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4.4.4.2 Synthesis of stannylated precursors for iododestamtation

Previously, Carroll showed that diré€E-fluorination attempts on a CUATSM derivative begra
leaving group were unsuccessful due to substratmndgosition at high temperatures and
formation of various fluorinated side produttsiVe postulated that an advantage of iodination
over fluorination for the orthogonal labelling wdube the possibility of direct electrophilic
iodination using a stannylated precursor in commnawith a mild oxidising agent discussed in
section 4.4.1. Oxidative radioiodinationa destannylation is commonly carried out in acidic
MeOH. To test the stability of the bis(thiosemiambne) towards the conditions employed in
radioiododestannylation, Cu(ATSM) was incubatedMeOH/AcOH 95:5 for 15 min. HPLC
indicated that the complex was not affected. Intoban an iodogen coated test tube also seemed
to have no adverse effect.

We surmised that a stannylated copper bis(thiostmzonato) complex such as CuATSE/A-

SnBw (4.26) could be radioiodinated. The synthesis ig @b6is outlined in Scheme 17.

Os_ _OH \ /
>_< 7\
7\ N N B
_N N (a) HN~ “NH SnBus
HN NH + — . /§ 2\ H
N
PN /§ %\ _NH, ~ N S S N~
N" S s” N H H
o]

Sn BU3

H,ATSE/A 2.04 4-tributylstannyl 4.24 H,ATSE/A-SnBus 4.25
-benzoic acid

(b)

/N/ \N\ SnBU3
N X / 'N
A R
SN s NN
H H d

CuATSE/A-SnBuj 4.26

Scheme 17Synthesis of a stannylated CUATSE/A-SgBamplex4.26for radioiododestannylation.

Firstly, the tributylstannylbenzoic aci#l24 was synthesised as previously repoffeh order to
synthesise the stannylated btsc ligandAFSE/A-SnBy (4.295, 4.24 was coupled to the

H.ATSE/A proligand using BOP and DIPEA in DMF. Theleted residue was washed with water,
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cold MeOH and hexane to remove all phosphonium loogmgent residues and uncoupled tin
species to yield.25in 85% yield."*C NMR and elemental analysis confirmed the purfty @5
The compound displayed low solubility in DMSO andyosmall amounts could be dissolved for
NMR and spectra were acquired over long periodsinoé. 4.25 was successfully converted to
CuATSE/A-SnBy (4.26 as confirmed by HPLC, ESI-MS and elemental anslyBhe analytical
data obtained for both the iodinated ligand andpeogomplex and their stannylated equivalents is

summarised in Table 1.

No. Compound m/z calc (M-H) m/z found Elemental Analysis C, H, N
4.23 HATSE/A-I 504.0132 504.0138 35.6 (35.7), 3.9 (419.3 (19.4)
4.17 CuATSE/A-I 564.9271 564.9271 31.7 (31.8), 3.2 (312).3 (17.3)
4.25 H,ATSE/A-SnBuy 668.2235 668.2232 48.6 (48.5), 7.2 (7.1), 14.8114
4.26 CuATSE/A-SnBy 753.1333* 753.1314 44.6 (44.4),6.2 (6.2), 133.4)

*denotes (M+N4)

Table 1ESI-MS and elemental analysis data for the io@itda@nd stannylated bis(thiosemicarbazones)

Before proceeding with the radiochemical synthe#ii® reactivity of4.26 towards } was
investigated (Scheme 1&)Due to its low solubility, the stannylated copmemplex had to be
dissolved in a mixture of DMSO and acetonitriletekfreaction for 15 min at room temperature,
about 30% product (not accounting for species-dégenUV intensities) could be detected by
HPLC and ESI-MS, validating the feasibility of iatkstannylation. Nexg.26 was incubated with

Nal in MeOH/AcOH 95/5 in the presence of lodogemxislising agent.

Ax x Y@ 3‘””“’)Ax x Y@

CuATSE/A-SnBug 4.26 CuATSE/A-l 417

Scheme 18lododestannylation of CUATSE/Avia (a) b, MeCN/DMSO, 30 min, rt, 30% (HPLC) (b)
lodogen, MeOH/AcOH (95:5), trace amounts of product

Whilst some unidentified side products formed, ératnounts of the desired proddci7 were

identified by spiking with cold reference and amsahg the reaction mixture by ESI-MS. To the
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best of our knowledge however, there are no repdrteld iodination using iodogen and therefore
we consideredt.26 for radioiododestannylation. However, it was oliedrthat despite the low
concentration solutions of CUATSE/A-SnBemployed, the compound continuously precipitated
from solution. Thus it was decided tiaR6was not an optimal candidate for radioiodinatiothie

first instance and efforts were focused on the CBIENI derivatived.18
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4.45 *?3- and **Cu-orthogonally labelled complexes based on CUATSMN

4451 CuATSMenl

The derivative CUATSMenl4(18), based on the CuATSM/en motif with the pendaninaethyl
group, was investigated next.

During the synthesis of the fluorinated analogti®3 it was observed that this displayed
considerably greater solubility in MeOH and DMS@IH mixtures than the analogous
CuATSM/A-F derivative(17). It was therefore anticipated that an ATSM/en Hasennylated
precursor for radioiododestannylation may possesetb solubility than the ATSE/A-based
compound4.26 Firstly, the iodinated ligand AATSMenl 4.27) was synthesised readily using the

standard coupling conditions (BOP, DIPEA, DMF) aflioed in Scheme 19.

HN” “NH + OH (a) H

N

\Nks S%\N/\/NHQ | \Hks S%H/\/

H H o)
H,ATSM/en 2.36 H,ATSMenl| 4.27

\(b)

I

_N N_ |
N| Nt IN y
u
N
\N)\S/ \S N/\/
H H o

CuATSMenl 418 or [5*Cuj4.18

Scheme 19Synthesis of the iodinated derivative CuATSMensdzhon the CuATSM/en core motif. (a)
BOP, DIPEA, DMF, 4 h, rt, 85% (b) Cu(OAQH,0, MeOH, 30 min, rt, 74% of{Cu]Cu(OAc), DMSO,
90% RCY (see section 4.4.5.2).

CuATSMenl @.18 was synthesised froh 27 using Cu(OAc).2H,0O in MeOH. Due to improved
solubility, the Cu complex could not be filtered &bm a concentrated methanolic solution as for

derivatives based on the ATSE/A motif. The solveatl to be removeth vacuoand4.18 was

suspended in ¥ before being isolated by filtratiod.27 and4.18 were synthesised in 85% and
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74% vyield respectively and fully characterised. -B8 and elemental analysis data for both

compounds is shown in Table 2.

No. Compound m/z calc (M+Na) m/zfound Elemental Analysis C, H, N
4.27 H,ATSMenl 542.0264 542.0271 36.9 (37.0), 4.1 (4.8)9118.9)
4.18 CuATSMenl 602.9404 602.9398 44.6 (44.4), 6.2 (613)4 (13.4)

Table 2 ESI-MS and elemental analysis data for the iogdithadTSMen derivatives JATSMenl and its
copper complex CUATSMenl.

4.45.2 [**Cu]CuATSMenl

[**Cul4.18 was synthesised by the general radiolabelling gmore described in section 4.3.1.1,
using 150 MBq of 'Cu]Cu(OAc). The **Cu-labelled complex was purified by placing the
compound solution onto a Sep-pak-Plus cartridgto®wimg a 10 mL wash with water®Cu}4.18
was eluted in EtOH and obtained in 90% isolated R@Y a RCP > 98% as determined by radio-

TLC and radio-HPLC (Figure 11).

1.0
—[™cu)4.18

0.5

Normalised counts

0.0 ' fnpotmm : hohune i
0 5 10 15 20 25 30
Time (min)

Figure 11 Radio-HPLC trace offCu]CuATSMenl (f*Cu}4.18 after reformulation into EtOH

The electrochemical properties and the partiticeffamient of the copper complex were determined
(E1=-0.638 V, log P = 1.52+0.25), revealing that tieenpound had similar redox properties to
the parent Cu(ATSM). Cellular uptake experimentsvatd that the derivative also maintairiad

vitro hypoxia selectivity. Details of these results diszussed in section 4.4.6-4.4.8.
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4.4.5.3 Stannylated precursor (CUATSMenSnBuy) for radioiodination
Synthesis of the stannylated ligadd®8 and copper comple#.29 depicted in Scheme 20, was
achieved by peptide coupling of,ATSMen to the stannylated aciél24 followed by copper

complexation, using analogous reaction conditiorthose reported for the iodinated derivative.

\/ / O~__OH > <
N N HN/N/ \N\NH SnBug
HN “NH + (a) H
NH ™~ /& %\ /\/N
\N/&S S%\H/\/ ? NS ST
o}

H
SnBu;

H,ATSMen 2.36 4.24 H,ATSMenSnBu, 4.28

‘(b)
/N/ \N\ SnBuj
NNy IN ’
\NJ\S/ \S/kN/\/N
H H
o}

CuATSMenSnBu; 4.29
Scheme 20 Synthesis of the stannylated precursors investiafior radioiodination to synthesise
[*#]CuATSMenl (a) BOP, DIPEA, DMF, 4 h, rt, 56% (bu@Ac), H,O, MeOH, rt, 30 min, 68%.
The crude4.28 was isolated in greater than 95% purity (by HPLI@)contrast to the ATSE/A
based derivativé.26 the increased solubility of aminoethyl derivagve28 and4.29 prevented
further purification by washing with different selnt systems other than pentane and water. The
improved solubility however allowed purification lsgmi-preparative HPLC using a gradient of
MeCN/H,O. The temperatures involved to remove fully thévesat mixturein vacuo yielded
impurities in the final product. Careful removal ECN in vacuoat room temperature, followed
by lyophilisation of the KD fraction yielded the products in 99% purity asedmined by HPLC
and elemental analysis.

Figure12 shows thé®C-NMR spectrum of purified.28
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Figure 12C-NMR of HLATSMenSnBy (4.28 in DMSO-ds.

4.45.4 Synthesis of {*I]CUATSMenl

The synthesis of the orthogonally labelled derixafi*3]4.18via radioiododestannylation @f.29
was attempted as outlined in Scheme 21. Initiallg,tried the radioiodination using iodogen by
adaptation of previously reported procedure¥.For this, a stock solution of 10 mg huof 4.29in
DMSO was diluted into an iodogen coated reactiah edntaining MeOH/AcOH and N&l (1-10

MBq) was added immediately.

>/ \< >/ \< 23

N SnBus X— N
PNy N PNy N
SN TN SN e OINTT
H H I H H I

CuATSMenSnBu; 4.29 ['Z1]CuATSMenl ['2%114.18

Scheme 21Attempted synthesis of%1]4.18 via radioiododestannylation. Conditions: &4 (1-10 MBq),
MeOH/AcOH 95:5 ancitherchloramine Tor iodogenor iodogen (Chizzonite), 2-30 min, rt.

Different reaction times were attempted (2-30 mbyt no product could be observed by radio-
HPLC. Dissolving4.29 directly in MeOH/AcOH or reaction in aqueous mediPBS) both
incurred solubility problems and the desired praduas not observed. Changing to chloramine-T

as the oxidant was also unsuccessful. It was radileethat the brown copper complex stock

134



CHAPTER FOUR

solution turned yellow on addition to the oxidantted tube; this had not been noticeable in the
more concentrated cold trial reactions. HPLC anglf/dV) indicated that some starting material
was remaining but formation of intractable, nonioamtiinated side products also occurred. To
determine whether the oxidant was decomposing @ialncomplex we attempted radioiodination
by applying of the Chizzonite method commonly usedadioiodinate sensitive proteifsThis
indirect approach involves pre-activation of thdioactive iodide in the iodogen tube followed by
transfer of the reactivé kpecies to the reaction mixture and avoids comthttte oxidant with the
substraté! We activated the iodine and transferred this o ahidic stock solution of.29 but
again no product formation was observed. To exclin@epossibility of Cu interfering with the
labelling, iodination of the stannylated ligadd28 was also attempted but this was equally
unsuccessful.

The preparation of the radioiodinated activate@re&tl6is more straightforward than that of its
radiofluorinated analogue. Thus we decided to itigate the synthesis of’fl]4.18via the route
employed previously for'§F]4.03 (section 4.3). To verify the cold chemistry, CuATé& was

reacted with4.16° and the reaction was monitored by HPLC and ESI(Bi$eme 22).

> < ij NN |
* * NNHZ HAS/ \SAHNN
CuATSM/en 4.08 416 CuATSMenl 4.18

Scheme 22Synthesis of CUATSMenHK(18 by reaction of CUATSM/en with the activated etel6 (a) for
reaction conditions, see Table 3.

The reaction conditions investigated are summariee@iable 3. In contrast to the quantitative
conversion of the fluorinated 4-FSB activated ester results differed considerably for reaction of
CuATSM/en with4.16 Complete conversion of activated ester couldbwtachieved using the

copper complex over a range of reaction conditidnstead, iodobenzoic acid was formed,

particularly in the presence of base, as well herainidentified impurities. Interestingly however,
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reacting the ligan®.36 in DMSO gave full conversion td.27 at 45°C after 60 min. Higher

temperatures were not investigated to avoid ligeeiticyclisation or decomposition.

Entry Btsc Base Temp. ;Frlnr?ne) Solvent g:;nHvPe[sc,;on Side-products
1 CuATSM/en leq 60°C 30 DMF 30% iodobenzoic acid
Et;N
2 CuATSM/en DIPEA 60°C 60 DMF 30% iodobenzoic acid
leq +other
3 CuATSM/en DIPEA 70°C 120 DMF 65% iodobenzoic acid
1/8 eq
4 CuATSM/en no 60°C 60 DMF 55% no
5 CuATSM/en no 70°C 120 DMF 60% no
6 CuATSM/en no 70°C 60 DMSO 20% iodobenzoic acid
7 CuATSM/en no 70°C 80 DMSO 20% iodobenzoic acid
8 CuATSM/en no 65°C 120 DMF/ 50% iodobenzoic acid
PBS +other
9 H,ATSM/en no 45°C 120 DMF >95% minor
10 HATSM/en no 45°C 60 DMSO >98% no

Table 3 Summary of conditions tested for reacting 2 efieither CUATSM/en or FATSM/en with 4-
succinimidyl-iodobenzoate (SIB) to giv&18 or 4.27 respectively. Conversion of SIB was estimated by
HPLC (equimolar injections of CUATSMenl,ATSMenl and SIB gave comparable UV absorptions).

Several procedures have been published for thehesist of radioiodinated 4-succinimidyl-
iodobenzoate, mainly based on radioiododestanoylalio comply with local rules, we chose the
radioiododestannylation route by Koziorows#i al that does not require heat or non-aqueous
miscible solvents (Scheme 2%).

We opted for trimethyltin precursopNIeATE) 4.30 over the tributyl analogue due to reports of
better labelling yield$> *® The chosen radioiodination method uses iodobeas@he oxidant.
Significantly, this allowed us to terminate thedation easily by removal of the bead, rather than
guenching with sodium metabisulfite or a reducirgera which we were concerned might
adversely affect the copper bis(thiosemicarbazah8dwas incubated for 5 min in MeOH/AcOH
with Na®3. The reaction mixture was then diluted with waded passed onto a to a C-18 Sep-pak
Light® cartridge to remove any unreacted iodidé€]BIB ([**%]4.16 was then eluted off the
cartridge in 70% RCY using DMSO as the solventtafice for the conjugation. Some activity was
found to remain associated with the lodobead orameed in the KO wash. Small amounts of

[**]4-iodobenzoic acid were detected by HPLC but ¢helid not affect the subsequent
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conjugation. A stock solution of ATSMen was added to the activated est&t]j.16and reacted
at 45°C for 60 min which resulted in complete caongtion of the ester. Complete reaction of the
activated ester was essential before purificatiptHBLC as the retention times dfy]4.16 and
the ligand {%1]4.27 were found to be very similar. Different elutiorethods did not increase

separation. Therefore, removal of any residualactesl {*3]4.16would prove problematic.

(a b)
N s /\/ NH2
H

| SnMes

pMeATE 4.30 [123I]SIB 4.16 H,ATSMen 2.36

| ©
H Pa

123| 123|

~

STty 7 e

reformulation
123]CuUATSMenl ['2%114.18 1231H,ATSMenl ['23114.27
2

reformulation

Scheme 23ynthesis of f9]4.16 [*?3]4.27 and }*]4.18(a) (CHy)sSM, (PPR).Pd(I1)Cl, 1,4-dioxane, N
60°C, 90 min (b) Disuccinimidyl-carbonate, pyridindeCN, N, rt, 4 h (c) N&3, lodobeads®, 5% AcOH
in MeOH, rt, 5 min (d) DMSO, 45°C, 1h (e) Cu(OA¢),O DMSO/HO0.
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In order to unambiguously confirm product identifiguots of the crude reaction mixture were
spiked both with cold reference ligari27 and 4.16 to confirm the product identity. The

[**]iodobenzoic acid impurity served as an interrdérence.

s =)
N N |
HN™ “NH
PS A R
\N s s N/\/
H H
0

IL <~ 123

N N
HN” “NH =/
\N s s N/\/
H H
o

Figure 13 UV/radio-HPLC chromatogram of crud&j]H,ATSMenl ([**4]4.27) (left) spiked with cold SIB
(4.16 reference (right) spiked with cold referencgAMSMenl

The crude ligand'{3]4.27 was purified by semi-preparative HPLC and was ttegarmulated or
converted to f9]4.18 by addition of excess Cu(OAc)Both [?4]4.27 and [*4]4.18 were
reformulated by passing the HPLC eluent dilutediater onto a C-18 Sep-pak Light cartridge and
eluting with EtOH. Copper-complexation causes a regse in retention time of the
bis(thiosemicarbazone) that moves the peak'df4.18 closer towards any potentiafy]4.16
residues. Therefore, a ligand aliquot was analipyeldPLC to ensure purity before synthesis of the
copper complex, spiking with cold.16 (Figure 13 left) and the desired prodykR7 (right)
confirm formation of the desired product®[]4.27. The shift of retention time from
[**4]H,ATSMenl to [*I)CuATSMenl further affirms the successful syntisesf both products.
Some activity was retained on the column followprgparative HPLC.'f%]4.27 and [*]4.18
were isolated in 30 and 40% RCY from'ffain a total synthesis time of 2.5 h. Figure 14idep
the radio-HPLC spectra of the reformulated orthadign *1 and ®‘Cu-labelled copper

bis(thiosemicarbazonato) complexes and'tfidabelled ligand.
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The ethanolic solutions were concentrated unddrears of N gas before addition of saline for

intravenous injection in biological studies (< 1&®H in 0.9% NaGlg).

Figure 14 Radio-HPLC spectra of®fCu]CuATSMenl (f‘Cul4.19, [**3]CuATSMenl! ([**3]4.18 and
[*#]H,ATSMenl (['*]4.27) after purification and reformulation into EtOH.
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4.4.6  Electrochemistry

Electrochemical studies were performed on all cexgd for a direct comparison to the parent
compound CuATSM. As discussed in the introducttbe;n vitro hypoxia selectivity of CUATSM

Is thought to be closely related to the Cu(ll)/Guélduction potential. If the reduction potentil o
the complex is more negative than that of CUATSM & -0.646 V), the reduction may not be
biologically accessible in hypoxic cells, or théeraf reoxidation will be greatly enhanced. A more
positive potential than that of CUATSM in contrasay lead to uncontrolled reduction, and the
compound is deposited non-selectively in all tissughe reduction potentials of the compounds
synthesised in this chapter were recorded in amugdDMF using 0.1 M tetrabutylammonium
tetrafluoroborate as the electrolyte. Whilst measwants in DMF do not resemble the aqueous
biological environment, reduction potentials of pep bis(thiosemicarbazonates) have been
recorded in this solvent due to their low solupiliCopper bis(thiosemicarbazonates) with redox
potentials in the range -0.58 to -0.65 V (when cared to the SCE) have shown a strong

correlation within vitro hypoxia selectivity in cellular uptake assays®

1.0x10°

ood L 7"‘/
o reduction scan

Current (A)

5
-1.0x10° DE

pc

E E
-2.0x10° . : b ' ' Pl , :

-15 -1.0 0.5 0.0
Potential (V)

Figure 15 Cyclic voltammogram, illustrating the electrochealiparameters of interest for the Cu(ll)/Cu(l)
reductive process @f.18
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The cyclic voltammetry measurements were carrigdusing a platinum wire auxiliary electrode, a
platinum disc working electrode and silver wogeudaeference electrode. Ferrocene served as an
internal reference (Fe(ll)/Fe(lll):z= +0.53vs SCE). Figure 15 shows the Cu(ll)/Cu(l) reduction
process of comple4.18

As can be seen in Table 4, complexe83 and 4.18 were reduced at very similar applied
potentials when compared to CuATSM. This confirm®vpus findings that the pendant
aminoethyl arm has little effect on the redox ptitgrof the complex® 4.16and4.17were reduced
slightly more easily than the parent compound,datid by the more positive reduction potentials.
The peak separation between the reductive and tosedpeaks DE, gives information about the
kinetics of electron transfeDE, is larger for all derivatised complexes than farATSM, the
values measured far03and4.18were 0.14 V and 0.16 V respectively and are simidavhat has
been reported for other hypoxia selective coppsgftfibsemicarbazonato) complexes, showing
that functionalisation through the aminoethyl linkeems to have only minor effect on the overall
electron transfer kinetics. The considerably larpeak separation of 0.53 V shown #y16 is
indicative of particularly slow electron transfehish may be a result of slow electrode transfer
kinetics or slower structural reorganisation foe imine complex when going from the planar

geometry of the Cu(ll) complex to the tetragonalilstorted Cu(l) compleX’

No. Compound BV Epa!DEED’;_(V)a ipa / ipc ®  nature of reduction
CuATSM -0.646 0.10 0.99 reversible
4.03 CuATSMenF -0.649 0.1358 0.898 quasi-reversible
4.16 CuATSE/A-iminel -0.525 0.525 n/a non-reversible
4.17 CUuATSE/A-I -0.5703 0.275 0.966 reversible
4.18 CuATSMenl -0.638 0.1648 0.981 reversible

Table 4 Summary of electrochemical data of the fluorinaded iodinated copper complexes synthesised in
this chapter® Calculated for a scan rate of 100 m¥Y s

Besides the absolute value and thus biological ssdoiéity of the Cu(ll)/Cu(l) reduction,
reversibility is another important criterion to dehine whether the electrochemical reduction of

the functionalised tracers is similar to that o &USM).
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For a completely reversible couple, the rate ottebm transfer is faster than the rate of mass
transport and hence the reduction potentigl, i independent of the scan rate. The ratio of the
peak currentsiylf/fi.d] = 1 and should be constant at varying scan riies.(scan rate) should also
remain constant.

In contrast, for a non-reversible reduction, in tase of electrochemical reversibility, the rate of
electron transfer is slower than the rate of measster. Chemical irreversibility occurs when the
reduced species cannot undergo oxidation due temical change. The result is a more negative
E,c value with increasing scan rate and/fi, may not be determined due to the absence of an
oxidation peak. A quasi-reversible process may bésobserved, where the rate of electron transfer
and the rate of mass transport have the same ofrdesgnitude, resulting in a reversible process at
slower scan rates and irreversibility at highemsees. Thug,. will become more negative with
increasing scan rateéy/i,d < 1 andi}d/ (scan rate) may not be constant due to the abs¥rece
linear relationship betweep. and the scan rate.

As can be seen from Table 4, values 4003 and4.17 were 0.898 V and 0.966 késpectively,
indicating that the reduction process is not comepfereversible but can be viewed as quasi-
reversible in line with the parent compound CuATS8Mich shows a ratio of 0.99.In contrast,

4.18showed a reduction value of 0.981 V, thereforeatating most closely to CUATSM.
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4.4.7  Lipophilicity

Log P values (partition coefficients) of affCu-labelled complexesere obtained experimentally
as described previously in Chapter 2, by partitigni 1 MBq of tracer between PBS (pH 7.4) and
octanol and sampling each pha5&he values, summarised in Table 5, were genetaltyparable

to CUATSM. The imine derivative®4¥Cu}4.16 was the most lipophilic complex. Surprisingly,

[**Cu]4.18 was more lipophilic than®{Cu}4.17, and also more lipophilic than the fluorinated

analogue 'Cu}4.03
No. Compound Log P
ujCu .

[*"Cu]CuUATSM 1.48

4.03 [*Cu]CuATSMenF 1.46+0.16

4.16 [*Cu]CuATSE/A-iminel 1.62:0.01

4.17 [*Cu]CuATSE/A-I 1.50:0.04

4.18 [*Cu]CuATSMenl 1.52+0.25

Table 5 Experimentally determined log P values ¥€u}4.03and f*Cuj4.16[*Cu}4.18 The log P value of
[**Cu]CUATSM was taken from reference 42.
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4.4.8 Cellular uptake experiments

Following radiochemical synthesis, complex&€(]4.03 [**CuJ4.16 [**Cu]4.17 and [*'Cu}4.18
alongside J'Cu]lCUATSM were subjected to time-dependent cellulgotake studies under
normoxic and anoxic conditions. The apparatus @izethesean vitro uptake experiments has been
previously described and a full account of the epental procedure can be found in Chapter 5.
The uptake experiments were initially conductedyoml HT1080 cells. The intent was a
preliminary in vitro screening of thé’Cu-labelled analogues to establish whether the Xigpo
selectivity was preserved in the functionalised pounds. Suitable candidates could then be
selected for the orthogonal labelling. The retenfioofiles under normoxic and anoxic conditions
over 60 min are displayed in Figure 16.The graphgial the percentage of cellular associated

activity with the cells following incubation of tiradiolabelled copper complexes in suspension.

All compounds displayed a statistically significashtgree ofin vitro hypoxia selectivity. All
showed rapid uptake and reached significant diffiees between normoxia and hypoxia at 5 min,
the maximum differential being reached between i®$ 30 min. When comparing the hypoxic
differential to that of {Cu]JCUATSM at 30 min, the observed difference wasrest for the
H,ATSE/A-based derivatives,Cul4.16 and f‘Cuj4.17 at 14% and 20% respectively. The
differential observed for®fCu]4.17 was also similar to that reported f6tqQu](17) by Carrollet
al.,”® suggesting that the identity of the aromatic hafodas little effect on thia vitro hypoxia
selectivity. The aminoethyl-based derivativé%C[1}4.03 and f‘Cu}4.18 displayed differences of
35% and 40% respectively, and thus compared fabbuta [**CulCUATSM (41%). This was
consistent with previous observations that betygokia selectivity can be achieved by using the
aminoethyl rather than the hydrazinic exocyclicdtiznalisatior? Interestingly, the differential for
[*“Cu}4.16 completely disappeared towards the end of the-tigse, this effect could also be

observed to a smaller extent f6fGu}4.03
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Figure 16 Percentage cellular associated activity of°(@)iJCUATSM (b) f*Cu]CuATSMenF ({‘Cu}4.03
(c) [**Cu]lCUuATSE/A-iminel (f*Cuj4.16 (d) [**Cu]CuATSE/A-l (P*Culs.1?) (e) [*Cu]CuATSMenl
([**Cu}4.18 in HT1080 cells over time incubated either undermoxic (21% G, 5% CQ, balance B) or
anoxic (5% CQ, balance ¥ conditions. Errors (standard deviation) are witklymbols if not indicated.
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Notably, all functionalised compounds displayedighér normoxic uptake thaff*Cu]CuATSM.
Previous work within the group has shown that tbemoxic uptake is significantly reduced for
more hydrophilic derivatives, but higher for moimophilic derivatives. Compounds03and4.16

- 4.18have comparable or slightly higher lipophilicitidgin CUATSM and thus these values are in
agreement with previous observations.

Overall, it was concluded that CUATSMerl.18 and to a large extent CUATSE/A4.16 and
CuATSMenF 4.03 displayedin vitro hypoxia selectivity that should allow them to seras
suitable mechanistic probes to obtain informatidoowd the ligand fate of hypoxia selective

bis(thiosemicarbazones).
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4.5  Alternative approaches:ds-CuATSM

The principal aim of the orthogonal labelling expernt was the elucidation of the vivo fate of

the ligand. As previously discussed in the intrdoiug the behaviour of copper
bis(thiosemicarbazonato) complexesvitro andin vivo is highly dependent on the structure of the
ligand. The halogenated probes maintain the mejtolips in the backbone positions and thus do
not alter the redox potential significantly and tbempounds showed goad vitro hypoxia
selectivity. However, the orthogonal label preseatssignificant alteration from the parent
compound CuATSM and Greest al. report that binding to serum proteins is highlyusture
dependent!*® Thus the structurally altered ligands may be a&ff@édn their binding to serum
proteins, transport across the cellular membraneedisas binding and reduction by intracellular
reductases.

As the parent compound CUuATSM is the focus of edgra most structurally similar analogue
would be desirable. Thus we decided to attemptréiogonal radiolabelling approaefea isotopic
substitution of hydrogen for deuterium in the ligamackbone. This would maintain the original
structure of the parent compound. If successfuadioactive tritiated version of this derivative
could be used for biodistribution, autoradiograpmnd cellular retention experiments. Firstly,
butanedione was deuteratéd reflux in acidic BO using previously reported procedures (Scheme

24) 4

DG CDs D4C CDs

(0] (0] > <
(a) co; _ (b) N Oh (©) NS
DsC HN NH
(6] (0]

N
\C / N
u
~ /& &J\ ~ Y )\ /N /L ~
N S S N
H H N
4.31 de-H,ATSM 4.32 de-CUATSM 4.33

Scheme 24Synthesis of backbone-deuteratkeH,ATSM andde-CuATSM (a) SO, D,O, reflux, 48 h, 2
cycles (b) EtOH, K5O, 4-methyl-3-thiosemicarbazide, rt, overnight (e(CGAc).H,O, MeOH, rt, 1 h
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After two deuteration cycles, comparatiit and®’H NMR showed 89%ls-content as determined
with respect to the exocyclic methyl group substitil This was deemed sufficient for a proof-of-
principle study.

Subsequently thég-ligand 4.31 and copper comple#.32 were synthesised by adaptation of the
previously reported synthetic procedures foATHSM and CuATSM? *° 4.31 and 4.32 were
synthesised and characterised by ESI-MS*&hadnd’H NMR (ds-H,ATSM). Figure 17 depicts the

high resolution mass spectrum (M-ldf 4.32

Figure 17 High resolution mass spectrumdfH,ATSM showing the (M-H)ion.

The synthetic procedures shows that it should ieoty be feasible to synthesise another

isotopologue of CUATSM that employs the radioactiydrogen isotope tritium.
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4.6 Conclusion

A new generation of functionalised copper-bis(teiogarbazonates), functionalised with pendant
| and F bearing aromatic groups, have been suatlyssinthesised, characterised and labelled
with ®Cu, ®F and 'M. Specifically, the orthogonally labelled deriwati [*F]CUATSMenF
([**F]4.03 was synthesised on a trial scale as proof-afgiple and a pair of orthogonally labelled
iodinated analogues®fu]CuATSMenl (f‘Cul4.19 and [?3]CuATSMenl ([**1]4.18 was
successfully obtained.

4.03 and 4.18 based on the ATSMen aminoethyl motif, displayed the most favdalea
physicochemical anoh vitro properties, with the Cu(ll)/Cu(l) redox potentialsd electrochemical
reversibility remaining close to that of the par€@uATSM complex. Preliminary cellular uptake
studies in one cell line revealed that all radigepabelled complexes with the exception of
[**Cu]CuATSE/A-iminel (f*Cu}4.16 maintained hypoxia selectivity vitro. [**Cu}4.18 possessed
the most similar uptake characteristics ¥C{iJCUATSM and displayed the most favourable
combined physicochemical- andvitro uptake profile.

Significantly, the radiosynthesis of its orthogdpa®-labelled counterpart']4.18 could be
scaled-up sufficiently for preclinical work. Hendé>i]4.18 and f“Cul4.18 were selected as the
tracers of choice for furthen vitro andin vivo mechanistic studies to illucidate the mechanism of

hypoxia selectivity of this class of compounds.
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Chapter 5
In vitro and in vivo mechanistic studies

on the hypoxia selectivity of Cu(ATSM)



CHAPTER FIVE

5.1 Overview

The research in this chapter covémsvitro and in vivo studies using the dual radiolabelling
mechanistic approach developed in Chapter 4 tdrohtether understanding on the mode of action
of hypoxia selective copper bis(thiosemicarbazonatimplexes. The structurally identical pair
[**Cu]CuATSMenl andFJCuATSMenl were selected as mechanistic probetherbasis of their
characteristics compared to the parent compodf@UJCUATSM. The selection of suitable
experimental parameters far vitro andin vivo biological work is describedn vitro cellular
uptake assay# vivo dynamic PET imaging, nanoSPECT imaging and bidbdigion studies were
performed alongside the analysis of complex stgbgind demetallatiom vitro andin vivo. The
results obtained fo{Cu]/[**1]CuATSMenl and the proligand¥i]H,ATSMenl are discussed and
compared to those of the parent compoui€]JCUATSM and the simple®fCu]Cu* salt,

administered as{Cu]Cu(OAC) )

N/ \N N/ \N
N|/ s \|N N|/64\uc/u \|N H
\H)\S/;{S)\H/ \H)\S} Ks/k”/\/N
o}

[64Cu]CuATSM [B4Cu)/['*I]CuATSMenl
[64Cu]5.01 [B*Cu)['?31]4.18

7

N N 123|
[**CujCu®* HN™ “NH
N S S N
H H o

[B4Cu]Ccu?* ['23H,ATSMenl
[f4Cu]5.02 ['2%114.27

|/123|

Figure 1 Structure of {*Cu]CUATSM and the orthogonally radiolabelled Cutimsemicarbazonato)
complexes {’Cu]CuATSMenl and F3]CuATSMenl and the individual component$[JH,ATSMenl and
[**CulCu™.
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5.2 Selection ofin vitro cell line andin vivo tumour model

Initially, the human fibrosarcoma cell line HT108@&s selected foin vivo imaging studies. The
cells have been genetically modified so that HIFegplates expression of luciferase and addition
of luciferin then allows the detection of tumourplyia via bioluminescencé.Whilst HT1080
cells can be grown reliably in culture they proyedblematic for use in thie vivo hypoxic tumour
model. Tumours could not be grown reproducibly erkiibited a lack of growth whilst developing
large, necrotic centres. Instead it was decidednigant murine adenocarcinoma NT (CaNT)
xenografts. The CaNT tumour is a poorly differetetin non-immunogenic carcinoma (likely of
mammary origin) which arose spontaneously in a fer@BA/Gy mousé.A disadvantage of this
cell line is that it cannot be growex vivo Tumour cells foiin vitro cellular work thus had to be
obtained by preparation of single cell suspensiomfexcised tumoursTo keep the number of
animals sacrificed to a minimum, only selecteditro experiments were carried out with CaNT
cells and the majority of thim vitro cellular uptake work was performed with HT1080lxeA
significant number of investigations concerning bypoxia selectivity of Cu(ll)ATSM has been
performed in the well-documented EMT6 mouse mamntarcinoma cell linen vitro andin
vivo.* ® Solid EMT6 tumours contain a significant hypoxiadtion? ® “but the tumours grow at a
faster rate (typically < 10 days) than CaNT tumawubhéch posed problems in coordinating growth
with the non-negotiabl&'Cu production dates. Hence only selected coritralivo experiments

were performed in both EMT6 and CaNT tumour models.
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5.3 In vitro cellular retention studies of orthogonally**3- and **Cu-

labelled complexes

5.3.1 Apparatus and conditions

The apparatus used for the cellular retention studias based on that previously reported in order
to control temperature, humidity ap®, of the cellular mediurft.2°

In order to determine the oxygen dependence ofigctetention, cell suspensions were incubated
with the radiolabelled bis(thiosemicarbazonate) jglem under anoxic (95% N 5% CQ) or
normoxic (75% N, 20% Q, 5% CQ) conditions for a period of 60 min. Firstly, celigere
harvested by trypsinisation and a single cell susipa (1x16 cells/mL) was prepared in DMEM
supplemented with 1% (v/v) FBS. Cells were incubbdtag 30 min at 37°C at the desired oxygen
concentration. The labelled complexes were injeatéal the cell-containing medium and th@,

of the suspension was monitored using an Oxplabtissue oxygenation throughout the 60 min
assay. Triplicate aliquots of cells were removed,al5, 30, 45 and 60 min and the cells were
pelleted by centrifugation. The percentage of talluassociated activity was reported as
(COUNtSeipered (COUNtSeperett COUNtSeqiun)*100). For both the*Cu- and'*3-labelled tracers an
identical but cell-free control assay was perforrtedetermine the amount of activity adhering to
the Eppendorf tubes. This value was constant d@t0%-throughout the assay and the values were
subtracted from the respective cellular retentigares. In the literature, this assay is commonly
referred to as ‘cellular uptake assay’. It showddnbted that the assay is neither able to distagui
between adherent extracellular, membrane-bounigitracellular activity nor does it determine the
nature of the bound species since no cell lysi;mi@rnalisation assays were performed. Hence,

cellular retention is referred to here as ‘celliasociated activity’ rather than cellular uptake.
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5.3.2 Verification of cell lines for in vitro cellular retention studies

As discussed in Chapter 4.4.8, initial cellularergion studies compared th&Cu-orthogonally
labelled iodinated analogues to the par&@y]JCUATSM in HT1080 cells. Before proceeding with
furtherin vitro studies, the cellular retention 6fCu]CUATSM was investigated in both HT1080
and CaNT cells to compare values to those repdrtetthe literature for the EMT6 cell line.
Reported retention values fo'¢u]CUATSM in EMT6 range from 15-25% under normoaitd
60-80% under anoxic conditions at 30 rfiit.When repeating thé‘ Cu]CUATSM retention assay
in EMT6 cells in our laboratory, the anoxic/normoxatios obtained were slightly lower than in
the literature. Retention values of 30% and 60%eumdrmoxic and anoxic conditions respectively

were obtained at 30 min (Figure 2).
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Figure 2 Percentage cellular associated activity ‘8E{i]lCUATSM in (left) EMT6 and (right) HT1080 and
CaNT cell lines over time, incubated either undemmoxic (21% Q, 5% CQ, balance B or anoxic (5%
CO,, balance B conditions. Errors (standard deviation) are witsymbols if not indicated.

Furthermore, an efflux of radioactivity from 30-6@n was observed under anoxia. In CaNT cells,
both normoxic and anoxic retention broadly paratlethat observed for EMT6 in the literatdre,
but again there was a slight efflux of activitylater time points. As can be seen from Figure 2,
HT1080 cells display higher overall retention ofity under both oxygen regimes compared to
CaNT and EMT6 cells. A clear normoxic/anoxic diéatial of ~30% remained for HT1080. This

compared well with 30-40% observed for EMT6 and TaN
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Next, cellular retention of activity for’*fCu]CuUATSMenl was evaluated in CaNT, EMT6 and
HT1080 cells. As observed with®Cu]CUATSM, the anoxic/normoxic differential for
[**Cu]CuATSMenl was lower in EMT6 than in CaNT celédure 3) and HT1080 cells (Figure 4).
Control assays using the copper i6fCliJCu(OAc), (designated henceforth &8Qu]Cu/") were
also conducted in EMT6, HT1080 and CaNT cells. Careg to f'Cu]CuATSM, f‘CujCu”
showed low retention in all cell lines with no diigant oxygen dependence in HT1080, a very
small (but significant) differential in EMT6 (seaghre 5, section 5.3.3). CaNT cells cannot be
grown ex vivg hence {'Cu]Cu* was also examined in excised CaNT céilsvitro. [*‘Cu]Cu*
again showed low retention (2% under normoxia) ibtérestingly displayed a normoxic/anoxic

differential of 20%.
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Figure 3 Percentage cellular associated activity “6€{i]CUATSMenl in (left) EMT6 and (right) CaNT cell
lines over time, incubated either under normoxit%20,, 5% CQ, balance ) or anoxic (5% CQ balance
N,) conditions. Errors (standard deviation) are witsymbols if not indicated.

Overall, the retention assays 6fGulCuATSM, P*Cu]CuATSMenl and $Cu]CW/* in HT1080,
demonstrate that there are cell-line dependeneréifices for HT1080, CaNT and EMT6 cells.
Both ®“Cu-labelled complexes however displayed significatention differentials between anoxic
and normoxic incubation in all three cell lines<{}®9.0001). Thus HT1080 cells, alongside selected
controls in EMT6, were deemed suitable for the migjf in vitro studies. This would minimise

the use of animals for tumour excision to obtailNTaells.
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5.3.3 Cellular retention of [**Cu]/[**}]CuATSMenl and [ **4]H ,ATSMenl

Cellular retention assays in HT1080 cells were cotet in order to compare the retention of
activity for [**Cu]CuATSMenl and its orthogonal partn&[ CUATSMenl.

As already reported in sections 4.4.8 and 5.3°Zu]CuATSMenl showed oxygen dependent
cellular retention in HT1080. The initial normoximetention of activity was higher for
[**Cu]CuATSMenl than for ¥Cu]CUATSM but did not alter much over the course of
measurement. As can be seen in Figure 4 fGu[CuATSMenl, normoxic uptake increased from
46.2+0.4% at 5 min to 58.6+1.0% at 60 min, compdced larger increase from 18.2+0.6% to
51.3+1.5% for the parent®Cu]CUATSM (Figure 2, section 5.3.2). Interestinglyhe
anoxic/normoxic ratio for botf*Cu-labelled complexes was higher at the earliee4points (ca.
15 min) than at the later time-points in HT1080thwimaximum values of 2.5 and 1.9 for

[**Cu]CUATSM and {*Cu]CuATSMenl respectively.
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Figure 4 Percentage cellular associated activity of (IEiCu]CUATSMenl and (right)'fI]CuATSMenl in
HT1080 cells over time, incubated either under rdim(21% Q, 5% CQ, balance B or anoxic (5% CQ
balance M) conditions. Errors (standard deviation) are witsymbols if not indicated.

In contrast to it$*Cu-labelled counterpart’fiJCUATSMenl showed ~35% cellular retention of

activity under both normoxic and anoxic conditiolisappears that equilibration for this retention
process was fast as this amount of activity wasadly associated with the cells at the first (5 min)
time-point measured (Figure 4, right). The amowtained was also constant over time. A

retention profile of P4]CuATSMenl was also obtained in EMT6 cells, andi@ty, no significant
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difference between normoxic and anoxic retentios whserved for'fi)JCuATSMenl (Figure 6,
for kinetic profiles in EMT6, see Appendix). Celmlassociated activity was constant at ~35%
over the course of the measurement. Thus it waslwted that 7)JCuATSMenl showed ~35%
cellular retention independent of cell line and gty concentration (p=0.6331).

In order to obtain further information on the natof the cellular associated activity, the assay wa
conducted with the labelled proligand*]H ,ATSMenl. As can be seen from Figure 5, no hypoxia
selective retention of th&3-labelled ligand occurred in either HT1080 or EM@élls. Between
36-40% of activity was associated with anoxic andmwoxic cells at 5 min and no further variation
was observed. Interestingly, normoxic retentiofi"6f]H,ATSMenl was slightly, but significantly
higher than hypoxic retention (p < 0.001). When paring [*I]CuATSMenl and
[**]H,ATSMenl, retention of activity for the proligand siamarginally higher, but not

significantly different (p > 0.32).
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Figure 5 Percentage cellular associated activity 6fiJH.ATSMenl (left) in HT1080 cells and (right) in
EMT6 cells over time incubated either under normd®i1% Q, 5% CQ, balance ¥ or anoxic (5% CQ
balance M) conditions. Errors (standard deviation) are withymbols if not indicated.

Figure 6 summarises the percentage cellular asgedctivity after 30 min incubation of HT1080
or EMT6 cells with f*Cu]CuATSM, P*CulCuATSMenl, f?4]CuATSMenl, the proligand
[**4]H,ATSMenl and {*Cu]Cu/*. The chart illustrates the clear anoxic/normoxitecential for

[**Cu]CUATSM and {*Cu]CuATSMenl in both cell lines. The overall retent of activity is
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slightly higher for $*Cu]CuATSMenl than forfCu]CUATSM, whereas the anoxic/normoxic ratio
is slightly higher for {"CUuJCUATSM.

In contrast, the amount of cell-associated actifatyboth f?4]CuATSMenl and {21]H,ATSMenl
was broadly similar and independent of oxygen cotraéon, time or cell line. This suggests that
the ligand is not retained by the cells in an oxygkependent manner. The free metal ion,
[**Cu]Cu*, showed low retention in both cell lines. Inteiegly, there was no significant oxygen
dependence in HT1080 whilst a small but significalitference was observed in EMT6

(p < 0.0001).
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Figure 6 Percentage cellular associated activity BE{i]CUATSM, P*Cu]CuATSMenl, {Z]CuATSMenl
and [#]H,ATSMenl in HT1080 cells at 30 min after incubatiamder normoxic (21% £5% CQ, balance
N,) or anoxic (5% C@ balance B conditions. Errors (standard deviation), are imiteymbols if not
indicated.

5.3.4 Temperature dependence

Work carried out by Dr Robert King in parallel toetabove experiments suggested that cellular
retention/efflux of*Cu activity following f*Cu]CUATSM incubation may not operatia diffusion

but could be the result of an active transport raa@dm. The temperature dependence of activity
retention of f*Cu]CUATSM under normoxic and anoxic conditions Wwasstigated by conducting
assays at 4°C, 20°C and 37°C in Hela cells. Asbeaeeen from Figure 7, normoxic and anoxic

retention of activity was markedly reduced at 2@Utnpared to 37°C. At 4°C, retention of activity
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was ~5% under both oxygen tensions (not shown). 8$says suggested that selecfi{@u-

retention is temperature dependent and could bé&erkto an active transport mechanism.
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Figure 7 Temperature dependence assays carried out by DerR&ing. Percentage cellular associated
activity of [*’CulCUATSM in Hela cells over time incubated eitherder normoxic (21% £ 5% CQ,
balance M) or anoxic (5% C@g balance B) conditions. Errors (standard deviation) are witbymbols if not
indicated.

5.3.5 Discussion ofin vitro results

The differences ifi*Cu-retention observed fo?*Cu]CUATSM and {*Cu]CuATSMenl in the two
cell lines may be due to cell-line dependent diffees (see Chapter 3.3.3). The kinetics over the
time course varied between cell lines. Furthermtire,efflux of activity (Figures 2 and 4) after
30 min under anoxic conditions has previously befsserved for R3327-AT celfg.

Provided the compounds rentain intact, a commonhar@sm of uptake/efflux has to operate for
[**Cu]CuATSMenl and F4]CuATSMenl due to their chemically identical naurThe current
literature consensus is that the lipophifftQu]CUATSM molecule is able to enter or leave thié ce
by diffusion. Given the similar HPLC retention tinamd hence the similar lipophilicities (see
Chapter 4), the same mechanism of uptake and efBuxh as diffusion) may operate for
[**4]CuATSMenl and {*3]H.ATSMenl. This may operate independently to the raesm
responsible for selecti&Cu retention from%¥'Cu]CuATSMenl incubation. The different retention
values of f*Cu]lCuATSMenl and 'FICuATSMenl indicate that the ligand is not seleety

retained inside the cell and may be able to lehgeell after separation from the copper.
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However, under the currently accepted mechanismmaxic retention of activity should involve
primarily the intact complex. Hence retention oftidty for [**Cu]CuATSMenl and
[**]CuATSMenl should be similar under normoxia. Howevit is significant that normoxic
retention of activity for 'Cu]CUATSMenl is higher than fot¥]JCuATSMenl and varies with cell
line. The similar, lower cellular retention of*JJCuUATSMenl and {¥JH,ATSMenl may be
coincidental, but it is possible that an identispécies is retained, for instance tiél]Jflabelled
free ligand. This would imply that the complex disites prior to entering the cell, for instance
via dissociation on the membrane, leaving the ligém be taken up in an oxygen independent
process. Further experiments however are needddidmate the similar retention observed for
[**]CuATSMenl and {*]H,ATSMenl.

The cellular retention assay does not determinesgiexies retained by the cells and does not
distinguish whether the activity is bound to th# sarface, in the membrane, or fully internalised.
From the cellular uptake experiments presentedhia section it is clear however, that the
orthogonally labelled ligand of the copper bis(§@micarbazone) is not retained inside cells in the
same oxygen-dependent manner that is observedtivityresulting from f*Cu]CuATSMenl and
[**Cu]CUATSM. Further, the results by Kirgg al suggest that retention of th&Cu is energy
dependent. Before considering furthervitro investigations, we examined whether the observed

behaviour holds in thim vivo setting.
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5.4 In vivo biodistribution of [%*Cu]CuATSM, [®*‘Cu/**¥]CuATSMenl

and [**3]H ,LATSMenl by imaging and dissection

Following thein vitro cellular assays, it was of interest to determinetivbr the results would
translate to thén vivo setting, specifically, whether the ligand woulebshany uptake in hypoxic
tumour tissue. Furthermore, we were interested dmparing the biodistribution and uptake
kinetics of P"Cu]CUATSM to those of’fCu]/[**4]CuATSMenl and {I]H,ATSMenl.

All in vivo animal handling in this chapter was performed yMeerle Kersemans and Dr Bart

Cornelissen at the Gray Institute for Radiationc@agy and Biology, University of Oxford.

5.4.1 Tumour model

Female CBA mice were injected into the rear dorsuith a saline suspension of CaNT cells to
induce tumours. Imaging was performed when the tumoeached a geometric mean diameter of
6-8 mm (~3 weeks). THECu- and'*3-labelled imaging agents were prepared freshiyhenday of

imaging as described in Chapter 4.4.

5.4.2 Anaesthetic protocol

Before commencing witin vivoimaging, a common anaesthetic protocol had toskebished. As
discussed in Chapter 3, Lewit al. previously demonstrated that for 9L glioma beariats
breathing 100% € tumour uptake of‘Cu activity following F*Cu]CUATSM administration was
markedly reduced compared to animals breathin &ecently Kersemaret al. investigated the
impact of the anaesthetic protocol on preclinigal vivo imaging of tumour hypoxia using
[**F]FMISO, [*Cu]CUATSM and *"Tc]HL91.** *° It was found that both the carrier gas and the
anaesthetic caused marked differences in tumouakapfor [°FJFMISO, [*Cu]CuATSM and
[*™c]HL91, but the effects varied between the thrgpolia tracers. For®{Cu]CuATSM and
[**F]FMISO, the tumour-to-muscle ratio (RTM) was loaewhen oxygen or anaesthetics, such as
isoflurane in air, hypnorm/hypnovel or ketamineagihe were administered. F6fGu]CUATSM,

tumour uptake was further reduced when oxygen awaesthetic were combined (isofluorane in
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oxygen). Tumour uptake of['Tc]HL91 could only be altered by 100% oxygen breagtand was
largely unaffected by anaesthetic drug administrati

Since anaesthesia could not be avoided for thdipied dynamic imaging of the orthogonally
radiolabelled tracers, the anaesthetic protocol kegd constant for all PET and SPECT imaging
performed and mice were anaesthetised using aluriaoé/air mixture as the best compromise. In
addition, to avoid any confounding effects of atlaesia, dissection experiments for ffi@u- and
123 |abelled tracers were also repeated in awake,-imaging mice breathing room air

(biodistributions).

5.4.3 In-vivo biodistributions

For in vivo biodistributions (organ dose measurements), mi@ewsacrificed by cervical
dislocation 2 h post injection (p.i.) of the trac@rgans and tissues were harvested and counted in
g-counter to determine the uptake as percentagkeoinfected dose per gram, where (% ID/g) =
[(activityissud/ (Weightissuexactivityinjected]-

Table 1 summarises the biodistribution data f¥C{iJCUATSM, P*Cul?I]CuATSMenl and
[**]H,ATSMenl. It can be seen th&Cu]CuATSM and {*Cu]CuATSMenl show similar uptake
values in most organs and tissues. The compoundsntzaginally different liver uptake with
7.3620.76 and 6.35+0.80 %ID/g for*Cu]JCUATSM and {'Cu]CuATSMenl respectively
(p = 0.0374). Heart uptake was slightly lower f6€Eu]CuATSMenl (p = 0.0011) and lung uptake
was significantly reduced at 3.71+0.4%ID/g fd¥fCQu[CUATSMenl, compared to 5.6%ID/g
observed for YCu]JCUATSM (p < 0.0001). Intestinal and stomach ketés different for these
compounds, although this is likely a result of thiee havingad lib access to food and water. The
tumour-to-muscle ratios (RTM) were 7.3 and 8.3 fCu]CuATSMenl and TCu]CUATSM
respectively and were not significantly differept£ 0.08), although muscle uptake was slightly
lower for [*Cu]CuATSMenl and tumour uptake higher f6fQu]CUATSM. In both cases, the
activity efficiently cleared from the bloodia hepatobiliary excretion, with only ~ 1% ID/g
remaining at 2 h p.i. This value was slightly lowlean those observed by Levetsal. (2.2% ID/g

at2.4hp.if
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The similar biodistribution profiles of*fCu]CUATSM and {'Cu]CuATSMenl suggest that
exocyclic modification and introduction of the piwstic group do not greatly influence the
biodistribution. f*Cu]CuATSMenl appears to have sufficiently similarrogerties to

[*“Cu]CUATSM for it to be a suitable probe for thevivo behaviour of the family of hypoxia

selective copper bis(thiosemicarbazonato) complexes

[**Cu]CUATSM  P‘Cu]CuATSMenl  fZ]CuATSMenl  [**3]H,ATSMenl

Blood 1.020.01 1.030.07 0.38+0.06 0.42+0.04
Tumour 2.4%0.59 1.610.08 0.56+0.06 0.30+0.01
Muscle 0.330.05 0.190.02 0.38+0.04 0.23+0.01
Stomach 8.13t3.62 5.8@1.29 2.70+0.2 2.43+0.28
Small intestine 5.44+0.89 8.321.13 5.18+0.84 5.18+0.68
Large intestine 10.54t1.5 6.6@1.42 9.86+1.70 8.35+1.52
Fat 0.38+0.05 0.2%0.02 0.29+0.04 0.38+0.01
Spleen 1.54+0.14 1.0&0.06 1.17+0.35 0.34+0.01
Liver 7.36:0.76 6.3%0.80 3.71+£0.36 2.79+0.45
Kidneys 5.15+0.60 4.340.25 0.93+0.12 0.86+0.31
Heart 1.73:0.32 1.0@0.07 0.62+0.06 0.35+0.03
Lungs 5.6a80.44 3.7%0.40 0.79+0.14 0.61+0.06
Thyroid - - 0.34+0.11 0.24+0.02
RTM 7.35:1.13 8.340.88 1.50+0.21 1.34+0.06

Table 1 Biodistribution (%ID/g +S[) of [**Cu]CUATSM, F‘Cu]CuATSMenl, {*I]CuATSMenl and
[*#]H,ATSMenl at 120 min p.i. in in female CBA mice bemyiCaNT xenografts (dissection only animals).
N = 8 P*Cu]CuATSM:; n = 5 f*Cu]CuATSMenl; n = 31]H,ATSMenl and n = 6'fI]CuATSMenl.

For biodistribution studies with radioiodinatedciess, in vivo deiodination and metabolism by
deiodinases was considered to be a possibility.celeanalysis of the biodistribution data of
[**]CuATSMenl and }%]H,ATSMenl first involved examination of the thyroida@. Thyroid
uptake was 0.34% and 0.24% ID/g f&¥JCuATSMenl and {*4]H,ATSMenl respectively, which
was comparable to the uptake in reference tisauds as fat and muscle (between 0.29 and 0.38%
ID/g). Thus, thyroid uptake was not significantlyifferent from muscle and fat for
[**4]CuATSMenl (p = 0.18). For'f4]H,ATSMenl, thyroid uptake was also not significantly
different from muscle (p = 0.17), but was signifitg lower than fat (p < 0.0001). These results
alleviated any concerns about thevivo stability of the aromatic radioiodine label.

Inspection of the tumour-to-muscle data revealed tamour uptake is about 5.5-fold lower for
[**4]CuATSMenl than its*’Cu-labelled counterpart. Indeed, tumour uptake®@JCuATSMenl

and P'Cu]CUATSM was significantly higher than that obsmtvfor [*4]CuATSMenl and
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["*4]H,ATSMenl (p < 0.0001). Tumour-to-muscle ratios for*J[CUATSMenl and
[**]H,ATSMenl at 2 h p.i. were 1.5+0.21 and 1.3+0.06 eetipely and thus not significantly
different for the two orthogonally labelled compdsn(p = 0.07). Retention in non-target organs
such as the liver, heart and lungs was much loarf¥JCUATSMenl and the*3-labelled ligand
than for theif*Cu-labelled counterpart (p < 0.0001).

Thus, thein vivo biodistributions mirrored the lowein vitro retention of the!?3-labelled
derivatives observed in cellular retention ass@y& results reveal that the activity resulting from
the orthogonally labelled ligand is not retainechiypoxic tumours to the same extent as activity

administered in the form of the radiocopper complex
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5.4.4 Dynamic PET and SPECT imaging

5.4.4.1 Dynamic PET

In order to compare the kinetics of activity uptdke the set of orthogonally labelled tracers to
those of the parent compound, dynamic PET imagiag werformed for®fCu]CUATSM and
[**Cu]CuATSMenl; planar dynamic SPECT was employed fBfi)CuATSMenl and
[**4]H,ATSMenl.

For PET/CT imaging, performed on an Inveon PET/@3tem (Siemens Preclinical Solutions),
mice were anaesthetised and placed supine, hestd ifir the imaging cradle. A cannula was
inserted into the lateral tail vein and followirtgetattenuation CT-scan, 10 MBq 8iGu]CUATSM

or [**Cu]CuATSMenl was injected before 2 h whole bodyatyit acquisitions were acquired. The
images in Figure 8 show the coronal view of the faame of the dynamic PET-scans of
[**Cu]CUATSM and {'Cu]CuATSMenl. By visual inspection of the imagesan be seen that the

PET/CT studies qualitatively correspond with theutes obtained by dissection.

Figure 8 Coronal view of last frame of dynamic PET acqiositof (left) [**Cu]lCUATSM and (right)
[**Cu]CuATSMenl at 110-120 min p.i. White arrows iratie uptake in the tumour regions.
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The majority of activity is taken up in the livdungs and the digestive tract. Tumour uptake is
clearly visible for both Cu]JCUATSM or P*Cu]CuATSMenl as indicated by the white arrows.
Kinetic analysis to obtain time-activity curves waerformed using the Inveon Research

Workplace software, version 2.2 as discussed iticgeb.4.5.

5.4.4.2 Dynamic SPECT imaging

SPECT imaging was performed on a Bioscan nanoSRELCTThe nanoSPECT is capable of
collecting kinetic SPECT data, but temporal resotutan only be achieved in 2D and CT is not
possible. Planar dynamic imaging was conducted witth [IJCUATSMenl and the ligand
control [?4]H,ATSMenl. Following induction of anaesthesia, 3 mivere placed simultaneously,
supine, head first, on the collimator and a canmaa inserted into their lateral tail vein. Ten MBq
of [**1]CuATSMenl or [?1]H,ATSMenl was injected through the cannula immedjasgter the
2-hour whole-body scans were initiated. For visalon purposes, one representative mouse was
also chosen for 3D, high resolution SPECT/CT imggifhe mouse was sacrificed using an i.v.
overdose of pentobarbitone and was placed supiey] First in the imaging cradle. 3D-SPECT
imaging was performed and a CT conducted for anatmeferencing.

Figure 9 depicts a 2D planar dynamic acquisition['61]CuATSMenl (left) and a maximum
intensity projection of f4]JCuATSMenl (right) at 120 min p.i. Visual analysiBows that uptake in
the tumour region was low as indicated by the eg@nd the white arrow. Most activity is taken up
in the liver and intestines.

Image analysis of the 2D and 3D SPECT scans was bgrDr Veerle Kersemans. ROl image
analysis of the 2D-dynamic scans was performedgusinage]. The % injected dose/fm
(%ID/mn¥) was calculated and plotted over time. For theSHECT/CT scaning, reconstruction of

both CT and SPECT images was achieved using In\¢iop& (version 1.42).
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Figure 9 (left) 2D planar dynamic acquisition 0fJCUATSMenl in CBA mice bearing CaNT tumours at
110-120 min p.i. The labels indicate the uptaketha liver, intestinal regions and the bladder. Iégc
indicate the tumour regions. (right) Maximum intiéggrojection of f2JCUATSMenl at 120 min p.i.

5.4.5 Kinetics of tumour uptake

Using the dynamic PET and SPECT imaging data, totasdty curves can be plotted that show the
uptake and distribution of activity over time. FigulO depicts the changes in RTM over time from
0 to 120 min p.i. For botf?{Cu]CUATSM and {*Cu]CuATSMenl, RTMs increased with time and
at approximately 100 min p.i. both compounds redchsteady state. This suggests that’iBe
activity is accumulated in the tumour tissue oviemet In contrast, the RTM values for
[*#]CuATSMenl and {3]H,ATSMenl settled at 1.5 and 1.3 within the first feminutes of
administration.

At 120 min, RTM values were around 6 f6fGu]CuATSM and 5.5 forfCu]CuATSMenl whilst
ratios for the'*¥-labelled derivatives were around 4 to 4.5-folavéw. Thus kinetic PET and
SPECT analysis consolidated the dissection redslitts.data further reveal similar kinetic profiles
for [**Cu]CUATSM and {*Cu]CuATSMenl. Tumour-bound activity is constant foe**3-labelled

complex and ligand.
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Figure 10 Changes in RTMs from 0 to 120 min p. i. For PHIg time-activity curves were created using
volumes of interest (VOIs) composed of several, ua#ly defined regions of interest (ROISs) coveriig t
target area (tumour tissue, muscle tissue). FOISPBCT, time-activity curves were created using ROIs
covering the target area.

5.4.6 Effect of the anaesthetic

Although similar RTM trends emerged for anaestietignd dissection-only animals, tumour
retention was noticeably lower for mice that undamvmaging. After PET and SPECT imaging,
mice were thus sacrificed to obtain %ID/g in tissaad organs for comparison with the dissection-
only animals. Figure 11 summarises the tumour-tseteuratios for anaesthesised and dissection-
only animals, full dissection data for the imagingce is found in the Appendix. For both
[**Cu]CUATSM and {*Cu]CuATSMenl, tumour retention is significantly lewin mice that
underwent imaging compared to dissection-only alinfp = 0.0106 and 0.0133 respectively).
This is in agreement with the previous observatin&ersemanst al'* **For [*4]CuATSMenl,
there was a very small but statistically significdacrease in uptake under anaesthetic (p < 0.01),
whilst tumour retention following*fJH,ATSMenl administration was comparable under both

protocols (p = 0.374).
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Figure 11 Tumour-to-muscle ratios for*Cu]CUATSM, PF‘Cu]CuATSMenl, [*4]CuATSMenl and
[**]H,ATSMenl determined from organ dose measurementsD/§pl in animals bearing HT1080
xenografts. ‘Anaesthetised mice’ refer to valuested from anaesthetised animals sacrificed 4R6rmin
imaging sessions. ‘Awake mice’ were injected whk tracer and breathing room air for 120 min folloyv
tracer injection.

5.4.7 Implications of in vivo results on the fate of the ligand

Biodistributions by imaging and dissection confidmesults fronin vitro assays and showed that
activity administered by labelling the ligand doed seem to accumulate in the tumour tissue to
the same extent as activity resulting fréddCL]CUATSM or f*“Cu]CuATSMenl administration.
Under the currently proposed mechanism, the ligaralild track the metal into the tumour tissue
where Cu is selectively trapped, but the subseqd&iet of the ligand is not known. The
[**Cu]CuATSMenl and F4]CuATSMenl orthogonally labelled pair show notibéa different
kinetics of tumour uptake, a differing total tumauptake and different biodistributions to each
other. In contrastin vivo profiles of f?4]JCuATSMenl and the f3]H,ATSMenl ligand control
were remarkably similar. The set iof vivo experiments supporis vitro findings in suggesting
that the complex may not remain intact. In additiothe possible causes outlined in 5.3.5, such as
dissociation on the cell membrarie,vivo this could be a result of metabolic loss of tfielabel
from the ligand. However, the thyroid data confirthe stability of the aromatic carbon-iodine

bond. Other processes, such as amide bond cleale @ausen vivo metabolism, but this appears
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unlikely due to the matchinm vitro andin vivo data. These concerns are further addressed by
stability studies in section 5.6.

Considering the possibility that ligand and metal mbt track each othdn vivo and having
examined the labelled ligand as a control, it wasidkd to conduct furthein vivo control

experiments to examine the fate of the metal only.

172



CHAPTER FIVE

5.5 Investigation of [**Cu]Cu®* uptake in vivo

Dynamic imaging and biodistribution experiment§%€u]Cu** would examine the last individual
component of the orthogonally labelled set of trader comparison with the data of the parent
compound {'Cu]lCUATSM, and the orthogonally labelled®Gu/*4]CuATSMenl and
[**]H,ATSMenl components. The data could reveal whethercomplex remains associatied
vivo before selective sequestering of the copper iodeurhypoxia, or whether the complex
dissociates earlier as might be anticipated from ¢imilar in vitro and in vivo profiles of

[***Cu]CuATSMenl andf4]H,ATSMenl.

5.5.1 Previous investigations with f*Cu]lCu®

To date, there has been a lackimfvivo studies conducted witlf*Cu]CU* in hypoxic tumour
models. To the best of our knowledge, only a singfiedy by Jalilianet al. compared the
biodistribution of f'Cu]CuClL and P'Cu]CUATSM in mature, male NMRI rats as part of an
investigation of {"Cu]CUATSM for fibrosarcoma imaging. The authors reported comparable
biodistributions in most organs at 1 and 2 h pejgiction, although retention of activity in the gun
was higher for TCu]CUATSM (12% ID/g) than for ®fCu]CuChL (0.75% ID/g) and liver
accumulation at 1 h p.i. was slightly lower f8tGu]CuCh (0.5%ID/g) than for $Cu]CuATSM
(~1%ID/g). Noteably, TCu]CuC} studies were only performed in non-fiorosarcomaringa
animals and tumour uptake was not investigateddate, no published studies have compared the

tumour uptake offCu]Cu/** and f*Cu]CUATSMin vivo.

5.5.2 In vivo biodistributions of [**Cu]Cu®" by imaging and dissection

In vivo biodistributions and dynamic PET imaging 6fQu]Cu* in CaNT tumour bearing mice
were conducted as described in section 5.3. Fempilnipose,’{Cu]Cu(OAc) was diluted in saline
and the pH was adjusted to 7.4 by addition of Ng@bkefore intravenous administration. Table 2
summarises the biodistribution by dissection (ayaked imaging (anaesthesised) results for

[**Cu]Cu* and P*Cu]CUATSM at 2 h p.i.
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The results obtained for th&Cu]CU** component stand out as its biodistribution was mamable

to [**Cu]CUATSM. Remarkably, RTM values at 9.3+0.8 fBiCu]CU* were significantly higher
than those of°fCu]JCUATSM (7.4+1.1) in dissection-only animals (9001). For anaesthetised
animals following PET, RTM values were reduced lfoth compounds but the effect was more
noticeable for YCu]CU#* where RTM values halved (5.27+0.66) compared te tion-
anaesthetised group. As observed fOICHCUATSM and {'Cu]CuATSMenl, intestinal and
stomach uptake varied fo¥*Cu]Cu** likely due toad lib food and water access. Uptake in other
non-target organs was comparable fS€{iJCUATSM and {'Cu]Cu*, with exception of higher
uptake in the spleen for the free copper ion. &gengly, blood clearance was more efficient in
anaesthetised animals, %ID values were 0.66+0.04%b &73+0.05% for °fCu]C/#* and
[**Cu]CUATSM in imaging mice, compared to 1.28+0.40%d a.09:0.01% respectively for

dissection only animals.

Dissection only (awake) Post imaging (anaesthetised
[*Cu]CUATSM  PCulCuy* [*Cu]CuATSM [‘CulCuv*

Blood 1.09+0.01 1.28+0.40 0.73+0.05 0.66+0.04
Tumour 2.41+0.59 2.76x0.63 1.41+0.10 1.32+0.09
Muscle 0.33t0.05 0.28+0.07 0.29+0.07 0.25+0.04
Stomach 8.13t3.62 6.67+2.10 5.97+1.49 8.13+6.26

Small intestine 5.440.89 7.02+1.34  9.19+1.18 5.45+0.33
Large intestine 10.54.5 6.27+2.50  3.92+0.47 3.79+0.87

Fat 0.38+0.05 0.30+0.13 0.45+0.06 0.37+0.09
Spleen 1.54:0.14 2.66x1.01 1.53+0.21 3.33%£1.57
Liver 7.36:0.76 9.93+1.75  10.03£1.02 8.43+1.07
Kidneys 5.15:0.60 5.60+0.91 6.03+0.66 4.97+0.98
Heart 1.73:0.32 2.15+1.22 1.28+0.11 0.96+0.09
Lungs 5.60+0.44 6.44+1.62 5.49+0.56 5.20+0.62
RTM 7.35:1.13 9.93+0.79 5.14+1.30 5.27+0.66

Table 2 Biodistribution (%ID/g +SD) of YCu]CU* and f*Cu]CUATSM at 120 min p.i. in female CBA mice
bearing CaNT xenografts (dissection only animdls$section only animals were breathing air for 12id
post injection (n = 8 for’fCu]CUATSM and {*Cu]Cu™"). Post imaging data was obtained from dissections
following 120 min dynamic PET under the isofluor&ie anaesthetic protocol (n = 8 fdfGu]CUATSM
and n = 6 for 'Cu]Cu).
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Analysis of the dynamic PET data consolidated fhelar in vivo profile of [*’Cu]CUATSM and
[**Cu]CuU*. The time activity curves foffCu]CuATSM and {*Cu]C*, as depicted in Figure 12,
show similar kinetic behaviour. At approximatelyolfin p.i., the RTM of 'Cu]CU/* reached a

steady state as previously observed #@§]CuATSM and {"Cu]CuATSMenl

Figure 12 Changes in tumour-to-muscle ratios over time f€{iJCuATSM and {*Cu]C/** (0-120 min p.i.

in anaesthesised CaNT tumour-bearing mice). Tintieigccurves were created using volumes of interes
(VOIs) composed of several manually defined regiohinterest (ROIs) covering the target area (tumou
tissue, muscle tissue).

5.5.3 Tumour line dependence

As mentioned in 5.5.1, to the best of our knowledu direct comparison between timevivo
tumour uptake offfCu]CuATSM and {*Cu]CW** has been reported to date.

However, f*CulCU** has been used for imaging human prostate canoegrafts in mice. Pengt

al. demonstrated increasefGu]Cl#* uptake in PC3 tumours with tissues that had upaéel
levels of expression of the human copper transp@n@tr1)’’ Thus we wanted to ensure that the
observed uptake ofCu]CU* in CaNT was not a phenomenon caused by the tummgtel
employed.

In order to examine tumour-line specific effect&distributions (dissection and dynamic PET)
were repeated using EMT6 tumour xenografts as taeseidely employed in hypoxiasearcH: ®
Figure 13 compares the tumour-to-muscle ratios [f8€u]CUATSM, P*Cu]CuATSMenl and

[**Cu]CU* in both tumour models. It is evident th&Ju]CU** shows tumour uptake in EMTB6.
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Figure 13 Tumour-to-muscle ratios foPCu]CUATSM, P*Cu]CuATSMenl and 'Cu]CU/* in CaNT and
EMT6 tumour bearing CBA mice as determined by ordase measurements (%ID/g). ‘Imaging mice’ refer
to values obtained from anaesthetised animalsfgactiafter 120 min imaging sessions. ‘Biodistribat
mice’ were breathing room air for 120 min followitrgcer injection.

In dissection only animals, RTMs observed in EMTérevslightly higher forCu]CUATSM at
9.8+0.63 compared to 7.3521.13 in CaNT (p = 0.0014)MRTor [*’Cu]Cu* were slightly lower

in EMT6 (7.90+0.77) than in CaNT (9.93+0.79) (p.8@L3). For {*Cu]CUATSMenl, RTMs were
not significantly different in both tumour modelgith ratios of 8.34+0.88 and 8.50+£0.82 for CaNT
and EMT6 tumour bearing mice respectively (p = 8&8For all threé“Cu-labelled compounds,
the anaesthetic significantly lowered the tumoumtascle ratios in EMT6 tumours as previously
observed for CaNT. Overall, RTM values for non-athetised animals lie in the region of 7-10
for all the three’Cu species, whereas those animals receiving igaihegair anaesthetic showed
ratios ranging between 5-7.

Remarkably similar organ dose measurements andidkitnenour uptake profiles were observed
for [**Cu]CUATSM and {*Cu]CU* across 2 tumour lines. Furthermore, tumour upfakewing
[**Cu]CuATSM, P‘Cu]Cy* and f*Cu]CuATSMenl administration is significantly redacender

the influence of anaesthesia.
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5.5.4 Influence of oxygen on tumour uptake of {*Cu]Cu?"*

Tumor oxygenation can be altered by changing thaléd oxygen content and by doing so, Lewis
et al showed that tumour retention ¥Cu using {*Cu]CUATSM decreased when animals were
breathing 100% oxygen as opposed to air, the imtidin being that the breathed oxygen content
could modulate the extent of hypoxfaAs discussed in section 5.4.6, Kersemansal. also
observed that besides the use of anaesthetic, mxpgalation greatly reduced tumour uptake of
activity for [**Cu]JCUATSM in CaNT tumour bearing mice.

The similarin vivo behaviour of 'Cu]CUATSM and {'Cu]Cy** prompted us to determine whether
oxygen inhalation would influence the tumour uptakectivity for P“Cu]CU** similarly. For this
purpose, animals were injected witfquJCuATSM or f*Cu]Cu* and kept awake whilst breathing
room air or 100% oxygen, before being sacrificeddman dose measurements at 120 min p.i.
Two additional groups of animals were injected untie influence of inhalation anaesthetics
(isofluorane/air or isofluorane/oxygen) to detereniwhether the combination of inhalation
anaesthetics and oxygen would further affect thakgpof activity. Figure 14 depicts the RTM
values for {’Cu]CU** from organ dose measurements compared*@uJCUATSM. It is clearly
visible that for animals breathing oxygen, RTM \eddor both 'Cu]CUATSM and {'Cu]Cu* are
significantly reduced compared to animals breathaam air.

12 4 I dissection air /77 imaging air
| M dissection O, 777 imaging O,

10- p <0.001
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Figure 14 Tumour-to-muscle ratios foPfCu]CUATSM and {*Cu]CU/** in CaNT tumour bearing CBA mice
as determined by organ dose measurements (%IlDvigdging mice’ refer to values obtained from animals
anaesthetised by isoflurane in air or oxygen, feed at the end of the 120 min imaging session.
‘Dissection’ mice were breathing room air or oxydgen120 min p.i. before being sacrificed.
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Remarkably, the decrease in tumour uptake was maneounced for Cu]CLu*, its RTM was
reduced by more than half (9.93+0.79 to 4.95+t0v@7@n animals breathed pure oxygen. Tumour
uptake of activity for fCu]CU#* was further reduced when isofluorane was supplésderbut
similar to P*Cu]CuATSM, this effect was less pronounced thandn-anaesthetised animals.

The % ID/g in other organs was largely unaffectgdchanging the inhaled gas. As is apparent
from Figure 15, a notable change occurred in tihgduwhere uptake of activity was reduced for
oxygen-breathing animals for botfGu]CuATSM and {*Cu]Cu**. For [“Cu]CW* only, inhalation

of oxygen reduced liver uptake by ~3.5% ID/g. Sananges occurred in the kidneys, but together
with the intestines and stomach (omitted for cjafiom Figure 15), these cannot be analysed
readily as they are influenced by the animals’ sinigted access to water. Since muscle retention
was unaffected by the inhaled gas, RTM variations due to changes in tumour uptake.
Interestingly, measurements of tumour hypoxia Oxylite electrode did not indicate higher
tumour oxygenation, but this may be due to sampéngrs for the small murine tumoufs.
However, immunohistological EF5 staining indicatedbwer amount of tumour hypoxia in mice
breathing oxygen compared to those exposed to ra@imin accordance with previous
observations® *° The results indicate that uptake 8i{qu]Cu* is dependent on the oxygenation

status of the tumour in a similar manner previoaggerved forTCu]CuATSM.
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Figure 15 Biodistribution (%ID/g +SD) of [**Cu]CUATSM and {*Cu]CW* at 120 min p.i. in female CBA
mice bearing CaNT xenografts. Animals were not atiegised and kept in room air or in a 100% oxygen

atmosphere. N = 3 for mice breathing oxygen f6€{iJCUATSM and {*Cu]Cl#*, n = 7 for f*CujCu*
breathing air, n = 8 fo{Cu]CuATSM breathing air.
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5.5.5 Differences between TCu]CUATSM and [**Cu]Cu?" - first pass kinetics

in the liver
Thein vivo behaviour of {'Cu]CU* shows similarities to®fCuJCUATSM and {"Cu]CuATSMenl
in terms of the kinetics of tumour uptake, totaselaneasurements and oxygen dependence. In
contrast, different kinetics of activity uptake ithe liver for P‘CulCU/* compared to
[**Cu]CuATSMenl and $Cu]CuATSM were found at the early time-points (1®-min) p.i.
Figure 16 depicts time-activity curves 81Gu]CuATSM, f*Cu]CuATSMenl andTCu]C* in the
liver and the heart.
For [**Cu]CuATSM, an initial peak can be observed aroudadnin before the retention of activity
decreases again and levels out, this effect was mae pronounced foP'CulCuATSMenl. In
contrast, no initial increase is observed f8€{iJC#*, suggesting different uptake kinetics in the

liver compared to both copper-bis(thiosemicarbatmnzomplexes.

1.5" 106+ [64CU]CUATSM ® Heart 157106 [64Cu]Cu 2+ ® Heart
= Liver m | jver
% 1.0° 1064 £ 10108
m [a)]
iy Hiifttied
3 501054 IXx x 1 & X K  Z 50905
) )
o eeee o ° ° ° ° ° B EXee o ° ° ° ° [
0 20 40 60 80 100 120 0O 20 40 60 80 100 120
Time (min) Time (min)
15710° [**CulCUATSMenl ¢ Heart
u |iver
IS .
= 1.0°10¢ i
5 3 5
x I 1 1 ¥ &
g 5.0105
o0 o ° ° ° ° °
0

0O 20 40 60 80 100 120
Time (min)

Figure 16 Changes in liver and heart retention f§Cu]CUATSM, f*Cu]C/** and f*Cu]CuATSMenl from
0 to 120 min p.i. Time-activity curves were createing volumes of interest (VOIs) composed of salyer
manually defined regions of interest (ROIs) covgttine target area (heart tissue, kidney tissue).
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5.5.6 Implications of in vivo results

Besides interrogating whether the ligand entersctieas part of a hypoxia selective process, the
biodistribution data for the®{Cu/*¥JCuATSMenl and {*3]H,ATSMenl compounds and the
similar behaviour of YCu]CU/** and f*Cu]CUATSM raised concerns about inevivo stability of

the P*Cu]CUATSM and {*Cu]CuATSMenl complexes.

The only significant differences between the satt aopper complexes were the initial kinetics in
the liver, suggesting that differeffCu-species are processed in the liver in the st minutes

p.i. This observation could imply that’CulCUATSM, and more so®[Cu]CUATSMenl, may
survive the first pass, despite a possible latesatiiation.

A full interpretation of the kinetics in the livétowever requires detailed analysis of fi@u
species present in homogenates of the liver angl atfyans over a series of time-points and was
beyond the scope of this project.

Initially, it seemed important to investigate whathntact f*CulCUATSM remains in the blood
pool and to gain further information on the specieailable for tumour uptake. It was decided to
examine the species present in blood followingawgnous injection by determining the degree of
blood-bound demetallation or metabolism in animaisiected with f'‘Cu]lCUATSM,

[**Cul?]CuATSMenl and f*Cu]Cu™.
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5.6 Complex stability (demetallation) studies

5.6.1 Previous serum binding and complex stability studie

Several groups have examined the protein-binding atability of */Cu-labelled copper
bis(thiosemicarbazonato) complexes by incubatiorhuman serum or animal serdm® %24
Typically, incubation of th&‘Cu-labelled complex in serum at 37°C is followedanalysis with

an ethanol precipitation or gel-/ultrafiltration thed. In the protein filtration methods, serum
aliquots are withdrawn and analysed by gel perraedtir a molecular weight cut off filter in the
case of ultrafiltration). Gel filtration of serumasma allows separation of the high molecular
weight serum proteins which pass quickly throughtibad-formed gel, from low molecular weight
molecules, such as tfé&Cu-copper complexes an#Gu]Cu, that are retained in the pores of the
beads and consequently elute 14t€Fhus, free, low molecular weight activity is segadafrom
the protein-bound activity fraction. The method sla@ot further resolve the different small
molecular weight species, such as chelator-bounfileer®’Cu activity in the case of the copper
complexes. In the ethanol precipitation methodursealiquots are withdrawn and mixed with
ethanol to cause protein precipitation. The prégipd protein pellet and the ethanol phase are
separated, and the amount of protein bound raduitsicts determined byg-counting® 2! In
addition, radio-TLC of the ethanol extract may Isedito analyse the separable, non-protein-bound
activity. Radio-TLC conditions analogous to thoser fquality control of the®Cu-copper
bis(thiosemicarbazonato) complexes in Chapter 48 4.4 may be used to determine the
proportions of free and chelator boutiGu in the extract.Baskenet al. studied the structure and
species dependence of serum binding fJ]CUATSM, F*‘Cu]lCuPTSM and¥fCu]JCuETS. They
demonstrated that the amount of activity boundetoim albumins is highly dependent both on the
nature of thé’Cu-complex and the albumin species orfgiff. Work by McQuadeet al. and our
groups have showrvia the ethanol precipitation method, that for vitro incubation of
[**Cu]CUATSM and related hypoxia selecti#€u-copper bis(thiosemicarbazonato) complexes in

mouse serum, typically ~20% of activity is protbiound, with the unbound, EtOH-extractable
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remainder consisting of intact complex. * The nature of the bound activity was assumed to be
intact complex in these studies, but has not alvbagn confirmed by experiment in each report.
Mathias et al. developed an octanol extraction method to recogaantitatively intact
[*‘Cu]CuPTSM complex from blood samples followimgvitro incubatior?® The authors applied
this to myocardial perfusion imaging, where theyedmined the amount of intact CUPTSM in
sequential blood samples following i.v. administatof [**Cu]CuPTSM, to correct the arterial
blood radioactivity for red blood cell associatextivaty.?’ Lewis et al. extended this method to
CuATSM in order to correct the input function frddET images for the presence of dissociation
products (ie non-recoverable copper radioactivitien using YCu]CUATSM to image hypoxia in
canine myocardiurff

With the exception of the canine study by Lewidsihoticeable that former stability and binding
studies have been conducted primairilyitro. We anticipated that analysis of the serum anddlo
from mice injected with th&'Cu-copper complexes may provide insights intoitheivo stability
and serum binding of®{Cu]CUATSM and the orthogonal derivatives. Theseldadhen be

compared tdn vitro incubations and literature results.

5.6.2 Sampling

Studies were conducted in non-tumour bearing asitea¢xclude the effect of the tumour. In order
to analyse the amount of serum-bound activity elifoodin vivo, blood samples were obtained at
various time points from female CBA mice that hadem injected with 1-2 MBq of
[**Cu]CUATSM, PCulCuATSMenl, or f'CulCy”*. The full blood was analysed by octanol
extraction immediately after sample collected (sedion 5.6.5). To analyse the activity present in
the serum plasma fraction, the erythrocyte fractieas separated from the serum plasma by
centrifugation, and the plasma was analysed by giltration and the ethanol precipitation

method.
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5.6.3 G25 Protein gel filtrations

Firstly, the retention time of the reference compiss was determined. Samples of
[**Cu]CuATSM, P‘Cu]CuATSMenl and TCu]C#* were deposited on G25 mini-columns and
eluted with 30 x 100 pL fractions of pH 7.4 PBS.eTé&lution profiles, depicted in Figure 17,

revealed that th¥Cu-labelled copper complexes and fré€{ijC** ion eluted around fraction 20.

Figure 17 Elution profile of P“Cu]CuATSM, P*Cu]CuATSMenl and ¥Cu]C/* from a Sephadex 25 size
exclusion column, eluted with PBS.

Next, elution profiles of serum plasma fractionsnfirmice injected with®fCu]CU/** were obtained

(Figure 18). At 5 min post injection, the activity primarily bound to a higher molecular weight
species (fraction 6), before distributing over thands (fraction 6 and 13) at the later time-points
post injection, indicating that th&*Cu]CU/** becomes bound to two protein fractions of similar

size. No unbound’{Cu]Cu* was observed at any time-point.

Figure 18 Sephadex G25 column elution profiles of serumtioas from mouse blood samples at 5, 30, and
120 min post injection with*fCu]Cu**

The elution profiles of the serum samples from miogected with f‘Cu]CuATSM and
[**Cu]CuATSMenl were similar to those f&¥*Cu]CU*. For [*Cu]CuATSM serum samples, most
activity eluted around fractions 6 and 13 for 5 @Wdmin post injection (Figure 19) whereas at

120 min, activity was primarily in the earlier ftam. Serum samples from mice injected with
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[**Cu]CuATSMenl showed similar quantities of activityfractions 6 and 13 at the 5, 30 and 120
min post injection. For both of the two copper ctemps or the copper ion, there was no activity
eluted in later fractions that would indicate amy+bound §*Cu]Cu* or free®*Cu-copper complex.

This suggests that all available activity was groteound. However, the gel filtration assay does

not determine the nature of the protein-bound #gtiv

Figure 19 Sephadex G25 column elution profiles of serumtioas from mouse blood samples at 5, 30, and
120 min p.i. with (top) T'Cu]CUATSM and (bottom)°fCu]CuATSMenl.

In order to compare the vivo behaviour of the complexes to that obseriveditro, identical gel
filtrations were performed with serum samples that been incubated witf*Cu]CUATSM,
[**Cu]CuATSMenl and TCu]C#* in fresh mouse serum and blood vitro. Figure 20 shows
representative elution profiles at 30 min post bation at 37°C (elution profiles at 5, 15, and
120 min and those in blood were comparable). Ingoibaf all three*’Cu-compounds in isolated
mouse plasma resulted in 100% protein-associd@d. In contrast to thén vivo work, only
radioactivity in the first protein region (fractiod) was observed. As for tha vivo work, no
unbound activity was eluted. Thirs vitro serum incubations resulted in a single proteinAdou
activity elution and differ from samples obtainednh mouse injectates which show two protein
bands that bind activity. This may perhaps behaitable to different copper species being present

in vitro andin vivo, showing varying affinities for the different senproteins.
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Figure 20 Sephadex G25 column elution profiles of mouserseincubated at 37°C wittf4Cu]CuATSM,
[**Cu]CU* or [*"Cu]CuATSMenl at 30 min post incubation.

5.6.4 Analysis by ethanol precipitation

In the gel filtration experiments, all activity wasotein bound. Earlier investigations in our group
showed that when using the ethanol precipitatiorthoge with serum samples fromm vitro
incubation (5.6.2), inta&Cu-copper complex is recoverable in the solventaekt Hence the gel
filtration results were complemented with analylsysethanol precipitation of the serum protein
fraction to determine the amount of tightly, pratéiound activity in the serum and to identify the
nature of any extractable activitya radio-TLC. Additionally, it was hoped that inclagj the
orthogonally labelled'fIJCuATSMenl would yield information on the naturétbe protein bound
activity.

Following injection of the FCu]CW*, [**Cu]CUATSM or f*Cuf*3]CuATSMenl, the serum
section was separated from the mouse blood ash&mgel filtrations and subjected to ethanol
precipitation. Figure 21 (left) depicts the pereget of**Cu or'? activity bound to serum plasma
at different times p.i. following ethanol precigitm and separation of the protein pellet and
supernatant. FoP{Cu]CuATSM and {*Cu]CuATSMenl, 48% and 45% of the activity is bound
the protein and not extracted into ethanol at itts¢ ime-point. This increases to ~70% at 120 min.
Serum of mice injected witffCu]Cu** exhibited similar behaviour, but with around ~168gher
protein binding than the copper complexes. The misedifferences betweef*Cu]CUATSM,

[**Cu]CuATSMenl andTCu]CuU* were not statistically significant at 5-15 minX9.05).

185



CHAPTER FIVE

Figure 21 (left) percentage of activity remaining bound &Bn proteins after precipitation and extraction
with EtOH of serum plasma from wivo bloodsamples (right) radio-TLC (95:5 EtOAc/MeOH) of atiol
phase of 'Cuf*4]CuATSMenl and $*Cu]CUATSM at 30 min p.i.

In contrast, the orthogonally labelledJCuATSMenl shows much lower binding of activityath
its ®“Cu-labelled counterpart. Binding only increasednfr&-20% over the course of the
measurement and was significantly lower than fothal®’Cu species (p < 0.0001).

The ethanolic phases were analysed by radio-TLGdi®rmine the nature of the non-bound
species. Figure 21 (right) shows representativeiof@dCs for animals injected with
[**Cu]CUATSM, P*Cu]CuATSMenl and fI]CuATSMenl at 30 min p.i. Radio-TLC shows that
the extractable activity from serum plasma of miggected with f*Cu]CuATSMenl,
[**Cu]CUATSM and {*Cu]Cuy* is primarily in the form of fCu]CU/* (R;= 0)! Ethanol extracts
from mice that received$1JCuATSMenl showed a lipophilic species with a @diLC and HPLC
retention times corresponding t&*fJCuATSMenl or [**4]H,ATSMenl (R; = 0.70 and 0.73,
respectively). Radio-TLC could not unambiguouslgtidiguish between'{1JCuATSMenl and
[**]H,ATSMenl, but no other products were observed thaild/indicate potential degradation of
the ligand itself on this timescale. Hence, thetiasting results for'f1)CuATSMenlwith respect
to [**Cu]CuATSMenl suggest that the extractable specid$i]H,ATSMenl. [P*Cu]CUATSM is
structurally different tofCu]CUATSMenl and Greeat al. have demonstrated vitro that serum

binding of copper bis(thiosemicarbazonates) is lgigtructure dependefit?*

CU*" may be extracted into ethanol (ethanol precigitatmethod) but it does not partition into octanotténol
extraction method).
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Hence, direct extrapolation from the orthogonalr pasults to {*Cu]CUATSM may not seem
prudent. However, as Figure 21 indicates, the divgrmntity of P‘Cu]CU* extractable fromin
vivo serum was comparable fo¥'Cu]CuUATSM, P‘Cu]CuATSMenl and TCu]Cu*, suggesting
similar behaviour of fCu]JCUATSM and {*Cu]CuATSMenl! compared tS“Cu]C¥#* in vivo. This

is in contrast with the amount of radioactivity madted followingin vivo administration of
[*#]CuATSMenl, which was found to be considerablygkar (76% at 120 min p.i.). Combined, the

results strongly suggest that the protein-boundispi vivois [**Cu]Cuf".

As a control experiment, the speciation ¥CU]CUATSM and {'Cu]CuATSMenlin vitro was
examined, in order to compare FQu]CuATSMenl, f*Cu]CuATSM (and {*Cu]Cu*) would
display similar behaviour to that previously obsehin ethanol precipitation experiments. It was
found that for {'Cu]CUATSM and {'Cu]CuATSMenl incubated in fresh serimvitro, 10-15%

of radioactivity was associated with precipitatedtgin after 0-2 h and not extracted into ethanol.
This was in agreement with previous results f6€{JCUATSM and related®{Cu]Cu-BTSCs,
where typically ~20% of activity was protein-bouhd.Radio-TLC confirmed that the ethanol
extractable radioactivity contained only int&&€u-complex, in agreement with previoimsvitro
findings (Figure 22 right}.° For [**Cu]Cu™, 85-90% of activity was associated with precigitat

protein at over the 2 h incubation.
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Figure 22 (left) Percentage of activity remaining bound &ousn proteins after precipitation and extraction
of serum plasma with EtOH (right) Radio-TLC (95:80Rc/MeOH) of ethanol phase dFCu]CuATSMenl
and P*Cu]CuATSM at 30 min post incubation in serum at@7°
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Overall, the percentage of serum-bound activity vitro was significantly lower for
[**Cu]CUATSM and {*Cu]CuATSMenl than that observed fior vivo serum samples. The radio-
TLCs of the ethanol extracts from vitro serum incubations demonstrated that the extractabl
activity was in the form of intact*’Cu-copper complex for both®fu]CUATSM and
[**Cu]CuATSMenl. This is in contrast to the vivo samples, where no intact compound was
observed by radio-TLC. Overall, the amounts of aotlble activity for T'Cu]CUATSM and
[**Cu]CuATSMenl fromin vivo blood are comparable to that extractable f&@(]C** from both

in vitro andin vivo, providing further evidence that the protein-bowspécies is copper ion and not

intact complex.

5.6.5 Complex stability in blood via octanol extraction

Having examined the nature of the radioactivityhia serum fraction, we were further interested to
quantify the proportion of intact'Cu-complex or*-complex/ligand in the full blood following
i.v. injection by using the previously reportedaul extraction method. It was anticipated that by
including the orthogonally-labelled*flJCUATSMenl, further information on the integrityf the
copper complexn vivo could be obtained.

Blood samples were obtained from mice sacrificedvatious times p.i. and aliqguots were
immediately vortexed with octanol. The phases veeqgarated by centrifugation and counted in a
g-counter.Radio-TLC controls confirmed that the octanol-egtable radioactivity was in the form
of the intact®Cu-complexXt® ? Figure 23 shows the amount of octanol extractalokivity at
various time-points p.i. Two animals were sacrifiger time-point.

At 5 min p.i. of P*CulCUATSM, only 23% of the remaining blood radideity was octanol-
extractable. This decreased to 3% after 30 min which was comparable to the background
extractable activity observed in mice injected WCu]JCW* (p > 0.05). The values were slightly
higher for P*Cu]lCUATSMenl, with approximately 35% extractableSamin and 15 % from 30-
120 min, suggesting a slightly higher stability [8fCuJCUATSMenl compared to the parent
compound. This could also relate to the observéfdrdinces in kinetics of liver uptake in section

5.54.
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Figure 23 Percentage of octanol extractable activity (wthé. total blood activity) as a function of time

The amount of YCu]CUATSM recovered was even lower than that rempbrfor the canine
metabolism results from Lewet al.at <15 min (no data available at later time-pQiritsit a direct
comparison may be hampered by the differences letweanine and murine metabolism. For
[*“Cu]CuATSMenl, the amount of recoverable activityslightly higher and remains constant at
~15% from 30 min onwards.

In contrast to the*Cu-labelled complexes, a significantly larger pntipm of activity is
extractable for'f4]CuATSMenl, where > 40% of activity was recoverguto 120 min.

Radio-TLC of the octanol extract froffiJCuATSMenl injected animals was less conclusivanth
that of the®’Cu-labelled complexes due to the low signals okthirDespite incubation on super
resolution phosphor screens and subsequent ewaluain a digital phosphor imaging
autoradiography reader, only a light spot could Is=en in the region for
[**4]CuATSMenl/H,ATSMenl and R value determination was difficult. However, theentical
equivalence of fCu]CuATSMenl and F4]CuATSMenl and their differing quantitative octdno
extraction results corroborate findings from théioal LCs of the serum ethanol extracts.

As a control,[**Cu]CuATSMenl, f*Cu]CUATSM and {*Cu]C/#* were also incubated in fresh
mouse bloodn vitro at 37°C to determine whether the observed decatigpo®ccurred in the

bloodpool or whether it resulted from vivo processing.
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As can be seen from Figure 24 vitro incubation did not cause a rapid decrease innizuat of
octanol extractable activity. Up to 55% and 68%haf intact copper complex were still extractable
after 120 min post incubation. Sinca vitro blood incubation of 9¥Cu]CUATSM and
[*“Cu]CuATSMenl did not cause a rapid decrease iratheunt of extractable activity, in contrast
to what was observed vivo, degradation is likely resulting froin vivo decomplexation and Cu

sequestration.
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Figure 24 Percentage of octanol extractable activity oweetfor P*Cu]CuATSM, F*Cu]CuATSMenl and
[®*Cu]Cu* following incubation in mouse blodd vitro.

5.6.6 Discussion of stability studies

The stability studies further support results frogan dose measurements and kinetics analysis.
The fast blood clearance of activity followin§'QulCUATSM or P‘Cu]CuATSMenl injection
(~1% at 1h p.i.) and the rapid degradation arerested by the dynamic PET imaging data which
illustrates that tumour uptake of activity contisuauch longer (~100 min p.i.) than the suspected
in vivo life-time of the complexTaken together, these data suggest that circul&i@ig available

for tumour uptake may not be present as int&@-copper bis(thiosemicarbazonato) complex, but
rather as serum-bounfCu]Cu".

Stability studies of copper chelators in the litera demonstrated that the main proteins able to
transchelate and bind copper ioms vivo are serum albumin, transcuprein and superoxide
dismutasé® * Several copper transporters and copper bindingeim® are abundant in

hepatocytes, epithelial kidney cells and erythresyand copper ions are bound by albumin and
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transcuprein when passed on into the portal bfbddirther, detailed experiments are needed to
determine the nature of any demetallation processes/o that may target®Cu]CUATSM and
cause its decomposition. Furthermore, analysie@topper binding proteins in the blood and their

passage into tumour tissue may be of interest.
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5.7 Correlation between activity distribution and tissue hypoxia for

[**Cu]CuATSM and [**Cu]Cu?*

The stability studies together with the similarvivo profiles of f*CulCUATSM and {‘Cu]Cu/*
and their oxygen dependent tumour retention alrotmrated the hypothesis that circulating
[**Cu]Cu* is responsible for tumour uptake.

We wished to gain further information on the natafdumour uptake by comparing the spatial
distribution of activity in the tumour following jection of P‘Cu]Cu/* and P‘Cu]CUATSM. In
particular, it was of interest to know wheth8fCQu]Cu** uptake would correlate with regional
tissue hypoxia in tumour sections as determinetheymmunohistochemical markers of hypoxia.
As discussed in Chapter 3.3, for specific tumounedi such as 9L and R3327AT in rats, the
correlation of**Cu with EF5 staining following®fCu]CUATSM administration has been observed
to increase at later time points (16-20%§2 Other studies found good correlationRB230Ac and
9L tumours but not in FSA tumoursetween regional activity uptake fromi'Gu]CUATSM
administration and immunohistochemical EF5 staiffhgherefore, analysis was performed on

tumours excised at both 2 and 16 h p.i.

5.7.1 Biodistributions of [**Cu]CuATSM and [*‘Cu]Cu®* at 2 and 16 h p.i.

Initially, we compared the biodistribution profilef [**Cu]lCUATSM and {'‘Cu]Cu/* for mice
dissected at 2 h and 16 h p.i. Figure 25 depictaydeorrected organ dose measurements and
tumour-to-muscle ratios. Tumour uptake was slightly significantly lower at 16 h than at 2 h for
both P‘CulCUATSM (RTM = 6.5+0.6 versus 7:85.13) and {"Cu]CU/* (RTM = 5.9+0.5 versus
9.93+0.79) (p < 0.0001).

%ID/g values in liver and lungs were also lower fwsth compounds at the later time-point
(p < 0.0001). Interestingly, there was a statiflficaignificant difference in blood activity for

[**Cu]CUATSM at 2 h and 16 h (p < 0.0003) but no défeces for 'Cu]CU* (p = 0.3946).

192



CHAPTER FIVE

22 -
1 B [**Cu]CUATSM 2h
204 | ' CulCuATSM 16h
7 7 64 2
184 7 ]["culcu™ 2h 0
47 64 2 7
161 V7] ""culcu® 16h ;
7
1 7
141 g
7
i 7
o 121 ? T
2 10 i |
S ¢ L]
7 7 T i
8 ? " ]
] 7 i i .
5 é e ’
] = A1 Rl ’
21 ks LD TV v 7
1 rana1a ?
04 7N g7y, ZoN 47 470N 4700 G781 G7N0 67 7
\

Figure 25 Comparison of biodistribution (%ID/g +SD) o¥*Cu]CUATSM and {*Cu]Cl** in female CBA

mice bearing CaNT xenografts at 2 and 16 h p.i, 4 fer P*CulCUATSM and {*Cu]Cu/*. Animals were
awake and breathing air.

5.7.2 Autoradiography and immunohistochemical staining

Autoradiography and immunohistochemical staining \warformed by Dr Veerle Kersemans, Dr
Bart Cornelissen or Miss Kamila Hussien.

Autoradiography and EF5 immunofluorescence micrpgcionages were obtained on tumours
excised at 2 h and 16 h p.i. for animals admirgsterith f*Cu]CUATSM and {*Cu]C#*. Results
were compared to data obtained fSF[FMISO (2 h p.i.) as a control. For this purpoagaimals
were injected with 10 mM EF5 10 mM intravenouslyh230 s, respectively, before being
sacrificed. The tumours were resected and immegiglaced on dry ice. Autoradiography on
8 um slices was performed using digital phosphagimg (Cyclone, PerkinElmer) before the same
tumour slice was used for immunohistochemistryufrég26 depicts representative autoradiographs
of the activity distribution and EF5 immunofluoresce images recorded on the same slice for

[**F]FMISO at 2 h p.i. and®fCu]CU** excised at 16 h p.i. EF5 staining confirms that titmours

contain hypoxic regions in both cases.
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Figure 26 (top, left) autoradiograph of tumour slice showintratumoural {¥F]JFMISO distribution at 2 h
p.i. (dark = high counts, light = low counts) (rfyltorresponding EF5 associated immunofluorescémce
same slice (bottom, left) autoradiograph of tumslite showing intratumouraf4Cu]Cu* distribution at
16 h p.i. (right) EF5 associated immunofluorescencgame tumour slice.

From visual analysis, it appears there is goodetation between the activity distribution for
[**F]FMISO and EF5. For*fCu]CU/* in contrast it appears from visual analysis thate is no
strong spatial correlation between the regionsygiokia and®Cu activity distribution. This was

similarly the case forfCu]CUATSM at 2 h and 16 h p.i. atdQu]CU* at 2 h p.i. (see Appendix).
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5.7.3 Correlation coefficients

Since visual inspection is prone to bias, the apatrrelation of activity from®Cu]CUATSM,
[**CulCu/* and [PFJFMISO with EF5 distribution was quantified by oegistering the
autoradiography and fluorescence microscopy imapes obtaining correlation coefficients (r).
Correlation coefficients () were obtained for seantitative assessment &Cu and EF5
correlation, using the JACoP plug-in for image &r Rhis purpose, autoradiography and
fluorescence microscopy images were co-registared Matlab interface, custom-written by Dr
Danny Allen as described in the experimental. Timeaur regions were cropped before analysis to

exclude the Pap-pen and folded regions. Figurédn@ws the results of the correlation analysis.
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Figure 27 Correlation coefficients describing spatial caatieln between autoradiography and EF5 immuno-
fluorescence in tumours excised 2 h or 16 h p.i.

As expected, a significant positive correlation vi@sd between'fF]JFMISO and EF5 at 2 h p.i.
Little or no spatial correlation betwe&fCu distribution and zones of hypoxia, as definedEBp
immunohistochemistry, was apparent for eith¥C({iJCUATSM or f‘Cu]lCU* at 2 h p.i. In

contrast, a much higher correlation was found fiht*Cu]CUATSM and {*Cu]C#* at 16 h p.i.
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5.8 Discussion

Work in this chapter has used the orthogonally llatle probes {'Cu]CuATSMenl and
[**]CuATSMenl to gain further insights into the meofsn of hypoxia selectivity of copper
bis(thiosemicarbazonates) and in particular, theéimate fate of the ligand. Whilst
[**Cu]CuATSMenl demonstrateith vitro hypoxia selectivity, FI]CuATSMenl and the labelled
ligand [*I]H,ATSMenl were retained by equal amounts in a norgerydependent manner. This
translated toin vivo, where similar biodistribution profiles for**fiJCuATSMenl and
[**4]H,ATSMen revealed that the ligand is not retainethinsame manner as tH€u. Furtheiin
vivo controls contrasting ®*{Cu]CUATSM and {'Cu]CuATSMenl to the YCu]CU* salt
demonstrated comparable tumour retention, kineti€suptake and biodistribution for the
radiometal and the labelled complexes. Repeatdii@Etumours provided first evidence that this
was not a tumour-line dependent phenomenon.

The overall similain vivo behaviour of 'Cu]C/#* and f*Cu]CUATSM raised concerns about the
in vivo stability of P*CulCUATSM. These were further corroborated by sebimding and stability
analysis which indicated that CUATSM undergoesdat@metallation within a few minutes after
i.v. injection. Time-activity curves for’fCu]CU* and f*Cu]CUATSM were similar and tumour
uptake continued at time-points where demetallatiod stability studies indicated little or no
intact Cu-complex in the blood. Hené&Cu uptake in hypoxic tumours, or at least a large
proportion of it, may be due t8*Cu]C/** and not {*Cu]CUATSM.

An unexplained aspect of the results obtaineddsctintrasting uptake offCu]Cu** in vitro andin
vivo. The metal ion did not show large hypoxic/normoditferentials in the cell linee vitro.
However, the oxygen dependence may be masked kyvéreall small retention levels. The reasons
for these observations are not clear, but the tesudicate that direct correlation betwaarvitro
and in vivo experimentation is therefore not always possildeiraportant differences were
observed between the two situations. For instazmgper ions in the blood are not present in their
free formin vivo but bound to plasma proteiffs®* Thein vitro cellular retention measurements

were obtained under conditions previously employ@dllow comparison with other literature
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data. Under these conditions, serum albumin coraigon in the medium is only 1%, but the level
of plasma proteins is significantly highiervivo. A recent review summarising copper transport by
hCTrl points out thain vitro results vary widely and immortalised cell lines ymaspond
differently to cells in living tissue¥.As discussed in the introduction, authors who ok cell
and tumour line dependent differences of activjijake from f*Cu]CUATSM administration have
already raised concerns whether the cellular mésambof copper, in particular the involvement of
copper transporters, may be responsible for sonteeafiscrepancies observed.

Another remarkable aspect of the results is thegemydependence of*Cu]lCUATSM and
[*CulCu* uptake at 2 h p.i., despite no apparent directtiapacorrelation with
immunohistochemically hypoxic areas as defined B%.Ht thus appears that the change$'@u
retention with oxygen concentration are occurrimgnon-hypoxic tumour tissue. Indeed, literature
accounts on °fCu]CUATSM present varying results for spatial disition of activity with
immunohistochemical hypoxia (see Chapter 3). Tiselte for our murine models suggest that it
may be possible that either part -or all- of theggen depender'Cu-retention in the tumour
following intravenous injection of{Cu]CUATSM is the result of changes in cellular mssing of
copper in tumour tissue, mediated by the hypoxwgiores in the tumour, rather than purely
reflecting the oxygenation status of the tumour.

The influence of hypoxia on the tumour microenvir@mt however is complex. Work by Whie

al. has shown that hypoxia was able to cause increaspgder uptake and Ctrl transporter
expression in macrophag&sOverall however, comparatively little is known dhe direct
influence of tumour hypoxia on copper homeostasi @ this stage, the detailed mechanism of
action by which Cu is retained in both hypoxic ammh-hypoxic tumor tissues is not established.
Collectively, the data suggest that the currentigppsed redox trapping mechanism might not
provide a complete picture as dismantling of theglex before cell entrance can liberate Cu prior
to tumour uptake.

Moreover the results emphasise the importance t¢érmning the identity of radiolabelled

compounds post-administratiom vivo in order to understand fully the factors governing
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biodistribution and tumour uptake, thereby fadiitg the design of higher performance

biomarkers.

5.9 Conclusion

In order to examine the mode of action of biomaskezlonging to the’{Cu]CUATSM family, the
copper metal and the ligand were followiadvitro andin vivo using a pair of 'f3/*‘Cu]-copper
bis(thiosemicarbazonatesiadiolabelled at themetal or at theligand, alongside the labelled
proligand, the TCu]CU#* salt and the parenf’Cu]CUATSM. In vitro cell studies,in vivo
biodistribution and PET/SPECT imaging of the compkeand their componeritsmouse tumour
models indicated that the labelled ligand is nédined in an oxygen dependent manner. This
rules out the possibility of usingF- or **l-radiolabelled Cu-BTSCs as possible hypoxia select
biomarkers. YCu]CUATSM and {*Cu]C/** demonstrated remarkably similar vivo profiles.
Stability studies suggested that the similar batavof the complex and the metal are caused by
rapid demetallation of the bis(thiosemicarbazomenmlexin vivo.

The results present new mechanistic insight infikld of hypoxia imaging using CUATSM. The
results also unveil the possibility of investigatie directly available simpl&*Cu]Cu/”* salt as a
hypoxia selective radiotracer.

Clinical studies clearly demonstrate a positiva@ation between higf'Cu uptake of activity and
poor prognosis following PET imaging witG*Cu]CuATSM. However, further experiments are
needed to determine the underlining biochemicaisbfag increased retention of radiocopper in

hypoxic tumours.
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6.1 General Instrumentation

Chemicals were obtained from Acros, Aldrich, Alfagar, Apollo Scientific or Bachem unless
otherwise stated. All solvents used were HPLC grad«, where applicable, was performed on
pre-coated aluminium-backed plates (Merck Kiesglgatl spots were made visible by quenching
of UV fluorescence I( = 254 nm) and/or by staining with potassium pergaaate. Flash
chromatography was performed according to the naetlydStill, using silica gel (0.040-0.063 mm;

Merck) and air pressure.

NMR spectra were recorded on a Varian Mercury VX3uker DPX 400, AV400 or a Bruker
AVANCE AVC500 at frequencies of 300, 400 and 500 Midr 'H and 75.5, 100 and 126 MHz

for °C respectively, using residual solvent peaks a&srial referencé.

Nominal mass spectfan/z)were recorded on a Fisons Platform II, under thelitions of positive

or negative electrospray ionization (ESI-MS). Higlsolution mass spectra (HRMS) were recorded
by Mr Colin Sparrow or Mr Robin Proctor under ESonditions on a BrukerMicroTOF
(resolution = 5000 FWHM). The lock masses used dalibration were tetraoctylammonium

bromide and sodium dodecy! sulphate in positive rmaghtive ion mode respectively.

Elemental analysis of solid compounds for C, H, Bsvebtained by the microanalysis service of
the Inorganic Chemistry Laboratory at the Univgrsit Oxford or by Mr Stephen Boyer, London
Metropolitan University. Where elementals are ngparted, these were Zn or Cu compounds
showing consistently low C and N values, indicatfehe presence of . Single peak HPLC

traces and high resolution mass spectrometry wasered for these compounds.

Cyclic voltammetry measurements were performed @Hanstruments electrochemical analyser,
running CHIG00A analysis software. Solutions werepared in anhydrous, deoxygenated DMF,
using 0.1M [NBU][BF,] as electrolyte. A platinum disc working electrpg&atinum wire auxillary

electrode and a silver wire pseudo-reference eedetrwere used. All potentials are reported

relative to the saturated calomel reference eldet(SCE) and were corrected by adding ferrocene
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to each experiment, using the reversible, one+slectoxidation of the Fc/Fc couple

(Ew»(SCE) = +0.53V in DMF at rt) as internal refereAce.

Electronic absorption spectroscopy (UV/Vis) wasf@ened using a Perkin-Elmer Lambda 19
spectrometer, running UV Winlab software. Spectesenmeasured using 1.00 cm quartz cuvettes.
Samples were run at a number of concentrationseatidction coefficients were calculated as the

gradient of the plot of absorbance vs. concentnatio

CW EPR experiments were performed on an X-band &@rioSpin GmbH EMX spectrometer
equipped with a high sensitivity Bruker probeheal @ low-temperature Oxford Instruments
CF935 helium-flow cryostat. The magnetic field weeibrated at room temperature with an
external 2,2 diphenyl-1-picrylhydrazyl standard/ (g 2.0036). X-band CW experiments were

conducted at 60 K, with 0.20 mW microwave powed ar0 G modulation amplitude at 100 kHz.

Reverse-phase analytical HPLC spectra were recanded Gilson 322 instrument or a Dionex
Ultimate 3000 system with a C-18 column (Grace Disty Sciences, 250x4.6mm, 5u) and

UV/vis detection at 254 nm. Gradient methods wertobows:

Method M. Solvent A = HO + 0.1 % TFA, solvent B = CGJEZN+ 0.1 % TFA, flow rate = 1 mL

min~, gradient (min, % of B): 0, 5; 15, 95; 20, 95; 8530, 5.

MethodM, Solvent A = HO, solvent B = CKCN, flow rate = 1 mL mif, gradient (min, % of B):

0, 5; 15, 95; 20, 95; 25, 5; 30, 5.

Reverse-phase radio-HPLC (analytical and prepaatwas performed on a Gilson 322 Unipoint
HPLC machine equipped with the above C-18 coluniivid detection at 254 nm and Nal/PMT

detection. Gradient methods were as follows:

MethodRM ;. Solvent A = HO, solvent B = CKCN, flow rate = 1 mL mi, gradient (min, % of

B): 0, 5; 10, 95; 15, 95; 18, 5; 20, 5.
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Method RM,. Solvent A = HO + 0.1% TFA, solvent B = C/{&N + 0.1%TFA, flow rate = 1 mL

min, gradient (min, % of B): 0, 5; 10, 95; 15, 95; £820, 5.

MethodRM ;. Solvent A = HO + 0.1% TFA, solvent B = C}&N, flow rate = 1 mL mif, gradient

(min,% of B): 0, 5; 20, 95; 25, 95; 28, 5; 30, 5.

6.2 Radioisotopes

6.2.1 Copper-64

®Cu was purchased from the Wolfson Brain Imagingt@erddenbrookes Hospital, Cambridge
or from the PET Imaging Centre, St Thomas' Hospitahdon, UK. Copper-64 was prepared
using a biomedical cyclotron with a nickel-64 targad supplied a$fCu]CuCl(aq) in 0.1M HCI
(1 GBq). An aqueous solution of copper-64 acefat€u]Cu(OAc), was prepared by diluting 0.2
mL of [**Cu]CuChgg in 0.1 mol/L HCI with 0.2 mol/L sodium acetate 0mL). This stock

solution was used for the radiolabelling experiraént

6.2.2 Fluorine-18

[*®F]Fluoride was produced by PETNET Solutions (Momtrivon Hospital, UK) on a biomedical
cyclotron via the®O(p,n)®F reaction. TPF]fluoride was delivered in{O]water (1-4 GBq, 1-4 mL).
The solution was passed through a QMA anion exdahargin cartridge (20 mg, Waters) and
[*®F]Fluoride was eluted off the charged resin witiohution of Kryptofix 222 (15 mg) and K0,

(3 mg) in 1 mL acetonitrile/water (8:2). Excess evaivas removed by azeotropically drying at
120°C under B stream several times with 0.5 mL ¢IN. The resulting dry complex of
K[*®F)/Kryptofix 222 was dissolved in 2-4 mL anhydroDBl;CN and dispensed into reaction vials
containing the precursor for subsequent nucleapHfiliorination. Radiochemical yields reported

for *®F-fluorinations are non-decay-corrected.
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6.2.3 lodine-123

Non-carrier added N&! (300 MBq in 0.05 M NaOH) was purchased from GEalttecare (GE
healthcare Limited, UK), typically supplied at ancentration > 500 mCi mt with a specific

activity of 8.78 x18® Bgmol™* and used as supplied.

6.3 Experimental Details for Chapter 2

General Procedure A:Coupling reactions of HATSE/A with carboxylic acid linkers

H,ATSE/A was suspended in the minimum amount of DMEe carboxylic acid (1.1 eq),
diisopropylethylamine (1.1 eq) and benzotriazohd-bxy-tris-(dimethylamino)-phosphonium
hexafluorophosphate (BOP) (1.1 eq) were added lamdnixture was stirred at room temperature
for 4 h until a clear solution was formed.,® was then added until formation of a white
precipitate. The suspension was sonicated, thapiiae collected by filtration and washed with

copious amounts of @, EtOH and, if solubility allowed, ED.

General Procedure B: Copper complexation

The proligand and Cug(1.2 eq) or Cu(OAGg)H,O (1.2 eq) were stirred in a minimum amount of
MeOH for 30 min at rt. The solvent was redusedacuoand HO was added. The solid formed
was collected by filtration and washed withHand, where solubility allowed, with a few drogds o

ice-cold EtO before being drieth vacuo.

6.3.1 Synthetic Chemistry

Diacetyl-2-(4N-methyl-3-thiosemicarbazone) (2.0%)
>_< Diacetyl-2-(4N-methyl-3-thiosemicarbazone) was prepared by atlaptaf a
Nooo previously reported procedute2,3-Butanedione (4.5 mL, 39.9 mmol) was
H vigorously stirred in 200 mL of deionized waterGafC. 5 Drops of conc. HCI

were added followed by the addition oNdmethyl-3-thiosemicarbazide (3.45 g, 32.8 mmol). A

white precipitate quickly formed which after 1 h sveollected by filtration, washed thoroughly
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with H,O (3" 100 mL), dried on filter paper overnight and ttiiedin vacuoto yield the desired
product as a white solid (5.19 g, 91%H NMR (300 MHz, DMSO-¢g): d 10.64 (1H, s,
C(=S)NHN=), 8.62 (1H, br m, MeNC(=S), 3.05 (3H, d,J = 4.6 Hz, GI;NH), 2.42 (3H, s,
CH5C=0), 1.96 (3H, s, B;C=N),*C NMR (300 MHz, DMSO-¢:  197.5C=0, 178.9C=S,

145.5 C=N, 31.4 NHCH3;, 24.7 CH3CO, 9.9 CH3CN; LRMS (M-H) m/z 172.0 (calc. for

CeH1N;0S 172.0)

Diacetyl-2-(4N-ethyl-3-thiosemicarbazone) (2.02)

\/ \/ Diacetyl-2-(4N-ethyl-3-thiosemicarbazone) was prepared in theesaranner
7\

N o
HN

as 2.01 using 2,3-butanedione (3.58 mL, 41.0 mmol) andl-éthyl-3-
thiosemicarbazide (4.00 g, 34.0 mmol) to afford diesired product as a white
solid (5.59 g, 89%)'H NMR (200 MHz, DMSOdg): d 10.57 (1H, s, C(=S)NN=), 8.66 (1H, t,J

= 5.6 Hz, CHCH,NHC(=S)), 3.63 (2H, m, C¥CH,NH), 2.42 (3H, s, 6;C=0), 1.96 (3H, s,
CH5C=N), 1.15 (3H, tJ = 7.0 Hz, G:CH,NH); *C NMR (50.3 MHz, DMSOdg):  197.5
(C=0), 178.0 C=S), 145.5 C=N), 38.7 (NHCH,), 24.7 CH;3(C=0), 14.1 (CHCH?3),

10.02 CH3CN); LRMS (ESI): (M-H)" 186.1 (calc. for gH,,N;0S 186.1)

Diacetyl-2-(4N-methyl-3-thiosemicarbazone)-3-(4N-amino-3-thiosemicarbazone)

(H,ATSM/A) (2.03)°

H,ATSM/A was prepared by adaptation of a previousgparted

>/ \<
VL L N procedure. Thiocarbohydrazide (1.50 g, 14.1 mmol) and 3 drops
\NKS S%\N conc. HCI were added to EtOH (80 mL) and the susipenwas stirred

at 40 °C.2.01 (2.40 g, 13.9 mmol) was added portionwise over. After the final addition the
reaction was heated to 50 °C for 5 hr, during whinte a creamy white suspension formed in a
clear yellow solution. The mixture was allowed tmokto 20 °C and the solid was collected by
filtration, washed with EtOH (2 30 mL) and B (50 mL) before being drieid vacuoto afford

the desired product as an off-white solid (2.8 6). '"H NMR (300 MHz, DMSO-¢): d 10.23
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(2H, s, NHC(S=)MIN=), 9.70 (1H, br s, NNH,), 8.36 (1H, br m, CENHN(S=)), 4.96 (2H, s,
NHNH,), 3.01 (3H, dJ = 4.5 Hz, Gi;NH), 2.19 (3H, s, 6,C=N), 2.18 (3H, s, B,C=N); °C
NMR (50.32 MHz, DMSO-g)  178.4 (CHNH(C=S)), 175.8 (NENH((C=S)); 148.4 C=N);
148.1 C=N); 31.2 (NHCH), 11.6 (2)CH3C=N); LRMS (ES): (M-H)" 260.0 (calc. for

C/H14N/S; 260.1)

Diacetyl-2-(4N-ethyl-3-thiosemicarbazone)-3-(4N-amino-3-thiosemicarbazone) (HATSE/A)
(2.04Y
H H,ATSE/A was prepared in the same manner 2283 using
HN/N/ \N\NH thiocarbohydrazide (1.37 g, 12.9 mmol), diacety#N-ethyl-3-
/\ﬂ/gs S%{I{/NHz thiosemicarbazone) (2.4 g, 12.8 mmol) and 3 drdpsoac. HCI to
afford HLATSE/A (3.40 g, 96%) as an off-white solitH NMR (200 MHz, DMSQds): d 10.21
(1H, s, NH(C=S)MIN=), 10.14 (1H, s, NHC(=S)NN=), 9.70 (1H, br s, NNH,), 8.40 (1H, tJ =
5.9 Hz, CHCH,NH), 4.96 (2H, s, NHM,), 4.59 (2H, mCHs;CH,NH), 2.18 (6H.two overlapping
singlets CHsC=N), 1.14 (3H, tJ = 7.1 Hz, G:CH,NH); *C NMR (50.32 MHz, DMSO-¢
177.4 (CHNH(C=S)), 175.9 (NBNH((C=S)); 148.4 C=N); 148.1 C=N); 38.5 (CHCH,NH),
14.4 CHsCH,NH), 11.6 (2€H3C=N); LRMS (M-H) m/z 274.1 (calc. for @i N;S,; 274.1),

HPLC (My) R, = 8.65 min

Diacetyl-2-(4N-methyl-3-thiosemicarbazonato)-3-(4N-amino-3-thiosemicarbazonato)
zinc(ll) (ZnATSM/A) (2.05)°

\/ / ZnATSM/A was prepared according to a previously orésd
7\

N N

N" \_/ "N procedure. FATSM/A (1.90g, 7.3 mmol) was suspended in
\N)l\ S/Zn\S /|kN/NH2.MeOH
H H

MeOH (80 mL), Zn(OAc)2H,0O (1.91g, 8.7 mmol) was added
and the mixture was heated to reflux for 4 h. Atteoling, an orange precipitate formed which was
isolated by filtration, washed with MeOH (50 mL)daBEtO (100 mL) and drieth vacuoto afford
the desired product as an orange solid (2.08g, 88#4)YMR (200 MHz, DMSOds):  8.25 (1H, s,

NHNH,); 7.23 (1H, br s, CH3N), 4.55 (2H, s, NHN.,), 2.82 (3H, d,J = 4.5 Hz, Gi;NH); 2.23
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(3H, s, HsC=N); 2.21 (3H, s, B;C=N); ®C NMR (50.32 MHz, DMSO-§ 177.5
(CH3NHC=S), 177.3 (NINHC=S); 146.4 C=N); 146.0 C=N); 48.60 CH;OH coordinating
MeOH); 29.3 CHs;NH); 14.0 CH3C=N); 13.9 CHsC=N); LRMS (M-H) m/z 322.0 (calc. for

C7H 12N7San' 3220)

Diacetyl-2-(4-N-ethyl-3-thiosemicarbazonato)-3-(4N-amino-3-thiosemicarbazonato)  zinc(ll)

(ZnATSE/A) (2.06)

ZnATSE/A was prepared in the same manner as ZnARSMEing
>/ \<
N NS H,ATSE /A (2.00g, 7.3 mmol) and Zn(OAQH,O (1.91g, 8.7
A A wm
AH S s H/ > mmol) in MeOH (80 mL) to afford the desired prodasta yellow

solid (2.2 g, 88 %)H NMR (300MHz, DMSOd,): 8.22 (1H, s, MINH,); 7.28 (1H, br s,
CH,CH,NH), 4.55 (2H, s, NHM,), 3.36 (3H, m, CKCH,NH, obscured by residual B), 2.22
(38H, s, G45C=N), 2.19 (3H, s, B5,C=N), 1.10 (3H, tJ = 7.2 Hz, G;CH,NH); **C NMR (50.3
MHz, DMSOds) 178.8 (CHNHC=S), 177.3 (NENHC=S); 146.5 C=N); 146.1 C=N); 37.0
(NHCH,CH;), 14.7 (NHCHCH,), 14.0 CH3C=N), 13.9 CH;C=N); LRMS (M-H) m/z 336.0

(calc. for GH14N;S,Zn" 336.0)

Diacetyl-2-(4-N-ethyl-3-thiosemicarbazone)-3-[4N (amino)-(4-carboxyphenylmethylidene)-3-

thiosemicarbazone] (2.09)

\ / H,ATSE/A (500 mg, 1.82 mmol) was suspended in
7 N\
PELL L NV \/©/COOH MeOH (20 mL). 4-Formylbenzoic acid (354 mg, 3.33
_N
/\Nks S%N S mmol) was added and the suspension stirred overnigh

at rt. The residue was filtered and dissolved inPODMeOH was added to induce precipitation of
2.09 (655 mg, 82 %) as a pale yellow solfti NMR (300 MHz, DMSQds): d 13.02 (1H, s,
COOH), 12.31 (1H, s, HC=NN(C=S)NHN=), 10.74 (1H, s, HC=NNH(C=SHN=), 10.22 (1H,
s, EtINH(C=S)MIN=), 8.48 (1H, tJ = 5.7 Hz, NHEt), 8.24 (1H, s, Ar@=N), 8.00 (2H, dJ = 7.9

Hz, ArCH), 7.86 (2H, dJ = 7.9 Hz, ArGH), 3.62 (2H, m, €,CH,), 2.31 (3H, s, €,C=N), 2.25

208



CHAPTER SIX

(3H, s, G15C=N) 1.15 (3H, tJ = 7.3 Hz, CHCH,); *C NMR (75 MHz, DMSQGdy): d 177.5
(EtINHC=S), 174.9 (HC=NNHC=S), 166.8 CO,H), 153.4 (HC=NNH(C=S)NHKNC), 147.9
(EtNH(C=S)NHN:=C), 142.1 (HC=NNH) , 137.9 (AC), 131.7 (AC), 129.7 (ACH), 127.2
(ArCH), 38.6 (CH,CHs), 14.3 (CHCH;), 11.6 CH;C=NNH(C=S)NHEt), 11.5
(CHsC=NNH(C=S)NHNH); HRMS (ES): (M-H) calcd for GeHzoN-O.S, (M-H) 406.1125;
found 406.1137; HPL@M,) R,= 11.85 min; Elemental AnalysiBound: C, 47.2; H, 5.1; N, 24.0.

Ci6H21N70,S; requires: C, 47.2; H, 5.2; N, 24.1%

Diacetyl-2-(4-N-ethyl-3-thiosemicarbazone)-3-[4N-(amino)-(2-carboxyphenylmethylidene)-3-
thiosemicarbazone] (2.10)
\/ / 2.10was prepared according to the procedure descrired f
7\

HN/N N\NH 2.09 using HATSE/A (0.250 g, 0.91 mmol) and 2-
/\N/gs S%\N/N\
H H

oo formylbenzoic acid (177 mg, 1.18 mmol) in MeOH (20
mL) to afford4b (305 mg, 82%) as a pale yellow solith NMR (500 MHz, DMSO#d,): d 12.85
(1H, s, CO®), 12.31 (1H, s, HC=NN(C=S)NHN=), 10.66 (1H, s, HC=NNH(C=SHN=),
10.20 (1H, s, EtNH(C=S)NN=), 8.88 (1H, s, Ar€=N), 8.46 (1H, t,J = 5.7 Hz, NHEt), 8.06
(1H, d, J = 7.62 Hz, ArCH-4 or ArCH-6), 7.86 (1H, d,= 7.61 Hz, ArCH-3 or ArCH-6), 7.62
(1H, dt,J = 7.6 Hz,J = 8.5 Hz, ArCH-4 or ArCH-5), 7.52 (1H, di,= 7.6 Hz,J = 8.5 Hz, ArCH-4
or ArCH-5), 3.66-3.57 (2H, m, I€,CHy), 2.27 (3H, s, B3;C=N), 2.23 (3H, s, 85;C=N) and 1.13
(3H, t, J = 7.0 Hz, CHCHs); *C NMR (75 MHz, DMSOsd,): d 179.8 (EtNHC=S), 177.9
(HC=NNH(C=S), 168.7 CO,H), 149.8 (HC=NNH(C=S)NHNE), 147.9 (EtNH(C=S)NHNE),
142.6 (HC=NNH) , 136.7 (AC), 133.4 (AC), 129.4 (ACH), 129.3 (ACH), 127.8 (ACH), 124.4
(ArCH) 38,6 (CH.CHs), 14.3 (CHCHs, 11.9 CHsC=NNH(C=S)NHEt), 11.6
(CHsC=NNH(C=S)NHNH); HRMS (ES): (M-H) calcd for GgHnN-0,S, (M-H) 406.1125,
found 406.1123; HPLC (M R,= 12.05 min, Elemental Analysis Found C, 47.1; H,; &, 24.0.

C16H21N70O,S; requires C, 47.2; H, 5.2; N 24.1%

209



CHAPTER SIX

Diacetyl-2-(4-N-ethyl-3-thiosemicarbazonato)-3-[4N-(amino)-(4-carboxyphenylmethylidene)-
3-thiosemicarbazonato]zinc(ll) ) (2.11)

>_< 2.09(70 mg, 0.172 mmol) was suspended in MeOH (5

)N|\/N )\ V<)/COOH mL) at rt. ZnC} (28 mg, 0.206 mmol) was dissolved

/\ﬁ S in the minimum amount of 40 and added dropwise.
The solution turned yellow immediately and wasstirfor 3 h at rt. The solvent was then removed
in vacuoand HO added. The resulting precipitate was filtered wfdshed with cold ED and
driedin vacuoto afford2.11 (68 mg, 85 %) as an orange sofid.NMR (300 MHz, DMSO«d,): d
13.05 (1H, s, COOH), 10.75 (1H, s, HC=NN(C=8)NE) 8.49 (1H, tJ = 5.7 Hz, NHEt), 8.18-
8.16 (1H, m, Ar&i=N), 8.01-7.98 (2H, m, ArH), 7.87-7.76 (@= 8.2 Hz, ArH) 3.66-3.57 (2H, m,
CH,CHy), 2.29 (3H, s, B3C=N), 2.23 (3H, s, B;C=N) and 1.15 (3H, tJ = 6.93 Hz, CHCHy);
¥C NMR (126 MHz, DMSOQd,): d 177.5 C-S), other (C-S) not observed167.0 and 168.8wo
isomers (CO,H), (HC=NNH(C=S)NHN-C) not observed 147.8 (EtNH(C=S)NHNC), 142.2
(HC=NNH) , 137.9 (A€) 131.8 (AC), 129.8 (ACH), 127.3 (ACH), 38.6 CH.CH), 14.4
(CH,CH3), 11.6 and 11.5 (Z CH;C=N); HRMS (ESI): (M-H) calcd for GgH1gN/O,S,Zn

468.0260; found 468.0267; HPLC (MR, = 11.75 min

Diacetyl-2-(4-N-ethyl-3-thiosemicarbazonato)-3-[4N-(amino)-(2-carboxyphenylmethyli-
dene)-3-thiosemicarbazonato] zinc(ll) (2.12)

2.10 (70 mg, 0.172 mmol) was suspended in MeOH (5
7\

Zn/NW mL) at rt. ZnC} (27.7 mg, 0.206 mmol) was dissolved in
/ \SJ\N/N\

H oo the minimum amount of ¥ and added dropwise. The
solution turned yellow immediately and was stirfed3 h at rt. The solvent was then removed
in vacuoand HO added. The resulting precipitate was filtered wfished with cold E© and
driedin vacuoto afford the desired produt12 (73 mg, 91 %) as an orange soltl. NMR
(500 MHz, DMSOQdg): d 13.12 (1H, s, CO8), 10.67 and 10.20 (1H, s, HC=NN(C=3JN=,

2 isomers 1/2H each), 8.86 (1H, s, A€N), 8.47 (1H, tJ = 5.7 Hz, NHEt), 8.07 (1H, dJ =
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7.7 Hz, ArCH-3 or -6), 7.88 (1H, d,= 7.7 Hz, 3-ArCH or 6-ArCH), 7.63 (1H, 8,= 7.3 Hz,
ArCH-4 or H-5), 7.52 (1H, tJ = 7.3 Hz, ArCH-4 or H-5), 3.66-3.59 (2H, mHECHs), 2.29
(3H, s, H5C=N), 2.23 (3H, s, B;C=N) and 1.15 (3H, tJ) = 6.9 Hz, CHCH,); **C NMR (75
MHz, DMSO-d): d (EtNHC=S) not observed 177.4 (HC=NNHC=S), 168.1 CO.H),
(HC=NNH(C=S)NHN:=C) not observed 147.8 (EtNH(C=S)NHNC), 142.5 HC=NNH) ,
131.9 (AC), 131.7 (AC), 131.0 (ACH), 130.1 (ACH), 129.8 (ACH), 127.0 (ACH), 38.5
(CH,CHs), 14.3 CH,CH3), 11.5 CH3C=N), 11.5 CH;C=N); HRMS (ES)): (M-H)  calcd for
C16H18N70,S,Zn" 468.0260; found 468.0259HPLC (M 1) R; 11.75 min, Elemental Analysis

Found C, 40.9; H, 4.1; N, 20.8,4E1:0N;0,S,Zn requires C, 40.8; H, 4.1; N, 20.8%

Diacetyl-2-(4-N-ethyl-3-thiosemicarbazonato)-3-[4N-(amino)-(4-carboxyphenylmethylidene)-
3-thiosemicarbazonato]copper(ll) (2.13)

2.13 was prepared following General Procedure B
7 N\

NN COOH  ysing 2.09 (70 mg, 0.171 mmol) and CuGR8 mg,
PP WA SN
N s s N 0.177 mmol) in MeOH (5 mL) to yield the desired

product as a brown solid (73 mg, 91%). HRMS (ESIM-H) calcd for GgHisN;O,S,Cu

467.0265; found 467.0253; HPLC (MR, = 12.25 min

Diacetyl-2-(4-N-ethyl-3-thiosemicarbazonato)-3-[4N-(amino)-(2-carboxyphenylmethylidene)-
3-thiosemicarbazonato]copper(ll) (2.14)

2.14 was prepared following General Procedure B using

7\
NN 2.10 (60 mg, 0.147 mmol) and CuC(23.7 mg, 0.177

/N N
/\H s & N S mmol) in MeOH (5 mL) to afford the desired prodast a
COOH

dark brown solid (66 mg, 96%). HRMS (BS(M-H)" calcd for GgH;sN;0,S,Cu 467.0265; found
467.0255; HPLC (M) R = 12.05 min; Elemental Analysis Found C, 40.9; 40; N, 20.9.

C16H1sCUN;O5S; requires C, 41.0; H, 4.1; N, 20.9%
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Diacetyl-2-(4-N-ethyl-3-thiosemicarbazone)-3-[4N-(amino)-(4-tertbutoxycarboxybenzamide)-
3-thiosemicarbazone] (2.15)
H o 2.15 was synthesized according to General

HN/N/ \N\NH H\[KQ)J\ok Procedure A, using JATSE/A (300 mg, 1.1
/\H/gs S%H/N I mmol), 4tert-butylbenzoic acid (266 mg, 1.2
mmol), BOP (530 mg, 1.2 mmol) and diisopropylethyilae (209 uL, 1.2 mmol). The product was
isolated as an off-white solid (503 mg, 969 NMR (500 MHz, DMSOd,): 10.78 (1H, s,
NH(C=0)Ar), 10.71 (1H, s, NHNH(C=SYNN=), 10.19 (1H, s, NHN(C=S)NHN=), 10.17 (1H, s,
EtNHC=SNHN=), 8.45 (1H, tJ = 5.8 Hz, AHCH,CHj), 8.02 (2H, dJ = 8.5 Hz, ArCH), 8.01 (2H,
d,J = 8.5 Hz, ArCH), 3.66-3.59 (2H, nd,= 6.9 Hz, ®,CHs), 2.27 (3H, s, B;C=N), 2.25 (3H, s,
CH5C=N), 1.57 (9H, s, C€Bu), 1.15 (3H, tJ = 7.3 Hz, CHCH,); **C NMR (75 MHz, DMSO#k):
d 179.8 (NHNHC=S), 177.4 (EtNIE=S), 166.7 (NHNIK=O), 164.9 CO,Bu), 149.8
(EtNH(C=S)NHN=C), 147.9 (NHNH(C=S)NHNE), 136.7 (ACCO,H), 133.9 (AC(C=O)NH),
129.3 (AICH), 127.8 (ACH), 81.3 C(CHzs)s), 38.6 CH,CHs), 27.8 (CCHy)s), 14.4 (CHCHy),
11.9 CH3;C=NNH(C=S)NHEt), 11.7 GH:C=NNH(C=S)NHNH); HRMS (ES) (M+Na)" calcd
for C,gH29N;NaGsS, 502.1666; found 502.1667; HPLC (MIl), R3.18 min; Elemental Analysis

Found C, 50.0; H, 6.0; N, 20.4,48,0N;O3S; requires C, 50.1; H, 6.1; N 20.4%

Diacetyl-2-(4-N-ethyl-3-thiosemicarbazone)-3-[4N-(amino)-(4-carboxybenzamide)-3-thio-
semicarbazone] (2.16)
H o 2.15 (500 mg, 1.2 mmol) was suspended in TFA (2

HN/N/ ) “NH on ML) and stirred for 2.5 h at rt. TFA was then reev
in vacuoand the resulting residue was sonicated in
Et,O, filtered and washed with more,8t The resulting solid was suspended in warm Et@Q#l a
sonicated, filtered and dried to affoPd16 (300 mg, 65 %) as an off-white solitH NMR (500
MHz, DMSO<d): d 13.18 (1H, br s, COOH), 10.78 (1H, br sH(C=0)Ar), 10.70 (1H, s,

NHNH(C=S)NHN=), 10.20 (1H, s, NHN(C=S)NHN=), 10.16 (1H, s, EtINHC=3#N=), 8.45
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(1H, t,J = 5.8 Hz, NHEt), 8.07 (2H, d,J = 8.5 Hz, ArGH), 8.01 (2H, d,J = 8.5 Hz, ArGH), 3.61

(2H, m, GH,CHs), 2.27 (3H, s, B;C=N), 2.25 (3H, s, B;C=N), 1.15 (3H, tJ = 7.3 Hz,
CH,CH3); *C NMR (126 MHz, DMSOdg): d 179.8 (NHNHC=S), 177.4 (EtNIE=S), 166.7
(NHNHC=0), 164.9 CO,H), 149.8 (EtNH(C=S)NHNC), 147.9 (NHNH(C=S)NHNC), 136.7
(ArCCOH), 133.4 (AC(C=O)NH), 129.3 (A€H), 127.8 (ACH), 38.6 CH,CH), 14.3
(CH,CHs), 11.9 CH;C=NNH(C=S)NHEt), 11.6 CH;C=NNH(C=S)NHNH); HRMS (ES): (M-

H) calcd for GeHooN;/OsS, 422.1075; found 422.1076; HPLC (MR; = 10.35 min; Elemental

Analysis Found C, 45.3; H, 5.0; N, 23.2¢8,1N-;OsS; requires C, 45.4; H 5.0; N, 23.2%

Diacetyl-2-(4N-ethyl-3-thiosemicarbazonato)-3-[4N-(amino)-(4-carboxybenzamide)-3  thio-

semicarbazonato]copper(ll) (2.17)

\/ \/ o 2.17 was prepared following General Procedure B,
7\
N|/N\CU/N\|N H OH using2.16 (38 mg, 0.09 mmol) and Cu&H,O (0.1
/\ / \ /N
N S s N i mmol, 1.1 eq) to afford the desired product asda re

brown solid (37 mg, 85 %). HRMS (E$I (M-H) calcd for GegH1gCuN;,OsS, 483.0214; found
483.0213; HPLC (M) R = 10.30 min; Elemental Analysis Found C, 39.6; 40; N, 20.1.

C16H1sCUN;O3S; requires C, 39.6; H, 4.0; N, 20.2

Diacetyl-2-(4-N-ethyl-3-thiosemicarbazone)-3-[4N-(amino)-4(N-(2-tertbutylacetate)benza-
mide))-3-thiosemicarbazone (2.18)
>_< o 2.18 was synthesised according to General
N NH ’ H/\[O(OK Procedure A using.16 (250 mg, 0.59
mmol), glycine  tert-butyl ester
hydrochloride (110 mg, 0.65 mmol), diisopropylethyine (168 mg, 1.30 mmol) and BOP (288
mg, 0.65 mmol) in DMF (5 mL). The product was igethas an off-white solid (283 mg, 98%\.
NMR (500 MHz, DMSOsd,): d 10.78 (2H, br s, (C=S)NHN-C=0) and (C=S)NNH-C=0),

10.17 (2H, brs s, 2 (C=S)-NH-N), 9.00 (1H, tJ = 5.8 Hz, NHCH,CO,Bu), 8.45 (1H, tJ = 5.8
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Hz, NHEt), 8.01 (2H, dJ = 8.2 Hz, ArGH), 7.98 (2H, dJ = 8.5 Hz, ArGH), 3.92 (2H, d,J = 5.8
Hz, CH,CO,'Bu), 3.66-3.57 (2H, m, B,CHs), 2.27 (3H, s, B,C=N), 2.25 (3H, s, B,C=N), 1.43
(9H, s, C@BU), 1.15 (3H, t,J = 6.6 Hz, CHCH,); *C NMR (125.8 MHz, DMSQd,): d 179.7
(NHNHC=S), 177.4 (EtNIE=S), 168.7 CO,'Bu), 165.8 CONHCH,), 164.9 CONHNH), 149.7
(EtNH(C=S)NHN=C), 147.9 (NHNH(C=S)NHNC), 136.5 (AC), 133.4 (AC), 127.6 (ACH),
127.3 (ACCH), 80.72 C(CHs), 41.9 CH,CO,Bu), 38.6 CH,CH;), 27.7 (CCH3), 14.3 CH,CHs),
11.9 CHsC=NNH(C=S)NHE), 11.6 €H;C=NNH(C=S)NHNH); HRMS (ES): (M-H)" calcd for
CooH31NgO,S, 535.1915; found 535.1921; HPL®,) R; = 11.8 min; Elemental Analysis Found

C,49.4; H, 6.1; N, 20.9. £H3,NgO,S, requires C, 49.2; H, 6.0; N 20.9%

Diacetyl-2-(4-N-ethyl-3-thiosemicarbazone)-3-[4N-(amino)-4(N-(2-acetic acid)benzamide)-3-
thiosemicarbazone (2.19)

>—( 5 2.18(280 mg, 0.052 mmol) was suspended in
a ] ”AWOH TFA (3 mL) and stirred at rt for 2.25 h. TFA
/\”/gs S)\H/N © was then removeth vacuoand the resulting
residue was sonicated in,&% filtered and washed with more,8tand dried to afford th&.19
(178 mg, 71%) as a pale yellow solitH NMR (500 MHz, DMSOdg): d 12.59 (brs, COOH),
10.74-10.70 (2H, br s, (C=S)NHINC=0) and (C=S)NINH-C=0), 10.17 (2H, brs s, 2 (C=S)-
NH-N), 8.99 (1H, tJ= 5.8 Hz, NHCH,CO,H), 8.45 (1H, tJ = 5.8 Hz, NHEt), 8.01 (2H, dJ = 8.2
Hz, ArCH), 7.98 (2H, d,) = 8.5 Hz, ArGH), 3.96 (2H, d,J = 5.8 Hz, G1,CO,H), 3.65-3.57 (2H, m,
CH,CHs), 2.27 (3H, s, €5C=N), 2.25 (3H, s, 8,C=N), 1.15 (3H, tJ = 6.6 Hz, CHCH,); **C
NMR (125.8 MHz, DMSQdy): d 179.8 (NHNHC=S), 177.4 (EtNIE=S), 171.17 CO,H), 165.8
(CONHCH,), 164.9 CONHNH), 149.7 (EtNH(C=S)NHNC), 147.9 (NHNH(C=S)NHNC),
136.5 (AIC), 135.4 (AC), 127.6 (ACH), 127.3 (ACH), 41.2 (NHCH,CO,H) 38.6 CH,CH;), 14.4
(CH,CH3), 11.9 CHsC=NNH(C=S)NHE), 11.6 CH;C=NNH(C=S)NHNH); HRMS (ES): (M-
H) calcd for GgH,3NgO4S, 479.1289; found 479.1278PLC (M,) R, = 9.48 min; Elemental

Analysis Found C, 44.9; H, 5.1; N, 23.448,,N50,S; requires C, 50.0; H, 5.0; N, 23.3%
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Diacetyl-2-(4-N-ethyl-3-thiosemicarbazonato)-3-[4N-(amino)-4(N-(2-acetic acid)benzamide)-
3-thiosemicarbazonato]copper(ll) (2.20)
\/ / o 2.20 was prepared following General
7 N\
NNy NAWOH Procedure B, using.19 (60 mg, 0.125 mmol)
AN :
S /N _N (0]
N s s N and Cu(OAc)H,O (33 mg, 1.3 eq) to afford
o}
the desired product as a black solid (65 mg, 96WRMS (ESI): (M-H) calcd for

Ci1gH2:CuNsO,S; 540.0418; found 540.0429; HPL®1,) Ri= 9.07 min

Methyl 2-(4-formylbenzamido) acetic acid (2.21)

o] 2.21 was synthesised over two steps following a presfioveported

NWOH proceduré. A solution of 4-carboxybenzaldehyde (1.79 g, 11.9
S :

o) mmol), EDCI.HCI (2.28 g, 11.9 mmol) and HOBt (1$111.9 mmol)
was stirred at room temperature for 20 min. To tWes added glycine methyl ester hydrochloride
(2.50 g, 11.9 mmol) and DIPEA (2.08 mL, 11.9 mmai)d the reaction mixture was stirred
overnight. The solution was washed with water (10,M N&CQO; (10 mL) and water (10 mL)
and the organic phase was dried over Mg8€&fore removal of the solveimt vacuo The crude
product was purified by column chromatography {CHEtOAc 4:1 - CHCI,:EtOAc 3:2) to
afford methyl 2-(4-formylbenzamido)acetate (1.7%8%) as a white solidH NMR (200 MHz,
DMSO-d): d 10.10 (s, 1H, €0), 9.21 (t, 1H,) = 6.0 Hz, NH), 8.05 (m, 4H, Ar8), 4.06 (d, 2H,
J=6.0 Hz, CH), 3.67 (s, 3H, OCk). The ester (1.0g, 4.50 mmol) was hydrolysed tspending
itin 2.5 M HCI (30 mL) at 60°C for 4 h. The agusqhase was extracted with ethyl acetate (2x 50
mL) and the organic phase was dried over Mg&al concentrateid vacuo Trituration with EtO
afforded2.21 (675 mg, 73%) as a white solitH NMR (300 MHz, DMSO+dg): d 12.70 (brs, 1H,
COOH), 10.13 (s, 1H, E0), 9.09 (t, 1H,J = 5.0 Hz, NH), 8.0 (m, 4H, Ar®), 3.90 (d, 2H,J = 5.0
Hz, CH,). °C NMR (100.6 MHz, DMSQ): d 193.0 CHO), 171.2 COOH), 165.8 CONH),

138.8 (ArC), 137.9 (AE), 129.5 (ACH), 128.0 (ACH), 41.3 CH,)
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Diacetyl-2-(4-N-ethyl-3-thiosemicarbazone)-3-[4N-(amino)-methyl  2-(4-formylbenzamido)-
acetate)-3-thiosemicarbazone] (2.22)

>_< o H,ATSE/A (230 mg, 0.62 mmol) an@.21

NN VQ)J\”A(OH (230 mg, 1.11 mmol) were stirred in MeOH
/\Hks S%ﬂ/N\ ° (15 mL) overnight. The suspension was then
heated at 50°C for 2h. The solvent was remawedacuoand the solid was washed with cold
MeOH (10 mL) and KO (10mL) and dried to affor®.22 (195 mg, 68%)'H NMR (500 MHz,
DMSO-dg): d 12.64 (1H, brs, COOH), 12.3 (s, 1HHN=CH), 10.75 and 10.23 (2H, s, C=SNH-
N=), 8.94 (1H, t,J = 5.7 Hz, NHCH,CO,H), 8.49 (1H, t,J = 5.8 Hz, NHEt), 8.26 (1H, brs,
NHN=CH), 7.95 (2H, dJ = 8.2 Hz, ArGH), 7.85 (2H, dJ = 7.9 Hz, ArGH), 3.96 (2H, dJ = 5.7
Hz, CH,CO,H), 3.66-3.57 (2H, m, B,CHy), 2.31 (3H, s, E;C=N), 2.25 (3H, s, B;C=N), 1.15
(3H, t,J = 7.2 Hz, CHCHs); *C NMR (126 MHz, DMSOde): d 177.5 (EtNHC=S), 175.1 C=S),
171.3 CO.H), 165.9 CONHCH,), 153.3 (NHNH(C=S)NHNC), 147.8 (EtNH(C=S)NHNC),
142.1 (HC=NNH), 136.8 (AC), 134.8 (AC), 127.8 (ACH), 127.1 (ACH), 41.3 CH,CO.H), 38.6
(CH,CHs), 14.4 CH,CHs), 11.6 and 11.1GH,C=NNH(C=S)NHEt, CH;C=NNH(C=S)NHNH);
HRMS (EST): (M+Na)" calcd for GgH,/NaNsO:S," 487.1305; found 487.1306Elemental

Analysis Found C, 46.6; H, 5.2; N, 24.1,d8,,Ns0sS, requires C, 46.5; H, 5.2; N 24.1%

Diacetyl-2-(4-N-ethyl-3-thiosemicarbazonato)-3-[4N-(amino)-methyl 2-(4-formylbenzamido)-
acetate)-3-thiosemicarbazonato]copper(ll) (2.23)
2.23 was prepared following General
\/©)J\N/\H/OH Procedure B, using.22 (30 mg, 0.06 mmol)
/k and CuC} (12 mg, 0.07 mmol ) to afford the
desired product as a black solid (25 mg, 76%). HRESI): (M-H)" calcd for GgH1gCuN;OsS,

522.0323; found 522.0317; HPLC (MR;= 10.30 min
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H,ATSM/A-a-Fmoc-L-Glu(O'Bu) (2.26)

\ / 2.26 was prepared according to General Procedure A
7\
-y Nm NHEmoc using HATSM/A (543 mg, 2.08 mmol), Fmae
H
_N O'Bu
\Hks S%H M GluOBuU (885 mg, 2.08 mmolgiisopropylethylamine
o} 0

(362 pL, 2.08 mmol) and BOP (920 mg, 2.08 mmolDiKMF (7 mL).The precipitate was then
stirred in hot EtOH (5-10 mL) before being filtereff and washed with cold & (10 mL) to
afford 975 mg (70%) oR.26 as a white solid"H NMR (300 MHz, DMSOd,): d 10.60 (1H, s,
NHNH(C=S)NHN=), 10.25 (1H, s, MeNH(C=SYMN=), 10.20 (1H, s, NNH(C=S)NHN=), 10.02
(1H, s, NHNH(C=S)NHN=), 8.40 (d, 1H] = 4.5 Hz, CHNH), 7.90 (2H, d,J = 7.5 Hz, H-4, H-5),
7.75 (2H, m, H-1, H-8), 7.62 (1H, d,= 8.88 Hz, NHFmoc), 7.42 (2H, tJ = 7.5 Hz, H-3, H-6),
7.33 (2H, dtJ=7.5HzJ= 1.4 Hz, H-2, H-7), 4.27-4.17 (4H, m, gHCH,Fmoc, H-9), 3.02 (3H,
d, J = 4.5 Hz, ®:NH), 2.37 (2H, t,J = 6.6 Hz, CH), 2.23 (3H, s, B:C=N), 2.21 (3H, s,
CH5C=N), 2.08 (1H, m, Ck), 1.85 (1H, m, Ck), 1.14 (9H, s, C(B5)); *C NMR (75 MHz,
DMSO-dg): d 179.2 (NHNHC=S), 178.4 (EtNI€=S), 171.7 CO,Bu), 170.1 (NHNHCO), 155.8
((C=0)Fmoc), 149.7 (NHNH(C=S)NHI=N)), 147.8 MeNH(C=S)NHI=N), 143.8 (AC), 143.7
(ArC), 140.6 (AC), 127.6 (C-3, C-6), 127.0 (C-2, C-7), 125.3 (G=18), 120.1 (C-4, C-5), 79.5
(CCHs), 65.7 CH.Fmoc), 52.4 (G), 46.6 (C-9), 31.4Qy), 31.2 (NHCHs), 27.7 (CCHg)), 27.5
(Co), 11.8 CH3(C=N)NH(C=S)NHNH), 11.6 CHs(C=N)NH(C=S)NHMe); HRMS (ES):
(M+Na)" calcd for GiHsNgNaQS," 691.2455; found 691.2437; HPLC (MIl); R14.55 min;
Elemental Analysis Found C, 55.6; H, 5.9; N, 1626,H4NsOsS, requires C, 55.7; H, 5.9; N,

16.6%

H,ATSM/A-a-NH,-L-Glu(O'Bu) (2.27)
\/ / 2.27 (100 mg, 0.150 mmol) was stirred in DMF
7 N\
N N NH NH, (600 pL) and piperidine (120 pL) for 45 min. The

H
\N/gs S}\N/Nj»]/'\/ﬁ]/o!Bu
H H I I solution was concentrated andHwas added until the

formation of a white precipitate. The white pretape was filtered off, washed with ten drops of
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H,0. The aqueous phase was concentrated ay@l \izas added until formation of a precipitate.
Filtration and drying under vacuum afford2®7 as an off-white solid (40 mg, 60%H NMR
(300 MHz, DMSOdg): d 10.20 (4H, superimposed broad singlets, MeNH(C+HK,
NHNH(C=S)NHN=, NHNH(C=S)NHN=, NHNH(C=S)NHN=),8.40 (d, 1H,J = 4.7 Hz, CHNH),
3.33 pbscured by KD, CH,) 3.02 (3H, dJ = 4.7 Hz, G13NH), 2.37 (2H, tJ = 6.6 Hz, ¢1,), 2.23
(3H, s, G:C=N), 2.21 (3H, s, B5C=N), 1.94-1.87 (1H, m, B,), 1.75-1.69 (1H, m, By), 1.14
(9H, s, C(®y)); ¥*C NMR (75 MHz, DMSO-¢): d 179.2 (NHNHC=S), 178.4 (EtNI€=S), 171.7
(CO:tBU), 170.1 (NHNHCO), 149.5 (NHNH(C=S)NHE=N)), 147.8 MeNH(C=S)NHE=N), 79.5
(CCHs), 525 (G), 314 (), 31.2 (NHCHy), 27.7 (CCHy), 27.5 (), 11.8
(CH4(C=N)NH(C=S)NHNH), 11.6 CH5(C=N)NH(C=S)NHMe);HRMS (ESI): (M+H)" calcd for
C16H31Ng0sS," 447.1955; found 447.1964PLC (M,) R = 12.40 min; Elemental Analysis Found

C, 42.9; H, 6.8; N, 25.0. 6H3NgOsS;, requires C, 43.0; H, 6.8; N, 25.1%

H,ATSM/A-a-Fmoc-L-Glu(OH) (2.28)
\/ \/ 2.26 (400 mg, 0.60 mmol) was stirred in TFA (3 mL) at
7 N\

rt for 3 h. The solvent was then evaporatedsacuo
A Ty
Et,O was added and the suspension sonicated before

evaporating to dryness. The residue was stirredarm EtOH (5 mL) and left to cool before being
filtered, washed with ED and driedn vacuoto afford 2.28 (216 mg, 59%) as a white solitH
NMR (300 MHz, DMSOds): d 10.61 (1H, s, NHNH(C=S)NN=), 10.25 (1H, s,
MeNH(C=S)NHN=), 10.20 (1H, s, NNH(C=S)NHN=), 10.03 (1H, s, NHN(C=S)NHN=), 8.41
(9, 1H,J = 4.6 Hz, CHNH), 7.89 (2H, d,J = 7.5 Hz, H-4, H-5), 7.75 (2H, m, H-1, H-8), 7.68H

d, J = 8.2 Hz, NHFmoc), 7.42 (2H, tJ = 7.5 Hz, H-3, H-6), 7.33 (2H, § = 7.0 Hz, H-2, H-7),
4.27-4.17 (4H, m, CH CH,Fmoc, H-9), 3.03 (3H, dl = 4.6 Hz, G1;NH), 2.42 (2H, tJ = 6.6 Hz,
CHy), 2.23 (3H, s, 65C=N), 2.21 (3H, s, B:C=N), 2.10 (1H, m, €,), 1.89 (1H, m, El,); °C
NMR (75 MHz, DMSOdg): d 179.3 (NHNHC=S), 178.5 (EtNIE=S), 174.1 CO,H), 170.4

(NHNHCO), 155.9 (C=0)Fmoc), 149.8 (NHNH(C=S)NKI=N)), 147.9 MeNH(C=S)NHT=N),
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143.9 (AC), 143.8 (AC), 140.7 (AC), 127.7 (C-3, C-6), 127.1 (C-2, C-7), 125.4 (CELB),
120.2 (C-4, C-5), 65.80H,Fmoc), 52.6 (§), 46.7 (C-9), 31.3Qy), 30.4 (NHCH3), 27.5 Cy), 11.8
(CH3(C=N)NH(C=S)NHNH), 11.6 CH3(C=N)NH(C=S)NHMe); HRMS (ES): (M+H)" calcd for
C,7H33Ng0sS," 613.2010; found 613.1989; HPLC (R, = 12.45 min; Elemental Analysis Found

C,52.9; H,5.2; N, 18.2 £H3,NgOsS, requires C, 52.9; H, 5.3; N, 18.3%

CuATSM/A-a-L-FmocGIu(OH) 2.29
>—( Cu(OAc)k-H,O (12 mg, 0.059 mmol) was dissolved in
- / \ H,O (1 mL) and added dropwise to a stirring suspensio
)\ 2 )\ M of 2.28 (30 mg, 0.048 mmol) in MeOH (5 mL). The

suspension turned brown immediately and was leftitdor 1 h. The solvent was then remowed
vacuoand HO was added, the residue was filtered, washed ecuilth EtLO and driedn vacuoto
afford 2.29 (25 mg, 77%) as a dark brown solid. HPLC, & =12.40 min, HRMS (ESk (M-H)"
calcd for G/HgCuNsOsS,” 672.1004; found 672.0983; Elemental Analysis FoGnd8.0; H, 4.6;

N,16.6. G/H30CuNsOsS, requires C, 48.1; H, 4.5; N, 16.6%

H,ATSM/A-a-NH-Biotin- L-Glu(O'Bu) (2.30)

\/ \/ o N O 2.30was synthesised according to General
7N\ H
it N y HNJ\/\/”’“ NH Procedure A using2.27 (40 mg, 0.089
~ /& 2\ /NMOtBu S H

N S SN mmol), biotin (23 mg, 0.09 mmol),

o} o}
diisopropylethylamine (16 uL, 0.09 mmol) and BOR {@g, 0.09 mmol) in DMF (5 mL). The

product was isolated as a beige solid (38.2 mg,)63%NMR (300 MHz, DMSO#d,): d 10.58
(1H, s, NHNH(C=S)MIN=), 10.23 (1H, s, MeNH(C=SIN=), 10.17 (1H, s,
NHNH(C=S)NHN=), 10.00 (1H, s, NHN(C=S)NHN=), 8.41 (d, 1HJ = 4.5 Hz, CHNH), 7.89
(2H, d,J = 7.5 Hz, H-4, H-5), 7.75 (2H, m, H-1, H-8), 7.994 d,J = 8.5 Hz, NHbiotin), 6.41 and
6.35 (2 1H, s, GINHC=0), 4.45 (1H, dd) = 13.8 Hz,J = 8.5 Hz, NHNH(C=0)E&), 4.30-4.13

(2H, m, 2 CHNH(C=0), 3.09 (1H, m, CKECHSCH), 3.02 (3H, dJ = 4.6 Hz, Gi3NH), 2.81 (1H,
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dd,J=12.6 Hz,J = 5.2 Hz, 1 SCH,CH), 2.54 (1H, m, obscured by DMSCU,3CH,CH),2.36-2.31
(2H, CHCH,CO,Bu), 2.23 (3H, s, B,C=N), 2.21 (3H, s, B4,C=N), 2.15-2.13 (2H, m,
(C=0)H,(CH,)3), 2.04-1.24 (8H,m, (C=0)CHCH,); and G,CH,CO,'Bu), 1.40 (9H,s, CEBU);
3C NMR (75 MHz, DMSOd,): d 179.2 (NHNHC=S), 178.5 (EtNIE=S), 172.0 (CO), 171.7
(CO,Bu), 170.1 (NHNHCO), 162.7 (NH(C=O)NH), 149.8 (NHNH(C=S)NBEN)), 147.9
MeNH(C=S)NHC=N), 79.6 (CQC(CHjz)s), 61.0 (CHCHNH(C=0)), 59.2 (SCKCHNH(C=0)),
55.4 CHS), 50.0 CHCH,CH,CO,'Bu), 34.8 (NH(C=OFH,(CH,)s), 28.1 CH,), 28.0 CH,), 27.8
(CO,C(CHa)s, 25.2 CH,), 11.8 CH3(C=N)NH(C=S)NHNH), 11.7 CHs(C=N)NH(C=S)NHMe);
HRMS (ESI): (M+Na)" calcd for GgHiN:oNaQ;S;" 695.2550; found 695.2554; HPLC {VR, =
11.26 min; Elemental Analysis Found C, 46.4; H; 61520.9. GgH44N1005S; requires C, 46.4; H,

6.6; N, 20.8%

CuATSM/A-a-N-Biotin-L-Glu(O'Bu) (2.31)

\/ / o o 2.31 was prepared following General
780\ H HN
N/N\CU/N\N y HNJ\N”% NH  Procedure B, usin®.30 (38 mg, 0.056
~ | VRN /lk /NMOtBu S H

NS SN I I mmol) and Cu(OAG)H,O (14 mg, 1.2 eq)

to afford the desired product as a black solid if#f) 96%). HRMS (ES): (M+Na)" calcd for

CueH42CuN;oNaQS;™ 756.1690; found 756.1691; HPLC VR, = 11.84 min

For compound&.36and2.38 see experimental details for Chapter 4.

H,ATSE/A-Almaleimide (2.40)
H,ATSE/A (65 mg, 0.24 mmol) was suspended in the
>/ \<
HN” N\ ° minimum amount of DMF. 3-Maleimidopropionic acid
Ly A iy
/\H s SN N (44 mg, 0.26 mmol), diisopropylethylamine (45uL2®.
o) (0]
mmol) and benzotriazole-1-yl-oxy-tris-(dimethylam)rphosphonium hexafluorophosphate (BOP)
(115 mg, 0.26 mmol) were added and the mixture stiased at room temperature for 4 h until a

clear solution was formed.,B was then added until formation of a precipitatee suspension
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was sonicated, the precipitate collected by filbrat washed with copious amounts ofCHand
dried in vacuoto afford2.40 as an off-white solid (95 mg, 94 %). The isolatesmpound was
~95% pure as determined by HPLC and NMR. Aliqudtshe sample were purified to >99%
purity by preparative HPLC and lyophilisatioid NMR (500 MHz, DMSOde): d 10.70 (1H, s,
NHNH(C=S)NHN=), 10.18 (1H, s, NHN(C=S)NHN=), 10.15 (1H, s, EtNHC=3#N=), 9.91
(1H,s, NHNHCO) 8.43 (1H, tJ = 5.8 Hz, HHEt), 7.01 (2H, s, N(C=0)8), 3.65 (2H, tJ = 7.6
Hz, (C=0)CHCH,), 3.60 (2H, m, €,CHs), 2.5 (2H, (C=O)&,CH,, obscured by DMSO), 2.23
(3H, s, G45C=N), 2.20 (3H, s, B5C=N), 1.14 (3H, tJ = 7.3 Hz, CHCH,) ; *C NMR (126 MHz,
DMSO-dg): d 179.2 (NHNHC=S), 177.4 (EtNI€=S), 170.7 €=0), 168.3 (C=0),149.6
(EtNH(C=S)NHN:=C),  147.8  (NHNH(C=S)NHNC), 134.6 (N((C=OfH),), 38.7
((C=OXCH,CH,), 335 (H,, 317 (CH,, 38.6 (CH,CHs), 14.3 (CHCHs), 11.8
(CHsC=NNH(C=S)NHEt), 11.6 CH;C=NNH(C=S)NHNH); HRMS (ESI): (M+Na)" calcd for
CisHoNaNsOsS,"  449.1148; found 449.1137; HPLC (MR, = 9.72 min; Elemental Analysis

Found C, 42.2; H, 5.2; N, 26.2,4,,Ng0sS, requires C, 42.2; H5.2; N, 26.3%

CUuATSE/A-ALmaleimide (2.41)
2.41(31 mg, 0.07 mmol) and Cu(OAd,0 (17mg, 0.84
>/ \<

N N ° mmol) were stirred in the minimum amount of MeOH fo
el Ik ?
u

ﬂ/ 5 min at rt. The solvent was removed at room

o)
temperaturan vacuo The remaining solid was washed with water anéddunder vacuum. to

afford the title compound as a brown solid (25 Mg%). HRMS (ES)): (M+Na)" calcd for
CisHo0CuNaNOsS," 510.0288; found 510.0283; Elemental Analysisreb@, 37.0; H, 4.1; N,

22.8. GsH2,CuNsOsS;, requires C, 36.9; H 4.1; N, 23.0%
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H,ATSE/A-ARmaleimide (2.42)
>—( H,ATSE/A (200 mg, 0.72 mmol) was suspended in the
HN/N/ \N\NH o minimum amount of anhydrous DMF.
H
AHks s}\ﬁ/NW/@b 3-Maleimidobenzoic acid (173.5 mg, 0.79 mmol),
° © diisopropylethylamine (139 pL, 0.79 mmol) and
benzotriazole-1-yl-oxy-tris-(dimethylamino)-phospiium hexafluorophosphate (BOP) (353 mag,
0.79 mmol) were added and the mixture was stirtedoam temperature for 4 h until a clear
solution was formed. ¥D was then added until formation of a precipitdtee suspension was
sonicated, the precipitate collected by filtratia@shed with copious amounts of®Hand driedn
vacuoto afford2.42as a pale yellow solid (347 mg, 98 %). The isalatempound was >95% pure
as determined by HPLC and NMR. Aliquots of the siempere purified to >99% by preparative
HPLC followed by lyophilisation*H NMR (500 MHz, DMSO#€g): 10.71 (1H,s, NH), 10.69 (1H, s,
NH), 10.19 (1H, s, NHM(C=S)NHN=), 10.17 (1H, s, EtNHC=3#=), 8.45 (1H, tJ = 5.8 Hz,
NHEt), 7.96-7.88 (1H, m, ArB), 7.88 (1H, m, Ar@l), 7.66-7.63 (1H, m, Ar€l), 7.58-7.56 (1H,
m, ArCH), 7.22 (2H, s, N(CORB),), 3.63-3.58 (2H, m, B,CH), 2.27 (3H, s, €,C=N), 2.24 (3H,
s, GH,C=N), 1.15 (3H, t,J= 7.3 Hz, CHCH,); *C NMR (126 MHz, DMSOd): d 179.8
(NHNHC=S), 177.4 (EINHC=S), 169.8 (NHNK=0), 164.6 (NCOCH,),), 149.8
(EtNH(C=S)NHN:C), 147.9 (NHNH(C=S)NHNC), 134.8 (N(COCH,),), 133.7 (ArC), 131.8
(ArC), 129.1 (ArC), 126.5 (ArC), 126.2 (ArC), 38.6CH,CHs), 14.4 CH,CH3), 11.9
(CHsC=NNH(C=S)NHEt), 11.7 CH;C=NNH(C=S)NHNH); HRMS (ES): (M+CH;OH+Na)
calcd for GgH,eNaNsO,S,” 529.1411; found 529.141Fjemental Analysis Found C, 48.0; H, 4.6;

N, 23.7. GgH2oNgOsS; requires C, 48.1; H 4.7; N, 23.6%
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CUuATSE/A-ARmaleimide (2.43)

2.42(20 mg, 0.04 mmol) and Cu(OAd),O (10 mg,
>/ \<

NN , : -
N|/ Ny \|N ] o 0.05 mmol) were stirred in a minimum amount of
u
/\N)\ 7N\ /I\ /N

;i//> MeOH for 5 min at rt. MeOH was removed at room

I
Iz

o)

© temperaturen vacuo The residue was washed with

water and dried to afford.43 as a brown solid (17.3 mg, 65%). HRMS (ESIM-H)" calcd for
C1H1sCUNgOsS, 534.0323; found 534.0322; Elemental Analysisreb€, 37.65; H, 3.76; N,

17.39. GgH20CuNsOsS; requires C, 42.57; H 3.76; N, 20.90%

Diacetyl-bis(4-(2-adamantyl)thiosemicarbazonej2.49)

\/ / 4-(2-Adamantyl)thiosemicarbazid.48 (500 mg, 2.22 mmol) was
7 N\

- N N dissolved in EtOH (50 mL) and butane-2,3-dione (26 1.10 mmol)
HN/gs S)\NH

and concentrated 80, (5 drops) were added. The reaction stirred at
room temperature for 16 h. The white precipitatented was filtered,
rinsed with water and EtOH and drigdvacuoto afford2.49 (593 mg, 54%) as a white solitH
NMR (200 MHz, DMSO#d): d 7.46 (2H, s, NHC(S=)NN=), 8.40 (2H, s, ADM), 2.30 (6H, s,
NHC(CH,)3), 2.16 (6H, CNEl5), 2.07 (12H, s, 8,), 1.71 (6H, s, NHC(CH:CH); *C NMR (50.3
MHz, DMSOdg):  175.3 €=S), 145.0 C=N), 54.8 (NHC(CH,)3), 41.3 (NHCCH,):,CH), 36.7
(CHp), 31.2 (NHCH3), 30.0 CH), 10.8 (CH3(C=N)); HRMS (ESI): (M+Na)" calcd for
CoeHaoNaNsS,” 523.2648; found 523.2624; Elemental Analysis Fomd2.4; H, 8.1; N, 16.7.

Ca6Ha0NsS; requires C, 62.4; H 8.1; N, 16.8%

Diacetyl-bis(4-(2-adamantyl)thiosemicarbazonatpzinc(ll) (2.50)

\/ / 2.49 (100 mg, 0.20 mmol) was suspended in;CHMeOH 7:3
7 N\
N’N\Z /N\N (10 mL) and Zn(OA¢)2H,O (53 mg, 0.24 mmol) was added. The
n
A AN
HN® S ST NH reaction was stirred at 50°C for 2 h, and the sulveas removedn
@ @ vacuo The residue was washed withHand a few drops of cold
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MeOH to afford2.50 as a bright yellow solid (89 mg, 79%). HRMS (BS(M+Na)" calcd for
CaeHssNgNaSZn* 585.1783; found 585.1179; Elemental Analysis EbGn55.5; H, 6.7; N, 14.8.

CaeH3sNsS,ZN requires C, 55.4; H 6.8; N, 14.9%.

6.3.2 Crystallography for 2.50

X-ray crystallography experiments were performedibyMichael Jones and Dr Amber Thompson.
The crystal was mounted using the oil drop techaigu perfluoropolyether oil at 150(2) K with a
Cryostream Mopen-flow cooling devicéSingle crystal X-ray diffraction data were colkedt
using graphite monochromated Mo-Kadiation ( = 0.71073 A) using a Nonius KappaCCD
diffractometer. Series of-scans were generally performed to provide sufficaéata in each case
to a maximum resolution of 0.77 A. Data collectiand cell refinement were carried out using
DENZO-SMN? Intensity data were processed and corrected fsorphion effects by the multi-
scan method, based on multiple scans of identical haue equivalent reflections using
SCALEPACK (within DENZO-SMN). Structure solution weacarried out with direct methods
using the program SuperFlipvithin the CRYSTALS software suitéIn general, coordinates and
anisotropic displacement parameters of all non-tgein atoms were refined separately. Hydrogen
atoms were generally visible in the difference mapd were treated in the usual
manner:* PLATON/SQUEEZE***was used leaving a void from which the electronsitg was
removed. A full table of the cif is found in the pgndix and the cif may be found on the CD

affixed in the inside back cover of this thesis.

Formula GeH3sNeS,Zn-DMSO
Mr (g/mol) 624.27

Crystal system Monoclinic

Space group C2lc

a (A) 57.2108(8)

b (A) 6.9230(1)

c (A 36.0993(6)

a(°) 90

b (°) 100.1154(5)
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¢ () 90

Volume 14075.6(4)
Dx (g/cn?) 1.212

Z prime 2

n (mm'l) 0.904
FO00 5440.0
h,k,| max 68,8,43
Total reflections 74697
Unique reflections | 12549
Parameters refined 703

T max 25.360
Tmin/Tmax 0.880, 0.980
Goodness of fit 1.023

R 0.0738
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6.3.3 Radiochemistry

6.3.3.1 *Cu-radiolabelling (small scale) of 2.09, 2.16, 2.19.22, 2.40 and 2.42 (<10 MBq)

A standard 1 mg mit solution of the relevant ligand was prepared in M ®Cu-radiolabelled
complexes were prepared by reacting 20 pL*&\](OAc)(aq) (<10 MBq) with 50 pL of the
ligand standard solution and 150 pL DMSO. Reactomtures were briefly stirred at room
temperature before 25 uL of the reaction solutias vanalysed by reverse-phase radio-HPLC.
Analysis was performed using a Gilson Unipoint HPin@chine equipped with a C-18 column.
[*Cuj2.13 [*Cu]2.17, [**Cu]2.20 and f*Cu]2.23 as well as T'Cu]2.41 and f‘Cuj2.43 were

prepared in this manner. All complexes were rathellad at room temperature.

6.3.3.2 Log P measurements

5 L of ®*Cu-labelled complex (<1 MBq) was added to a mixtof®.5 mL octanol and 0.5 mL
PBS. The mixture was vortexed for 1 min and themrdeged for 5 min at 2000 rpm. A 50 pL
sample of each layer was taken and countedyinaunter. Measurements for each compound were

performed in triplicate and Ldg were calculated as follows:

LogP =

6.3.4 Bombesin Conjugates

6.3.4.1 Synthesis

The synthesis of the Bombesin analogues were peefbmanually as previously descridéd®by
solid-phase peptide synthesis on a Fmoc Rink Am&sin (Novabiochem). The synthesis was
carried out in a 2.5 mL plastic syringe fitted wathPE frit (MultiSynTech GmbH, Germany) with a
maximum of 50 mg Fmoc-Rink Amide resin per syringdie Fmoc group was removed by

treatment with 25% 4-methylpiperidine in DMF(2L0 min), the resin was washed with ®MF,
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3 'PrOH and 3 DMF. Unless mentioned otherwise, all couplingsevearried out in duplicate
(2 90 min) with 4 eq Fmoc-amino acid, 4 eq DIC aret4HOBt in DMF.

A stock solution of HOBt in DMF was used to dissolhe amino acid (JAA] = 0.5 mM). After
each coupling the resin was washed with BMF, 3” 'PrOH and 3 DMF. The completion of
each coupling was checked with the NF31 colour @kelator2.16 (2 eq) and2.19 (2 eq) were
coupled in a single coupling I3hAsp using 2 eq of BOP, 2 eq diisopropylethylan{@é) or 2 eq
DIC and 2 eq HOBt (3 h) respectively. At the endisd synthesis the resin was washed several
times with CHCI, and EtO and driedn vacuobefore cleavage.

For cleavage from the resin, a mixture of thioaleid A)/ethanedithiol (EDT) 7:3 was added as
scavenger to the TFA solution. The resin-boundnlilypeptide conjugate (0.2 mmol) was shaken
in 900 pL TFA and 100 pL TA/EDT in a syringe fittedth a glass frit for 3.5 h. The filtrate was
added dropwise to ice-cooled,B8t (10 mL) and the mixture was left in an ice-batin 15 min
before centrifugation for 5 min. The Bt was decanted and the solid resuspended.,(, Egft to
settle in the ice-bath and centrifuged again. Bpisration was repeated twice more to eliminate all
remaining TFA and scavengers. The resulting pretgiwas dried, dissolved in GEN/H,O with

5 % DMSO and lyophilised.

Analytical HPLC for BBS-conjugates was performedaowaters Breete HPLC system with UV
detection (215 nm) using an RP-column (Supelco d¥ery Bio Wide Pore, C 18, 5 um, 250 mm
" 4.6 mm). Gradient 1: 3% B to 100 %B in 30 minwflate 1 mL mift, the gradient was finished

by washing with 100% B. (solvent B = 0.1% TFA in £H).

Analysis was performed by coupling the mass spewter to a Waters system equipped with a
UV detector (Waters, 215nm), a manual injector Afaters 600E pump. The runs were performed
on an RP-column (Supelco Discovery Bio Wide Pore,8C5 um, 250 mm 4.6 mm) at a flow
rate of 1mL mift. The outlet of the HPLC column passed through létespwith a split ratio of

1/10.
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Preparative HPLC was carried out on a Gilson Sydttded with a reverse phase C18 Column,

Supelco Discovery Bio Wide Pore, 10 m, 250 mm »22fim, flow rate 20 mL mih

6.3.4.2 Radiolabelling and octanol/water partition coefficents of ATSM-BBS conjugates

20 pL of 1mM stock solution ATSM-BBS1232 or ATSM-BBS2 .33 in DMSO were
transferred into 280 pL of 0.25M ammonium acetatetd 5.5. 2.5 puL*”*'Cu (equivalent to
0.045ug Cu) was added and the solution was shake30fmin at room temperature. The labelling
was purified on a Sep-P&k C;s or ChromafiXD Cigec. by washing with 2 mL D and eluting
with 2~ 1 mL EtOH/HO 9:1.

The octanol/water partition coefficients were deti@ed at pH 7.4 by adding 5 uL of radiolabelled
[**Cu]2.34and f*Cu]2.35in PBS to a vial containing 1.2 mL of 1:1 octaR®S. Vortex mixing
for 1 min was followed by centrifugation at 100@®r for 5 min. 40 pL from each separated layer
were sampled into a pre-weighed vial and measurned g-counter. Counts per unit weight of
sample were calculated and log D values were oddairsing the formula log D = log (counts in 1

g of octanol/counts in 1 g of water).

6.3.4.3 Cell Culture (PC3)

The human prostate adenocarcinoma cell line PC3pwashased from the European Collection of
Cell Culture (ECACC, Salisbury, UK). Cells were mained in DMEM GLUTAMAX-I
(Invitrogen) supplemented with 1-10% FCS, 100 IU/rpenicillin G sodium, 100 pg/mL
streptomycin sulphate and 0.25ug/mL amphoteric{BBconcept). Cells were cultured at 37°C in
an atmosphere containing 5% £Qhe cells were subcultured weekly after detachimgm with

trypsin/EDTA 0.25 % (Invitrogen).
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6.3.4.4 Binding Assays

The binding assays were carried out as previoushprted.’ All experiments were carried out
twice in triplicate. PC-3 cells were placed in 48Hwplates (250,000 cells/well). A protease
inhibitor containing binding buffer was used (50 nHMEPES, 125 mM NacCl, 7.5 mM KCI, 5.5
mM MgCl,, 1 mM EGTA, 5 g/l BSA, 2 mg/l chymostatin, 100 mng@ybean trypsin inhibitor and
50 mg/l bacitracin). Cells were incubated at 37°thw5,000-25,000 cpm of ¥I-Tyr*|BBS per
well and increasing concentrations (0-3000nM) ef tlon-labelled ATSM-BBS analogues. After 1
h incubation the cells were rinsed twice with cBBS. Cells with bound activity were solubilised
by adding 2 400 pl of 1 M NaOH at 37°C. The final suspensicaswneasured in gcounter.

ICso values were calculated by nonlinear regressiotysisausing GraphPad Prism.

6.3.4.5 Internalisation Assays

The internalisation assays were carried out asiquely reported” PC-3 cells at confluence were
placed in 6-well plates at ~3@ells/well. Cells were incubated with ~1 kBq oé f{*"Cu-labelled
analogues in culture medium at a total volume ofldwell for 5, 15, 30, 60 and 120 min at 37°C
to allow binding and internalisation. Non-specifiternalisation was determined in the presence of
1 uM non-labelled BBS(7-14). After each incubatione, cells were washed three times with PBS
to remove any unbound peptide. Surface-bound &ctivas removed by two 5 min acid washes
(50 mM glycine-HCI, 100 mM NaCl, pH 2.8, 600 uL pesll) at room temperature. Cells
containing internalised activity were then soludatl by adding 2 600 uL 1 M NaOH/well.
Surface bound and internalised activity were meabim ag-counter. The data reported refers to
the specific internalisation after subtracting tlmm-specific binding and are given as a percentage

of the total activity added per milligram of pratei

6.3.4.6 Biodistribution studies
Female CD-1 nu/nu mice 6-8 week-old (Charles Rivaboratories, Sulzfeld, Germany) were

subcutaneously injected with B'106 PC-3 cells. Three weeks after tumour implamathe mice
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received i.v. 100 kBq®{®’Cu]CUATSM-BBS2. At 1 and 24 h p.i., the animals evédlled by
cervical dislocation. Blood and different organsraveollected, weighed, and the radioactivity
measured in a-counter. Results are presented as percentaggeofaed dose per gram of tissue
(%ID/g). To determine the specificity of the vivo uptake, one group of mice received a co-
injection of 100 g of unlabelled BBS(L4) and the radiolabelled analogue and were seedifat

1hp.i.
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6.3.5 C2Ac conjugation and radiolabelling

Radiolabelling, serum stability and red blood teétiding assays of th&*Cu]2.41-C2Ac conjugate

were carried out by Dr Richard Tavaré.

6.3.5.1 C2Ac protein

The C2Ac was provided by Dr Richard Tavété.

2.40-C2Ac and 2.42-C2Ac Conjugates

C2Ac was conjugated t8.40 and 2.42 by adaptation of a previously reported procedune f
Fluorescein-5-maleimide conjugates of CZA©ne millilitre of C2Ac (2 mg mL in PBS) was
mixed with a 3-fold molar excess 2af40or 2.42 dissolved in 100 pL of DMSO and incubated at
room temperature for 4 h. Excess unconjugated trelwas removed by size exclusion
chromatography using a PD-10 column pre-equililctatéth PBS. Fractions were monitored by

UV absorbance at 280 nm and analysed by LC-MS.

6.3.5.2 Direct *“Cu-labelling of 2.40-C2Ac conjugate

140 MBq of f*Cu]Cu(OAc) (in 1 M ammonium acetate, pH 6.2) was added tqu§0f 2.40
C2Ac in 50 pL of PBS and incubated at room tempeeafor 120 min before radiolabeling
efficiency was determined by radio-TLC (Lablogid{)Uusing 10% ammonium acetate:methanol
(1:1) as the mobile phase. The radiolabelled caipigvas purified by passing the protein through
a PD-10 column (Sephadex G-25, GE healthcare). ldbelling efficiency was calculated by
comparing the amount of activity associated with éhuted protein fraction versus the unbound,

low molecular weight radioactivity using a dosemator (CRC-25R, Capintec, US).

6.3.5.3 Conjugation of C2Ac with pre-labelled [*Cu]2.41
2.40 (10 pg in 10 pL of DMSO) was radiolabelled with5181Bq of [F*Cu]Cu(OAc) in
ammonium acetate (400 pL) and purified on a C-18&idge before being reformulated into EtOH

(600 pL) using standard proceduf@g® The eluent was concentrated under a stream afgeitr
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(~10 pL) and 100 pL of C2Ac (1 mg rit) was added. The pH was adjusted to 8 and theioaact
was left to stand for 70 min. The radiolabelledjugate f*Cul2.41-C2Ac was then purified by

PD-10 chromatography and the labelling efficieneyedmined as above.

6.3.5.4 Stability in PBS

100 pL of f*Cu]2.41-C2Ac isolated in PBS from PD-10 purification (raldibelled eithewia the
pre- or or postlabelling method) was incubatedB7aC. Samples were taken at 1, 2 and 20 h and
analysed by radio-TLC or SDS-PAGE followed by dlecic autoradiography (Cyclone
phosphorimager, Perkin-Elmer, UK). Radio-TLC wasf@ened using a mobile phase of 10%
ammonium acetate:methanol (1:1) and plates weretaned using a radio-TLC scanner (Lablogic,
UK). Stability was calculated as the area undef@u]2.41-C2Ac peak (R= 0) versus the area

under the remaining chromatograph).

6.3.5.5 Serum stability
100 pL of P'Cuj2.41-C2Ac (radiolabelled via the pre-labelling methodsaincubated in 400 pL
human serum (Sigma, Poole, UK) and incubated aC.3&t 1, 2, 6 and 20 h samples were taken

and analysed as described for PBS incubations above
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6.4 Experimental details for Chapter 4

6.4.1 Synthetic Chemistry

General Procedure C:Coupling reactions of HATSM/en with halogenated carboxylic acid.
H,ATSM/en was suspended in the minimum amount of DNIRe carboxylic acid (1.1 eq),
diisopropylethylamine (1.1 eq) and benzotriazold-bxy-tris-(dimethylamino)-phosphonium
hexafluorophosphate (BOP) (1.1 eq) were added lamadnixture was stirred at room temperature
for 4 h until a clear solution was formed.,® was then added until formation of a white
precipitate. The suspension was sonicated, thapiige collected by filtration and washed with

copious amounts of @ and a few drops of ice-cold EtOH and ice-colgDEt

General Procedure D: Copper complexation

The proligand and Cu(OAgH,O (1.2 eq) were stirred in the minimum amount ofefor
30 min at rt. The solvent was removiedvacuoand ice cold KHO was added. The suspension
was briefly sonicated and the solid formed wasem#d by filtration and washed with a few

drops of ice-cold EtOH before being driedvacuo.

Boc-ethylenediamine (4.04)
I\ 4/(0 Boc-ethylenediamine was prepared following a presip reported
- 0% proceduré’ Di-tbutyldicarbonate (8.74 g, 40.0 mmol) was dissd in
chloroform (200 mL). This was slowly added to edmg diamine (28 mL, 428 mmol) in 400 mL
chloroform at 0°C. The mixture was allowed to wanm to room-temperature overnight during
which time a white precipitate formed. The mixtuvas washed with brine (5 x 100 mL),®
(100 mL) and the organic phase was dried over Mg3®e solvent was removed vacuoto
afford the product as a clear, colourless oil (55688 %)."H NMR (400MHz, DMSO¢dg): 'H
NMR (CDCk): 5.00 (1H, broad, NBoc), 3.14 (2H, m, NkCH,), 2.77 (2H, m, E,NH), 1.42

(9H, s, Boc), 1.13 (2H, broad,Hy). *C NMR (300 MHz, DMSQd;)  156.2 C=0); 79.06
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(CCHy); 43.4 (CH), 41.82 CH,); 28.3 (@CH3); LRMS (M+H") m/z161.1 (calc. for €H:;N,0,"

161.1)

Methyl- N-(2-'butoxycarbonylaminoethyl)dithiocarbamate (4.05%

s, o 4.05was prepared following a previously reported pdoaze® Carbon
_S>~NH HNi\<O disulphide (1.90 mL, 31.59 mmol) was added dropvisea stirring
solution ofboc-ethylenediaminés.06 g, 31.58 mmol) and & (4.41 mL, 31.64 mmol) in EtOH
(100 mL) whilst maintaining room temperature withweater bath. After stirring for 1% h,
iodomethane (1.97 mL, 31.64 mmol) was added andehidting mixture stirred for a further 1% h.
The solvent was removead vacuoand the residue suspended in ethyl acetate. Tésswashed
with 1M HCI (100 mL), saturated sodium bicarbonstéution (100 mL) and 0 (100 mL). The
organic phase was dried (Mgg@nd solvent removeith vacuoto give4.05as an off-white solid
(7.05 g, 89%)."H NMR (200 MHz, CDC)):  8.33 (1H, broad, N(C=S), 4.94 (1H, broad,
NHBoc), 3.73 (2H, m, B,NH(C=S), 3.36 (2H, m, B,NHBoc), 2.53 (3H, s, B:S), 1.39 (9H, s,
Boc); ¥*C NMR (300 MHz, DMSO-g: 199.8 (C=S), 158.3 (C=0), 80.9TCH,), 50.11
(CH,NH(C=S)), 39.1 CH,NHBOoC), 28.8 (CHs), 18.4 CHsS); LRMS (M-H) m/z249.1 (calc. for

CoH17NO,S; 249.1)

4-N-(2-'butoxycarbonylaminoethyl)-3-thiosemicarbazide (4.08>

4.06 was synthesised according to a previously repgtededure?

S 0
H,N—NH NH HN«O A solution of methylN-(2-butoxycarbonylaminoethyl)dithio-

carbamate (7.00 g, 27.85 mmol) and hydrazine hgd&2 mL, ca. 38.50 mmol) were dissolved in
EtOH (100 mL) and heated under reflux for 2% Hilse solvent was removed vacuoand the
residue redissolved in CHLIThis solution was passed onto a plug of silicastked with CHGI
and washed through with MeOH. The MeOH fraction veasporated to give an oil which
solidifies on standing (6.58 g, 99%MH NMR (200MHz,CDCL): 7.8 (1H, broad, NNH,), 7.48
(1H, broad, CENHC=S), 4.99 (1H, broad, GNHBoc), 3.76 (2H, broad, NHMN,), 3.69 (2H, m,

CH,NHC=S), 3.32 (2H, m, B,NHBoc), 1.45 (9H, s, Boc}’C NMR (300 MHz, CDG)) 182.3
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(C=S), 156.5 (C=0), 79.55CHs), 44.2 CHy), 40.1 CHy), 28.3 (CCH5); LRMS (M-H) m/z233.1

(calc. for GH17N4O,S 233.1)

Diacetyl-2-(4N-methyl-3-thiosemicarbazone)-3-(4N-'butylethylcarbamate-3-thiosemicarba-
zone) (HATSM/en-Boc) (4.07§

H H,ATSM/en-Boc was synthesised following a previously
/ \N\NH OYO reported proceduré. 4-N-(2-'butoxycarbonylaminoethyl)-3-
\Nks s)\”/\/NH thiosemi-carbazide (2.5 g, 10.7 mmol) was suspeimdethanol
(30 mL) and stirred at 50°C. Diacetyl-2{#methyl-3-thiosemicarbazone) (1.83 g, 10.6 mmol)
was added in portions over 30 min. After the fiaddition, 2 drops of conc. HCI was added and
the reaction heated at 80°C for 3 h. The soluti@s Veft to cool and a white precipitate was
collected by filtration, washed with cold ethandlX 20 mL) and diethyl ether (1 x 10 mL), and
dried in vacuoto afford4.07 as a white solid (3.1 g, 72%H NMR (200 MHz, DMSOd): d
10.30 (1H, s, S=CNN), 10.28 (1H, s, S=CNN), 8.45 (1H, m, CENHC=S), 8.37 (1H, m,
CH,NHC=S), 7.02 (1H, tJ = 5.1 Hz, NHBoc), 3.62-3.59 (2H, m, I&;NHC=S), 3.20-3.17 (2H, m,
CH,NHBoc), 3.02 (3H, dJ = 4.8 Hz, NH®,), 2.22 (6H, s, 2x N=CB,), 1.37 (9H, s, Boc)*C
NMR (300 MHz, DMSOds) d 178.5 €=S), 178.0 C=S), 156.2 C=0), 148.3 (N:C), 147.8
(N=C), 77.9 CCHy), 44.0 (NHG,CH,), 38.3 (NHCHCH,), 31.2 CHsNH), 28.2 (GCH3) 11.7

(CHsC=N), 11.6 CH3:C=N); LRMS (M-H) m/z388.2 (calc. for GH»sN-O,S, 388.2)

Diacetyl-2-(4-N-methyl-3-thiosemicarbazone)-3-(4N-ethylamine-3-thiosemicarbazone)
(H,ATSM/en) (2.36)>
H,ATSM/en was synthesised following a previously mpd
>/ \< )
NN proceduré? TFA (2 mL) was added t4.07 (3 g, 7.7 mmol) and

\Nks S%\N/\/Nl-b
N

solvent was removetih vacuoand saturated NaHGQvas added slowly, dropwise, until a white

the solution was stirred for 90 min at room tempem The

suspension was formed. After stirring for 15 mirr@m temperature, the solid was filtered off,
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washed with HO (2 x 20 mL), a few drops of cold EtOH and@i2 x 20 mL) before being dried
in vacuoto afford HATSMen (1.8 g, 75%) as an off-white solfti NMR (400 MHz, DMSOds
with added TFA):d 10.50 (1H, s, S=CNN), 10.25 (1H, s, S=CNN), 8.50 (1H, q, J = 6.7Hz,
CH,NHC=S), 8.40 (1H, t, J=4.4 Hz, GNHC=S), 7.87 (3H, brs, NfJ), 3.85-3.80 (2H, m,
CH,NHC=S), 3.08-3.01 (2H, m, {;NH;"), 2.22 (6H, s, 2x N=CB5); *C NMR (125.8 MHz,
DMSO-dg): d 178.5 C=S), 178.5 C=S), 148.9 (NC), 147.8 (N:C), 44.0 (NHGH,CH,), 38.0
(NHCH,CH,), 31.2 CHsNH), 11.7 CHsC=N), 11.6 CH;C=N); LRMS (M+H") m/z290.1 (calc.

for CoHaoN;S," 290.1)

Diacetyl-2-(4N-methyl-3-thiosemicarbazone)-3-(4N-ethylamine-3-thiosemicarbazonato)-

zinc(ll) (ZnATSM/en) (2.38)%

> { To a stirring suspension of,ATSM/en (0.250 g, 0.859 mmol) in
v AN
NI/ \Zn/ \|N methanol (15 mL) was added Zn(OA&),0 (0.230 g, 0.594
\N)\S/ \SJ\N/\/NHZ
H H mmol) and a dark yellow solution formed. This wasited under

reflux for 3 h during which time a yellow precigigaformed. The precipitate was collected by
filtration, washed with MeOH and driéd vacuo Triethylamine (~1 mL) was added to the filtrate
followed by an excess of water and a yellow prigaie formed which was collected by filtration,
washed with cold MeOH (10 mL) and driedvacuo Both solids were the desired prod@c38
(0.290 g, 80%)H NMR (300 MHz, DMSOsdg):  ppm 7.32 (1H, brs, NCH,CH,), 7.16 (1H,
brs, NHCH;), 3.27 (2H, m, €,CH,NH,) 2.82 (3H, d, J 3.5 Hz, CHNH) 2.42 (2H, br., €&,NH,),
2.22 (3H, s, E5C=N), 2.14 (3H, s, BsC=N). LRMS(M+H)" m/z 352.0 (calc. for gH;gN;S,Zn"

352.0); HPLOM,) R,=5.8 min
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Diacetyl-2-(4-N-methyl-3-thiosemicarbazone)-3-(4N-ethylamine-3-thiosemicarbazonato)-
copper(ll) (CUATSM/en)? (4.08)
i / To a stirring suspension of,ATSM/en (0.250 g, 0.865 mmol) in
N~ \/ ; N methanol (10 mL) was added Cu(OAERLO (0.181 g,
~ )l\ /Cu\ J\ A~ _-NH;
N~ s s N 0.908 mmol) and the mixture stirred at room tempeeafor 1 h.
A brown precipitate was collected by filtration, steed with MeOH and ED then driedn vacuo
(0.198 g, 65%). LRMS (M+H)m/z351.0 (calc. for @H1gCuN;S, 351.0). HPLC (M) R, = 5.38

min

H,ATSMenF (4.09)

HN/N/ \N\NH F C using HATSMen (150 mg, 0.52 mmol), 4-
H
\”ks s}\”/\/Nm)@ fluorobenzoic acid (88 mg, 0.57 mmol),
o)
diisopropylethylamine (74 mg, 0.57 mmol) and BOBQ2ng, 0.57 mmol) in DMF (1.5 mL).

4.09was synthesised according to General Procedure

The product was isolated as a white solid (145 Wtg%).*H NMR (400 MHz, DMSO-¢): d
10.30, 10.23 (2H, s, 2 (C=S)-NH-N), 8.71 (1H, t,J = 5.20 Hz, NHHC=0), 8.59 (1H, tJ = 5.20
Hz, CH,NHC=S), 8.39-8.36 (1H, m, GNIHC=S), 7.94-7.91 (2H, m,"2ArCH(C=0)), 7.31-
7.28 (2H, m, 2ArCH), 3.77-3.73 (2H, m, C=SNH&CH,;), 3.53-3.50 (2H, m,
C=SNHCHCH,), 3.02 (3H, d,J = 4.5 Hz NH®,), 2.22 (3H, s, E3C=N), 2.21 (3H, s,
CH;C=N); **C NMR (125.8 MHz, DMSQd;): d 178.5 C=S), 178.1 C=S), 165.9 C=0),
163.9 (d, ACF, J = 248 Hz), 148.4 (N=C), 147.9 (NeC), 130.7 ((C=0)A€H), 129.2 (d,J =
22 Hz, AICH), 115.2 (d,J = 10.0 Hz, ACHF), 44.2 (G,NH(C=0)), 38.7 ((C=S)NHGEI,),
31.2 CH3NH), 11.8 CHs;C=N), 11.6 CHs;C=N); HRMS (ESI): (M+Na)" calcd for
Ci6H2oFN;NaOS"* 434.1203; found 434.120Elemental Analysis Found C, 46.6; H, 5.4; N,

23.8. GeH2oFN,OS; requires C, 46.7; H, 5.4; N 23.8%
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CuATSMenF (4.03)

\/ / 4.03 was prepared following General Procedure D,

7 N\
SN using HATSMenF (40 mg, 0.10 mmol) and
P AN
N /\/
Cu(OAck-H,O (24 mg, 0.12 mmol) to afford the

desired product as a brown solid (37 mg, 81%). HRNESI): (M-H)  calcd for
C16H1sCUFN,OS, 471.0378; found 471.0376; HPLC (MR, = 9.07 min, Elemental Analysis

Found C, 35.5; H, 3.3; N, 16.6,6H,,CuFN;,OS; requires C, 40.6; H, 4.2; N 20.7%

Succinimidyl-4-fluorobenzoate (FSB, 4.16§
0 4.10 was synthesised according to a previously reporpedcedure. 4-

0 ON?:‘ Fluorobenzoic acid (547 mg, 3.90 mmol) was dissblwveanhydrous acetonitrile
g/; ° (20 mL). To this was added dissucinimidyl carbonéteg, 3.90 mmol) and

i pyridine (316 pL, 3.90 mmol) and the solution wised at room temperature for
90 min. The solvent was evaporated and the crudelupt was purified by flash column
chromatography EtOAc:Hexane (1:1) to afford theiréesproduct as a white crystalline solid (520
mg, 56 %)H NMR (400 MHz, DMSOde): d 8.24-8.13 (2H, m, Arfl), 7.55-7.42 (2H, m, ArB),
2.90 (4H, s, N(C0O8.,),); *C NMR (50.3 MHz, DMSQCdy): d 170.3 (NCOCH,),), 166.3 (d,J =
255.1 Hz, ACF), 160.9 (ACO,), 133.26 (d,] = 10.3 Hz, ACH), 121.1 (AC), 116.9 (dJ = 22.1

Hz, ArCH), 25.6 (N(CCCH,),)

Ethyl 4(-trimethylammonium triflate)benzoate (4.11F> %
COZE 4.11 was synthesised following a previously reporte@cpdure?™ *° Ethyl-4-
(dimethylamino)benzoate (1.9 g, 9.8 mmol) was digsb in E;O (20 mL) and
NMe;oT  methyl triflate (0.8 mL, 7.0 mmol) and the solutiaras stirred for 2 h after which
time a precipitate had formed. The crude produdi filtered off and washed with excessCt
Recrystallisation from CkCl, afforded4.11 as a white, crystalline solid (2.0 g, 57%) NMR

(200 MHz, DMSO¢): d 8.19-8.09 (4H, m, Ar8), 4.36 (2H, qJ) = 7.2 Hz, G1,CH,), 3.64 (9H, s,
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N(CHa)s), 1.34 (3H, tJ = 7.2 Hz, CHCHy); *C NMR (50.3 MHz, DMSQs): d 164.4 CO,EY),
150.5 (ACNMe;), 131.4 (AC), 130.7 (ACH), 121.3 (ACH), 61.4 CH,CHs), 56.4 (NCHa)s),

61.4 (CHCH,)

4-Formyl-N,N,N-trimethyl benzaminium trifluoromethane sulfonate (4.14Y’
O _H 4.14 was synthesised following a previously reported ocpduré’
4-Dimethylaminobenzaldehyde (1.5 g, 10.0 mmol) wi&ssolved in dry CECI,

. under argon atmosphere. To this was added, dropwmeghyl trifluoromethane
sul?gﬂs;gf(l.ZZ mL) and the mixture was stirredt atvernight. The solution was concentrated to
20 mLin vacuoat ambient temperature. The concentrated soluwasithen added, dropwise, to ice
cold EtO (200 mL). the granular precipitate was filtered avashed with EO (3x 50 mL) and
driedin vacuoto afford4.14as a white solid (0.8 g, 76%4H NMR (400 MHz, DMSOds): d (1H,

s, (HO), 8.22-8.19 (2H, m, ArB), 8.17-8.13 (2H, m, Ar), 3.66 (9H, s, N(E),); *C NMR
(50.3 MHz, DMSOd): d 192.2 CHO), 151.1 (AENMes), 136.8 (AC), 131.0 (ACH), 121.7

(ArCH), 56.4 (NCHs)s)

Succinimidyl-4-iodobenzoate (SIB, 4.15}
o 4.15was synthesised according to a previously repgtededure. To a solution
0 ONi\ZJ of 4-iodobenzoic acid (2.5 g, 10.2 mmol) in dry £H# (30 mL) was added
o) dicyclohexylcarbodiimide (3.0 g, 14.5 mmol) and Mdloxysuccinimide (1.3 g,
11.3 mmol). The solution was left to stir for 24 dnd the precipitated
dicylclohexylurea was filtered off. The filtrate wagaporatedn vacuoto yield a crude solid which
was suspended in 20 mL of 1:1 &H,:hexane and then filtered. The insoluble solid eated in
MeOH to yield the desired product (1.3 g, 37%) aghite crystalline solid'H NMR (400 MHz,
DMSO-dg): d 8.06 (2H, dJ = 8.2 Hz, 2x(C=0)Ar@), 7.83 (2H,J = 8.2 Hz, 2xAr®), 2.89 (4H,
s, N(C=0)(CH,),); *C NMR (100.6 MHz, DMSQt): 170.2 (C=0)(CH,),), 161.6 (ArCC=0)),

138.6 (ACHI), 131.3 (AICH), 123.8 (AC) 104.9 (ACI), 25.6 CH)))
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ZNATSE/A-iminel (4.20)

\/ / ZnATSE/A (200 mg, 0.54 mmol) was suspended in MeOH
7 \

N z (40 mL) and purged under,Nitmosphere for 15 min. 4-
SN )\ n\ /K
N

lodobenzaldehyde (150 mg, 0.65 mmol) was added and
the mixture was heated at 55°C undgrainosphere for 5h. The solution was left to coul the
solvent volume was reducéud vacuobefore the solid was isolated by filtration, wasléth cold
MeOH and and drieth vacuoto afford4.20as a bright orange solid (283 mg, 95%) NMR (300
MHz, DMSO-ds): d 11.31 (1H, s, HC=NN(C=S)NHN=), 8.05 (1H, m, ArB=N), 7.77 (2H, d;J
= 8.5 Hz, ArH), 7.41 (2H, d] = 8.5 Hz, ArH), obscured by residua}® peak 3.39-3.36 (2H, m,
CH,CHj; obscured by residual B peak), 2.27 (3H, s, B5C=N), 2.21 (3H, s, 85C=N) and 1.15
(3H, t,J = 6.9 Hz, CHCH3), NHEt not observed-C NMR (75 MHz, DMSOd,): d 148.5 (N=C),
140.3 (HC=NNH), 137.5 (ACH), 134.9 (AC), 128.2 (ACH), 95.1 (ACI), 38.6 CH,CH;), 14.1
(CHCHs), 11.6 CH3C=NNH(C=S)NHEt), CH3;C=N) not observed,E=S) not observed; HRMS
(ESI): (M+H)" calcd for GsH1oIN;S,Zn* 551.9474; found 551.9468; Elemental Analysis Found

C, 32.4; H, 3.3; N, 17.5. €H1sIN;S,Zn requires C, 32.6; H, 3.3; N 17.7%

H,ATSE/A-iminel (4.19)

\/ / H,ATSE/A (150 mg, 0.55 mmol) was suspended in MeOH
7 N\
N N NH v<E/' (20 mL). 4-lodobenzaldehyde (177 mg, 0.763 mmol¥ wa
/\N/gs S)\N/N D . . .
H H added and the suspension was stirred overnight anr

additional 20 mL of MeOH was added and the solid Viltered off, washed with Ci&l, (10 mL),
Et,O (10 mL) and dried under vacuum to affeétd9 as a white solid (190 mg, 71%H NMR
(300 MHz, DMSOeg): d 11.4 (1H, s, HC=NM(C=S)NHN=), 10.69 (1H, s,
HC=NNH(C=S)NHN=), 10.21 (1H, s, EtNH(C=S}NN=), 8.47 (1H, tJ = 5.6 Hz, NHEt), 8.13
(1H, brs, ArG1=N), 7.83 (2H, dJ = 7.9 Hz, ArCH), 7.54 (2H, dJ = 7.9 Hz, Ar®H), 3.61 (2H, m,
CH,CHs), 2.29 (3H, s, BsC=N), 2.24 (3H, s, B5C=N), 1.15 (3H, tJ = 7.2 Hz, CHCH,); °C

NMR (75 MHz, DMSOds): d 177.5 (EtNHC=S), 174.6 (HC=NNHC=S), 153.2
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(HC=NNH(C=S)NHN:C), 147.8 (EtNH(C=S)NHNC), 142.6 (FC=NNH), 137.7 (ACH), 133.4
(ArC), 129.04 (ACH), 97.2 (ACl), 386 (CH.CH;), 144 (CHCH;), 116
(CHsC=NNH(C=S)NHEt), 11.1 CH;C=NNH(C=S)NHNH); HRMS (ES): (M+Na)" calcd for
CisHolN7/NaS" 512.0148; found 512.015&PLC (My) R, = 11.85 min; Elemental Analysis

Found C, 36.9; H, 4.0; N, 20.0,48,0IN-S; requires C, 36.8; H, 4.1; N 20.0%

CUATSE/A-iminel (4.15)

4.15was prepared following General Procedure B, using
7\

N NSy ' 4.20 (30 mg, 0.05 mmol) and CuC{10 mg, 0.06 mmol)
AL A
/\N s \S N/ NS
H H

to afford the desired product as a brown solid 28,
84%). HRMS (ES): (M-H) calcd for GsH;7CulN;S,” 548.9333; found 548.9332. HPLC (VR
= 13.5 min Elemental Analysis Found C, 30.7; H; 615.6. GsH1sCUulIN;S, requires C, 32.7; H,

3.3;N17.8%

H,ATSE/A-I (4.23)
>—( 4.23 was synthesised according to General Procedure A
N NH I using HATSE/A (200 mg, 0.73 mmol), 4-iodobenzoic
H
/\Hks S%Q/NYQ/ acid (198 mg, 0.80 mmol), diisopropylethylamine 310
mg, 0.80 mmol) and B(;)P (353 mg, 0.80 mmol) in DMFAL). The product was isolated as an
off-white solid (340 mg, 93%)H NMR (500 MHz, DMSOd,): d 10.68 (2H, br s, N(C=0)Ar,
NHNH(C=S)NHN=), 10.16 (2H, s, NHN(C=S)NHN=, EtNHC=SMIN=), 8.44 (1H, tJ = 5.7 Hz,
NHEt), 7.92 (2H, dJ) = 8.5 Hz, ArGH), 7.69 (2H, dJ = 8.5 Hz, ArG), 3.60 (2H, m, &,CHs),
2.26 (3H, s, E,C=N), 2.23 (3H, s, B;C=N), 1.15 (3H, tJ = 7.3 Hz, CHCH,) ; **C NMR
(126 MHz, DMSO#€k): d 179.8 (NHNHC=S), 177.4 (EtNIE=S), 164.9 (NHNIC=0), 149.8
(EtNH(C=S)NHN:C), 147.9 (NHNH(C=S)NHNC), 137.4 (ACH), 132.4 (AC(C=0)NH), 129.4
(ArCH), 99.51 (ACI), 38.6 CH,CHs), 14.4 (CHCHs), 11.9 CH;C=NNH(C=S)NHEt), 11.7

(CHsC=NNH(C=S)NHNH); HRMS (ESI): (M-H)" calcd for GsHidN;0S, 504.0132; found
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504.0138;HPLC (M;) R, = 12.47 min; Elemental Analysis Found C, 35.6;3B; N, 19.3.

CisHo0IN,OS; requires C, 35.7; H, 4.0; N 19.4%

CUATSE/A-I (4.17)
4.17 was prepared following General Procedure B, using
NN I 4.23(60 mg, 0.12 mmol) and Cu(OAej,O (26 mg, 0.14
S s N mmol) to afford the desired product as a brownds(sic
mg, 74%). HRMS (ES): (M-H)  calcd for GsH,,CuIN;0S, 564.9271; found 564.9278tPLC
(My) Ri=12.47 min; Elemental Analysis Found C, 31.7; k2, B, 17.3. GHsCulN;OS; requires

C,31.8;H,3.2; N17.3%

Tributylstannylbenzoic acid (4.24)
Os_OH Ethyl 4-(tributylstannyl)benzoate was synthesiseflofving a previously reported
procedure? Briefly, a solution of CoBr (380 mg, 1.75 mmol), allyl chloride (200 mg,
Lg, 2.62 mmol) and zinc dust (1.43g, 21.8 mmol) in acittile (1L0mL) was stirred at room
temperature, and activated by 100 pL of trifluoegacacid. The mixture was stirred for 5 min and
the temperature increased. To this solution wede@di-ethylbromobenzoate (2.0 g, 8.7 mmol)
and tributyltinchloride (3.13 g, 9.6 mmol) and thexture was stirred for 1h. Saturated )}
solution was added for hydrolysis and the mixturgsvextracted with ED to give the crude
arylstannane. A silica short plug (pentane) gawedthyl 4-(tributylstannyl) (3.04 g, 80%) as a
colourless clear oil'H NMR (300 MHz, DMSOd,): d 7.98 (2H, d,J = 8.2 Hz, 2ArCH), 7.56
(2H, d,J = 8.2 Hz, 2ArCH), 4.38 (2H, g, = 7.0 Hz, &1,CH), 1.57-1.49 (6H, m), 1.42-1.27 (9H,
m),1.12-1.06 (6H, m), 0.89 (9H, §,=7.0 Hz). To ethyl 4-(tributylstannyl)benzoate5d, 3.4
mmol) in THF/HO (30 mL/20 mL) was added LiOH;8 (570 mg, 13.6 mmol) and the solution
was heated to reflux for 20 h. After acidificatienth 2M HCI, the solution was extracted with

Et,O and the solvent was removiedvacuoto afford tributylstannylbenzoic acid (1.4 g, 99&6) a

colourless oil'H NMR (400 MHz, DMSOs,): d 12.87 (1H, brs, COB), 7.87 (2H, dJ = 7.5 Hz,
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2" ArCH), 7.57 (2H, d,J = 7.5 Hz, 2 ArCH), 1.53-1.47 (6H, m), 1.38-1.32 (6H, m), 1.08-1(6H,
m), 0.89 (9H, tJ = 7.0 Hz):**C NMR (125.8 MHz, DMSQ4d,): d 167.6 (C=0), 148.5 (ArC), 136.3
(ArCH), 130.4 (AE€), 128.3 (ACH), 28.5 CH,), 26.7 CH,), 13.52 (Sn(ChsCHs), 9.23

(3xSrCH,), LRMS (ESI): (M-H)  calcd for GgH3;0Sn 411.1; found 411.1

H,ATSE/A-ArSnBu; (4.25)
>_< 4.25was synthesised according to General Procedure

i N ’ S"B% A using HATSE/A (200 mg, 0.73 mmol), 4-
/\HXS S)\N/N\g)ij/ (tributylstannyl)benzoic acid (338 mg, 0.80 mmol),
diisopropylethylamine (100 mg, 0.80 mmol) and B@GB3 mg, 0.80 mmol) in DMF (4 mL). After
H,O was added the resulting suspension was sonidatgyrecipitate was filtered off and washed
with pentane before being driéul vacuoto afford4.25as an off-white solid (410 mg, 85%H
NMR (400 MHz, DMSOds): d 10.65 and 10.57 (2H, br s,H{C=0)Ar, NHNH(C=S)NHN=),
10.16 (2H, s, NHM(C=S)NHN=, EtNHC=SMN=), 8.45 (1H, tJ = 5.6 Hz, \HEt), 7.85 (2H, m,
ArCH), 7.58 (2H, m, Ar@), 3.61 (2H, m, E,CHs), 2.27 (3H, s, E;C=N), 2.24 (3H, s,
CHsC=N), 1.56-1.48 (6H, m, SNCK{CH,),CHs), 1.37-1.25 (6H, m SnCCH,),CHs), 1.15 (3H, t,
J = 7.1 Hz, CHCH,) 1.10-1.06 (6H, SnB,), 0.87-0.83 (6H, m, SnGKCH,),CHs); *C NMR
(101 MHz, DMSOd): d 179.8 (NHNHC=S), 177.5 (EtNI€=S), 160.3 (NHNHC=0), 148.0 and
146.7 (EtNH(C=S)NHNC, NHNH(C=S)NHN:=C), 136.2 (ACH), 132.6 (AC(C=0O)NH), 126.7
(ArCH), 38.7 ((C=S)NH®,), 28.6 (SNCH(CH,),CHs), 26.7 (SNCH(CH,),CHs), 14.4 (CHCH,),
13.6 (SNCH(CH,),CHs), 11.9 CH3C=N), 11.7 CH;C=N), 9.3 (SE€H(CH,),CHs); ArCSn not
observed; HRMS (ESI (M-H)" calcd for G/H4eN,OSSn 668.2235; found 668.2232; Elemental

Analysis Found C, 48.6; H, 7.2; N, 14.8.44,;N,OS;Sn requires C, 48.5; H, 7.1; N 14.7%
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4.26 was synthesised according to General Procedure

N

CUATSE/A-SnBuU; (4.26)

N B, using HATSE/A-SnBy (80 mg, 0.12 mmol) and

N Noy SnBu;
| | H
AN/ks S)\N/N\H/©/ Cu(OAck-H,O (29 mg, 0.14 mmol) to afford the
H H

o

\9/
/ N\ =

desired product as a black solid (56 mg, 76%). HRMS
(ESI): (M+Na)" calcd for G/H,sCuN;,NaOSSn™ 753.1333; found 753.1314; Elemental Analysis

Found C, 44.6; H, 6.2; N, 13.4,#,:CuN;OS;Sn requires C, 44.4; H, 6.2; N 13.4%

H,ATSMenl (4.27)

>_< 4.27was synthesised according to General Procedure C

N N N H ! using HATSMen (200 mg, 0.69 mmol), 4-iodobenzoic
\”/gs S%H/\/NWOW/G/ acid (110 mg, 0.76 mmol), diisopropylethylamine (98
mg, 0.76 mmol) and BOP (336 mg, 0.76 mmol) in DN2nfL). The product was isolated as a
white solid (304 mg, 85%fH NMR (400 MHz, DMSOd,): d 10.30 and 10.28H, s, 2° (C=S)-
NH-N), 8.74 (1H, s, MC=0), 8.58 (1H, s, NC=S), 8.38 (MIC=S), 7.85 (2H, dJ = 8.2 Hz, 2
ArCH(C=0)), 7.63 (2H, dJ = 8.2 Hz, 2ArCH), 3.75-3.74 (2H, m, C=SNHE;CH,), 3.71-3.50
(2H, m, C=SNHCHCH,), 3.03 (3H, dJ = 4.5 Hz NHGy), 2.22 (3H, s, E;C=N), 2.21 (3H, s,
CH5C=N); *C NMR (125.8 MHz, DMSGQ4d,): d 178.5 C=S), 178.1 C=S), 166.2 C=0), 148.4
(N=C), 147.9 (NC), 137.1 ((C=0)A€H), 133.6 (AC), 129.2 (ACH), 98.9 (ACIl), 44.0
(CH,NH(C=0)), 38.7 ((C=S)NH®,), 31.2 CHsNH), 11.7 CH,C=N), 11.6 CH:C=N); HRMS
(ESI): (M+Na)* calcd for GgH,IN;-NaOS" 542.0264; found 542.0271; HPLC (MR, = 11.8
min; Elemental Analysis found C, 36.87; H, 4.14; 18.94. G¢H.,IN,OS; requires C, 37.0; H,

4.27; N 18.88%
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CuATSMenl (4.18)

\/ \/ 4.18 was prepared following General Procedure D,
7\
NI/N\ u/N\lm ’ ! using4.27 (60 mg, 0.116 mmol) and Cu(OAd),O (28
N S S I mg, 0.13 mmol) to afford the desired product ascavh

solid (50 mg, 74%). HRMS (ESt (M+Na)" calcd for GeHCulN;NaOS" 602.9404; found
602.9398; HPLC (M R; = 9.07 min; Elemental Analysis Found C, 32.93;386; N, 16.79.

C16H20CuIN;OS; requires C, 33.08; H, 3.47; N 16.88%

H,ATSMen-ArSnBus (4.28)
4.28 was synthesised according to General
>/ \<

-y Nm ’ SnBus - Procedure C using #AATSMen (200 mg, 0.69
\”ks s%\”/\/Nm/@ mmol), 4-iodobenzoic acid (110 mg, 0.76 mmol),
diisopropylethylamine (980mg, 0.76 mmol) and BOBg3ng, 0.76 mmol) in DMF (2 mL).
The crude product was washed with pentane a@ &hd driedn vacuoto afford the desired
product as a white solid (176 mg, 55%). The produas isolated in 95% purity (by HPLC)
and can further be purified to >99% purity by pregteve HPLC using an MeCNA® gradient
system!H NMR (400 MHz, DMSO#ds): d 10.30 and 10.23 (2H,s, 2(C=S)-NH-N), 8.69-8.61
(2H, m, NHC=S), 8.41-8.36 (1H, m,HC=0), 7.79-7.76 (2H, m,"2ArCH(C=0)), 7.54-7.51
(2H, d with Sn satellites] = 8.2 Hz, 2 ArCHSn), 3.77-3.71 (2H, m, C=SNH{CH,), 3.71-
3.50 (2H, m, C=SNHCKCH,), 3.03 (3H, dJ = 4.5 Hz, NHG3), 2.25 (3H, s, €;C=N), 2.21
(3H, s, G3C=N), 1.56-1.44 (6H, m, SNGKCH,),CHs), 1.35-1.20 (6H, m SnC}CH,),CHs),
1.09-1.03 (6H, m, Sn@,), 0.86-0.81 (6H, m, SnCKCH,),CHs); *C NMR (125.8 MHz,
DMSO-dg): d 178.5 €=S), 178.1 C=S), 167.3 C=0), 148.4 (N:C), 148.0 (N:C), 147.0
(ArCsn), 136.1 (A€HSn), 133.8 (A€), 126.5 (ACH), 44.5 (®H,NH(C=0)), 38.7
((C=S)NHM,), 31.2 CH3NH), 28.57 (SNCKCH,),CHs), 26.65 (SNnCH{CH,),CHs), 13.55
(SNCH(CH,),CHs), 11.7 CH5C=N), 11.6 CH3;C=N), 9.21 (S&H,(CH,),CHs); HRMS (ESI):

(M-H)" calcd for GgH4gN;OS,Sn 682.2391; found 682.2400; Elemental Analysis Foahd
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49.4; H, 7.1; N,14.3. £H4N;OS,Sn requires C, 49.3; H, 7.2; N 14.4%

CuATSMenSnBu; (4.29)
CuATSMenSnBy was synthesised following
7 N\
N|/N\CU/N\|N ’ SnBus General Procedure D, using,ATSMenSnBy
SN N e N
H H I (80 mg, 0.12 mmol) and Cu(OAcH,O (28 mg,
0.14 mmol) to afford the desired product as a remidn solid (68 mg, 81%). HRMS (ES!
(M+Na)" calcd for GgHs7CuN,NaOSSn 767.1490; found 767.1507Elemental Analysis

Found C, 32.4; H, 3.2; N, 17.6,4E,,CuN;OS,Sn requires C, 32.6; H, 3.3; N 17.7%

4-Trimethylstannyl)benzoic acid (4.30&Y’
o. _oH 4-(Trimethylstannyl)benzoic acid was synthesisetlofang a previously reported
procedure? To a round-bottom flask under nitrogen contairdrigdobenzoic acid (1.0
g, 4 mmol) in degassed 1,4-dioxane (80 mL) wereedduexamethyldistannane (2 mL,
4.88rr]:1/|:r310|) and 20 mg bis-(triphenylphosphine)-patllag(ll)-dichloride (20 mg, 0.03 mmol). The
solution was stirred at 60°C for 90 min. After rarabof the solventn vacuothe crude mixture
was purified by flash chromatography column (30x206h) using an EtOAc:hexane gradient
(100% hexane-60% hexane:40% EtOAC) to yield 4-@thyglstannyl)benzoic acid (1.0g, 87 %) as
a white crystalline solidH NMR (400 MHz, DMSO#d): d 8.06 (2H, d,J = 8.0 Hz, (C=0O)ArE1,),
7.64 (2H, d with Sn satellited,= 8.0 Hz, SnArEl,), 0.35 (9H, s with Sn satellites, SHE; **C

NMR (100.6 MHz, DMSOdq): 172.6 C=0), 151.0 (S6), 135.9 (SnArCH), 129.3 and 129.0

(CCOH and AICH), -9.5 (SICH5); LRMS (M-H) m/z284.9 (calc. for GH1,0,Sri 285.0)
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N-succinimidyl-4-(trimethylstannyl)benzoic acid (p-MeATE) (4.30§°
o N-Succinimidyl 4-(trimethylstannyl)benzoic acid wagnthesised following a
0. O-N previously reported proceduf®.To a dry round-bottom flask containing dry
o) acetonitrile (15 mL) was added 4-(trimethylstanbghzoic acid (535 mg,
1.88 mmol), pyridine (182 pL, 2.26 mmol), andNiguccinimidyl) carbonate
o (579 mg, 2.26 mmol). The mixture was stirred fdr 4t room temperature and the
solvent was removeth vacuq also at room temperature. Flash column chromapiyr of the
crude product eluted with an EtOAc:hexane gradi@d%o hexane: 20% EtOAc -50% hexane:50%
EtOAc) affordedN-succinimidyl 4-(trimethylstannyl)benzoic acid (618g , 86 %) as a white
crystalline solidH NMR (400 MHz, DMSOd): d 8.06 (2H, dJ = 8.1 Hz, (C=0)Ar®,), 7.66
(2H, d with Sn satellites] = 8.1 Hz, SnAr€l,), 2.91 (4H, s, N(C=QJCH,),), 0.35 (9H, s with Sn
satellites, SnB); °C NMR (100.6 MHz, DMSQHg): 169.3 (C=0)(CH,)), 162.2 (ArCC=0)),

153.05 (SE), 136.2 (SNAICH), 129.2 (/8H), 124.6 (AC(C=0)), 25.7 CH,) -9.5 (SICHs)

ds-Butanedione (4.315°

0 ds-Butanedione was synthesized by adaptation of a previously tegor
D3CJKQ/CD3 procedure® 2,3-Butanedione (12 mL) was stirred undes &mosphere over
anhydrous MgS® 11 mL of the liquid was then refluxed for 48 httwi30 mL of DO made
approximately 0.5 N with E5Q,. The biacetyl was then distilled out of the salatiand dried.
After 2 such exchanges 2.5 mL (23 %) of deuterhtadetyl were obtained. Comparatité NMR
using CHBr, as an internal standard showed 89 % of the9d5 % of the g and 1.5 % of thed
deuterated species to be preséHt.NMR (500 MHz, CDCJ): d 4.92 (2H, s, CkBr,, internal
standard, 2.27 (0.015H, t) = 2.44 Hz, d), 2.25 (0.11 H, gJ = 2.20 Hz, ¢); °H NMR (500 MHz,

CDCly): d 2.28 (MD3), HRMS (FI) calcd for GDO, 92.0744; found 92.0744
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ds-Diacetyl-bis(4-N-methyl-3-thiosemicarbazone) (g¢H,ATSM) (4.32)*

DsC CD, 4-Methyl-3-thiosemicarbazide (1.56 g, 14.8 mmol) swdissolved in

a

vt NS MeOD (15 mL) anddg-butane-2,3-dione (700 pL, 7.41 mmol) and

\Nks S)\N/
H H

temperature for 16 h. The white precipitate waerdd, rinsed with water and EtOH and dried

concentrated 80, (5 drops) were added. The reaction stirred at room

vacuoto affordds-H,ATSM (1.81 g, 84%) as a white soffti’lH NMR (300 MHz, DMSOs): d
10.20 (2H, s, NHC(S=)NN=), 8.37 (2H, d,J = 5.8 Hz, 2° CH:NH); **C NMR (50.3 MHz,
DMSO-ds): 178.5 C=S), 148.5C=N), 31.3 (NHCH3), 11.3 (q,CDs(C=N)).?’H NMR (153 MHz,
DMSQO) 2.28 (m, CD) low intensity splitting suggest some evidencetf@ residual amount of
protonated species, HRMS (BSIM-H)" calcd for GHgDsNsS, 265.1182; found 265.1185; a

residual signal adl 2.14 indicates 0.1H ofs&pecies

ds-Diacetyl-bis(N4-methyl-3-thiosemicarbazonato) copper(ll) (¢ CUATSM) (4.33)

~
A
\)l\/\J\/

432 (0.50 g, 1.9 mmol) was suspended in MeOD (25 mhj{l a
CuOAc) H,0 (0.42 g, 2.09 mmol) was added. The reaction wasd at
room temperature for 4 h, and the red-brown preatipiwas filtered, and
rinsed with MeOH and ED. (0.50 g, 82%). HRMS (Bl (M+H)" calc. for GDgHsCUN:S,

328.0467, found 328.0337. HPLC VR, = 13.75 min

6.4.2 Radiochemical Synthesis

[*®F]4-fluorobenzaldehyde ([F]JFBA) ([ *®F]4.01F’

Ox ['®F]4.01 was synthesised on an automated Scintomics systhed by adapting a
previously reported procedure. To the drifKryptofix 222 complex (2000 MBq) was
- added4-formyl-N,N,N-trimethyl benzenaminium trifluoromethane sulfon§t® mg) in
0.3 mL anhydrous DMSO and the reaction was heated5 min at 90°C. The reaction was then

diluted with water (5 mL) and passed through a CS&Ep-Pak Plus®. The cartridge was washed

with H,O (5 mL) and then eluted with MeOH (2 mL). C-18 S$#k purification yielded 130 MBq
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of pure [®*F]FBA (non-decay-corrected RCY = 10 %) in MeCN asmlgsed by radio-TLC

(MeCN:H,0 95:5) and radio-HPLC.

[*®F]- N-succinimidyl 4-fluorobenzoate (f°F]FSB, [**F]4.10)*
o ['®F]4.10 was synthesised on an automated Scintomics systhest from
° O\N)/_S [*®F]FBA by adapting a previously reported proceddre.Phl(OAc) (28 mg in
Eé © 0.2 mL MeCN) was added®F]JFBA in MeCN (1 mL) andN-hydroxy-succinimide
18F (50 mg in 0.5 mL MeCN). The reaction was kept & ®r 15 min followed by 5
min at room temperature. The solution was passéul @1C-18 Semi-Prep Colunfar preparative
HPLC (isocratic 80:20 pD:MeCN) and reformulation into MeCN afforded 18 MBE[*F]FSB

(20% RCY non-decay corrected frofi{JFBA). HPLC (RM) R, = 8.9 min

[**F]CuUATSMenF ([*®F]4.03)
>_< To CuATSMen (1.3 mg in 300 pL DMSO) was added
NI/N\CU/N\lN y < [**F]FSB and 4 uL of EN. The reaction was stirred at
N s s HNN\Q/O 80°C for 15 min. Subsequent analysis by radio-TLC
(EtOAc:MeOH 95:5) and radio-HPLC showed completenvession of the active ester and
formation of a single product. Comparison with tiedd reference HPLC trace confirmed this to

be [°F]4.03 HPLC (RM) R = 8.1 min

[*4]-succinimidyl-iodobenzoate (}*4]SIB) ([ **]4.16)

['*4]4.16 was synthesised by adaptation of a previously rtedoproceduré’

(0]
0 ON?; Briefly, to 50 pL of 1mg mL* pMeATE in MeOH/AcOH (95:5) was added 50 pL
5 © MeOH/AcOH (95:5) and 10 pL N&I (130-200 MBq). The stock vial was rinsed

2 with an additional 10 uL EtOH to retrieve any reniag activity. To this was
added 1 iodination bead (Pierce® lodination Beduwrino Scientific) and the solution was left to
stand for 15 min. The reaction was terminated Ipasstion from the iodination bead; the solution

was pulled into a syringe containing 5 mLHand loaded onto a pre-conditioned C-18 Sep-pak
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Light® cartridge (Waters, Milford, MA). The cartge was washed with 3 mL.8 and eluted
with DMSO (100 pL void volume, then 500 uL DMSO taining ([*4]SIB, 90-140 MBq, 70 %
RCY). The product was analysed by radio-TLC (EtQ#ex, 1:1) and radio-HPLC. HPLC (RM

R.=14.8 min

[**4]H LATSMenl ([*#]4.27)
\/ / To [**]4.16 (138 MBq) in 500 pL DMSO was added
7 N\

123
HN/ ~

N NN ’ ' an excess of ATSMen (200 pg, 20 pL of 10 mg il
\NAS S%\N/\/N
H

H I in DMSO) and the reaction was allowed to reactsat4
for 1h in a closed vessel. The reaction mixture tha®s purified by semi-preparative HPLC (C18
column, Discovery Sciences) using gradient Methts.RThe fraction containing the product (61
MBq) was diluted with 3 mL kD and loaded onto a pre-conditioned C-18 Sep-Rglkt® and
eluted with EtOH (700 uL) to afford?l]H,ATSMenl (57 MBq, 30 % RCY from N&l). The
product was analysed by radio-TLC and radio-HPLC986% RCP). In addition, the product
identity was confirmed by spiking an aliquot of trealiotracer with a small amount of the cold
reference compound (8ug) and comparing the UV alofHPLC tracers. HPLC (R

R;=15.3 min

[**]CuATSMenl ([ **4]4.18)

\/ / To [**4]4.16 (90 MBq, produced from 120 MBq
2N
)N\/ N \IN P Na®) in 500 L DMSO was added an excess of
Cu
7N
N /\/ I H,ATSMen (200 pg, 20 pL of 10 mg rilin DMSO)

and the reaction was allowed to react at 45°C fbrid a sealed vessel. The reaction mixture was
then purified by reversed-phase, semi-preparati?e®(C18 column, Discovery Sciences) using
gradient method RM To the fraction containing¥1]H ,ATSMenl (48 MBq) was added 20 pL of
Cu(OACc).H,O (10 mg mL* in DMSO) and the solution was left to stand fornih before being
diluted with 3 mL HO and loaded onto a pre-conditioned C-18 Sep-igak Wwashed with 2 mL

H,O to remove any remaining €wand eluted with EtOH (700 L) to afforfJJCUATSMenl (48
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MBq, 40 % RCY from N&3). The product was analysed by radio-TLC and r&tiRi.C (> 97%
RCP). In addition, the product identity was confdrby spiking an aliquot of the radiotracer with
a small amount of the cold reference compound (Bamgl comparing the UV and radio-HPLC

tracersHPLC (RMy) R, = 14.5 min

*Retention times were found to vary slightly witliection volumes. Due to the similar retention
times of {*]SIB and ["*4]H ;ATSMenl and f3]CuATSMenl, aliquots of each batch were not only
spiked with the reference compound, but also wighdctive ester precursors to unambiguously
check the compound identity before biological w§tki]SIB can clearly be distinguished from
[*?4]H ,ATSMenl, but due to the intermediate retention tohé'?JCuATSMenl, an aliquot of

[**3]H ,ATSMenl was analysed before proceeding to formatidhe copper complex.

[**Cu]CuUATSM and {*Cu}4.18 were prepared by reaction of the bis(thiosemicauba) ligand
with [**Cu]Cu(OAc) (100-150 MBq) and reformulated into EtOH followitZ}18 light Sep-pak
light purification. The radiochemical purity of thmmplexes was determined by radio-TLC on
silica gel plates using ethyl acetate/methanol5Pas the mobile phase. The specific activity ef th

administered tracers was in the range of 2-5 MBaf labeling precursor.
[**Cu]CUATSM was prepared in 90 % isolated RCY an@%RCP. R= 11.3 min
[**Cu]4.18was synthesised 90 % isolated RCY and >98% RCP.IR.5 min

[**Cu]4.16 and P'Cu]4.17 were prepared on a small scale (< 10 MBq) as itestrin section

6.3.3.1in > 90% RCY and > 95% and > 99% RCP rdidy.

251



CHAPTER SIX

6.5 Experimental details for Chapter 5

6.5.1 Synthesis

Diacetyl-bis(4-N-methyl-3-thiosemicarbazone) (HATSM) (5.01a)*

\/ / 4-Methyl-3-thiosemicarbazide (1.55 g, 14.8 mmolpwisssolved in EtOH
7\
- N N (15 mL) and butane-2,3-dione (700 pL, 7.41 mmolyl aoncentrated
NP N ey
H H H,SO, (5 drops) were added. The reaction stirred at reemperature for

16 h. The white precipitate was filtered, rinsedhwivater and EtOF? Recrystallisation from
DMSO/H;0 afforded HATSM (1.70 g, 81%) as a white solitH NMR (300 MHz, DMSOds): d
10.26 (2H, s, NHC(S=)NN=), 8.41 (2H, d,J = 5.8 Hz, 2 CHyNH), 2.14 (6 H, CH); **C NMR
(50.3 MHz, DMSOss): 1785 (C=S), 148.0 C=N), 31.2 (NHCH3), 11.6

(CH3(C=N)); LRMS (ESI+): (M+Na)" m/z 283.1 (calc. for g1:sNsNaS" 283.1)

Diacetyl-bis(N4-methyl-3-thiosemicarbazonato) copper(ll) (CUATS/) (5.01)
H,ATSM (0.50 g, 1.9 mmol) was suspended in MeOH (25 rand
><_(N Cu(OAc) H,0 (0.42 g, 2.09 mmol) was added. The reaction wiaed
)\ J\H/ at room temperature for 4 h, and the red-brownipitate was filtered,

and rinsed with MeOH and 8. (0.50 g, 82%). LRMS (ESI (M+H)" m/z 322.0 (calc. for

CaHCUNGS, 322.0) [M + HI. HPLC (Mp) R, = 13.75 min.

6.5.2 Cell culture

EMT6 and HT1080 cells were cultured obtained fromiC& and used within 6 months of
resuscitation from frozen stock. Cells were growm@nolayers in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Sigma, UK) supplemented with 10% timebovine serum (HyClone, USA), L-

glutamine (2 mM), 100 units/mL penicillin and 10@/mL streptomycin (all from Sigma Aldrich,

UK). Cells were maintained at a temperature of G7irf a 5% CQ humidified atmosphere and
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grown to ~ 95% confluence, (at which point they eveplit 1:10 using 2.5% Trypsin (GIBCO) at
37 °C, 5% CQ).

The CaNT tumour is a poorly differentiated non-inmogenic mammary carcinoma, probably of
mammary origin, which arose spontaneously in a fef@8A/Gy mousé® The CaNT tumour cell
line cannot be growax vivo Hence, single cell suspensionsiforitro cellular uptake assays were
prepared from implanted CaNT mouse tumours by DerieKersemans and Dr Bart Cornelissen,
using a gentleMACS™ dissociator by following praibc2.2.2- Preparation of single cell
suspensions from mouse mMPAC pancreatic” of the faaturer’s instruction&® 5mn? sections of
tumour were transferred to gentleMACS C Tube coitgi 5 mL of RPMI1640. 150 pL
Collagenase | and 150 pL Dispase Il were addedtlamalosed tube was incubated at 37°C for
20 min using the MACSmix Tube Rotator. Next, thattEMACS progranm_impTumor_04 on

the gentleMACS dissociator is run prior to a sec@Admin incubation period. 2 pL of DNase |
solution is added to the tube and theimpTumor_04 programme is repeated. Next, the sample is
resuspended and the cell suspension is applied@uan mesh size cell strainer placed on a 50mL
tube. The cell strainer is washed with 5 mL of RiiBfer and the final volume of the solution is
made up to 50mL. The cell suspension is centrifuate800xg for 10 min and the supernatant is
aspirated. Finally the cells are resuspended to rédguired volume of DMEM medium

(supplemented as described above) for cellularkkepasays.
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6.5.3 In vitro cellular uptake assays (% cellular associated awgity)*® 3" %

The apparatus and protocols used for thaseitro experiments are based on those previously
described? *" ®Experiments were performed on HeLa human cendgaatinoma, EMT6 mouse
mammary carcinoma, HT1080 human fibrosarcoma amdTGzell lines. EMT-6 and HT1080 cells
were culturedin vitro and CaNT tumour cells were obtained as descridsu/ea Prior to
performingin vitro cellular uptake assays, it was confirmed that\dability was > 90 % using the
trypan blue exclusion assay. As internalisationagsswere not performed, the experiment
determines the amount of cellular associated agtiliut is unable to distinguish between surface
bound, membrane bound or internalised activity.

A suspension of cells (15 mL, 1X16ells/mL) was equilibrated in a three-necked, glasund-
bottom flask at 37°C under anoxic (95%, 8% CQ) or normoxic (75% & 20% Q, 5% CQ)
conditions by passing a continuous flow of warmpidified gas over the cells, with all remaining
variables kept constant. The medium was identicaltitat employed in cell culture, but
supplemented with only 1% fetal bovine serum. Af8&r min, when the vessels had reached
equilibrium (probed with an Oxford Optronics Oxylp®, tissue oxygenation monitor) 0.5-1 MBq
of the radiotracer was added. Samples (1 mL) wemved by use of a long needle syringe at 5,
15, 30, 45 and 60 min, and three 3@0portions of each sample were dispensed into Egqén
tubes. The tubes were spun to pellet the cells, thrdsupernatant liquid was removed. The
activities of the cell pellet and of the supernatiouid were measured with gicounter (Hidex
Triathler). The amount d¥Cu or*?¥ activity associated with the cells (pellet) apaacentage of
the total activity injected was calculated (coymadiet/(pellet + supernatant)*100) and plotted.aAs
control, the compounds were put through an idehégperiment in the absence of cells to assess
the amount of**Cu or ' activity adhering to the plastic Eppendorf tub@his value was

subtracted from each data point.
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6.5.4 In vivo studies

All in vivo experimental animal work was performed by Dr VeeKersemans and Dr Bart

Cornelissen.

6.5.4.1 Animals
Animal studies were performed in accordance withAhimals Scientific Procedures Act of 1986
(UK). Mice were maintained at 21°C with a contrdl®2 h light/dark cycle in a specific-pathogen-

free animal colony and water and food was availaliléb during the experiments.

6.5.4.2 Tumour model

Tumor and normal tissue uptake®&®u or'*3-labelled compounds was determined in female CBA
mice (17-20 g) (Charles River). The murine adermnama (CaNT) tumour line cannot be grown
ex vivo(vide infra). Fifty uL of a crude cell suspensigmepared by mechanical dissociation of an
excised CaNT tumor from a donor animal, was ingicbmaging was performed when tumours had
reached approximately 6-8 mm in diameter. The EMUror model was generated as described

by Lewiset al®’

6.5.4.3 Anaesthesia/Tissue oxygen modulation

Anaesthesia was induced and maintained using rsoiguin room air or in oxygen. Non-
anaesthetised mice for dissection-only controlsewlegpt in room air or in a 100% oxygen
atmosphere. The hypoxic status of the tumors wairoted using both the OxyLite probe (Oxford

Optronix Ltd) and EF5 IHC as described below.

6.5.4.4 Dynamic PET imaging

PET imaging was performed using the Inveon PET/g3tesn (Siemens Preclinical Solutions).
Mice were anaesthetised and a cannula was insartedthe lateral tail vein. Following the

attenuation CT-scan, 10 MBq &fCu-labelled compound was injected and 2 h wholetbod

dynamic acquisitions were performed. Throughoutithaging session, mice were maintained at
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37°C and respiration rate was monitored (60-10pirasons/min). Image analysis was performed

using the Inveon Research Workplace software (IR&ks5ion 2.2).

6.5.4.5 Dynamic SPECT imaging

Planar SPECT imaging was performed using the naBGIFCT system (Bioscan) equipped with
an Ultra High Resolution (UHR) parallel hole colétor. Anaesthesia was induced, 4 mice were
placed simultaneously on the collimator and a cknnas inserted into their lateral tail vein. Ten
MBq of [*¥]CuATSMenl or Z]H,ATSMenl was injected immediately after the 2 h verbbdy
dynamic scans were initiated. ROI image analysis pexformed using ImageJ. Subsequently, for
visualisation purposes only, one representativesmouas sacrificed to perform 3D high resolution
SPECT/CT imaging (9x1 mm pinhole apertures, 100,68ts/projection, 24 projections and a
pitch of 1.5). CT was conducted for anatomical r&feing. Reconstruction of both CT and SPECT

images was achieved using InVivoScope (version)1.42

6.5.4.6 Dissections

Immediately following imaging, mice were sacrificeadd organs, tissues and tumor were removed,
washed and weighed. The blood was collected anghedi The radioactivity of the samples was
counted using an auto gamma-counting system (Wiz&erkin Elmer). The amount of
radioactivity in the organs and tissues was caledlas percentage of the injected dose per gram

(%ID/qg).
%ID/g = [(actiVitytissug/(Weightissue X actiVityinjected *100]

In order to avoid confounding effects of anaesthedissection experiments were repeated in

awake non-imaging mice.
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6.5.4.7 Autoradiography and immunohistochemistry (IHC)

Tumour hypoxia was confirmed by immunohistologistlining for EF5 (2-(2-nitro-imidazol-
1-yD-N-(2,2,3,3,3-pentafluoropropyl)acetamide). For ERlligs, mice were administered with 10
mM EF5 in 0.9% saline i.v. 2 h prior to tumour esioh (EF5 was obtained from Dr. Cameron
Koch, University of Pennsylvania, PA). The samedumslice was used for autoradiography and
EF5 IHC* Tumour Sections were stored in 1% paraformaldehgdd°C and images were
acquired within 2 days of staining. Fluorescenceed®n was performed at x10 magnification
with an upright motorised Nikon Eclipse 90i syst@ikon, UK), fitted with a motorised stage and
equipped with cooled charge-coupled Hamamatsu OEBAamera and acquisition software.

The spatial correlation of'Cu activity distribution and EF5 was quantified bg-registering
autoradiography and fluorescence microscopy images) a rigid transformation based on a set of
manually defined landmarks. Landmark placement faaditated by a custom written matlab
interface provided by Dr Danny Allen. The resultimgage transformation was applied using the
standard matlab functions ‘cp2tform' and ‘'imtrammafd Correlation coefficients (r) were derived
by using the JACoP plug-in for Image J (methoddviainders for spatial intensity correlation

analysis and Costes for automatic thresholdifig).

6.5.5 Stability studies

In vitro stability studies

Samples of non-tumour-bearing CBA mouse blood wetkected by heart puncture into heparin-
coated vials. Aliquots of 500-800 pL of blood waneubated with 0.2-0.5 MBq of the required
®¥Cu-copper complex at 37°C for 5-120 min. To deteerthe amount of intact complex, samples
were analysed using octanol extraction, as desttieéow. In some cases, vials were centrifuged
to obtain plasma.ln vitro plasma incubation experiments were carried outpeesviously
described? 3 “'Briefly, 0.5 MBq of the required®*Cu-labelled copper complex was incubated

with 500 pL fresh mouse plasma at 37°C for 5-120.rfb determine the amount and species of
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protein-bound*Cu/?¥, 50 pL aliquots were withdrawn from the serunvatious time-points and

analysed using ethanol extraction/precipitatiorjescribed below.

In vivo stability studies

Female, non-tumour-bearing CBA mice were injectdthivenously with 1-2 MBq of the required
®Cu- or'?-labelled copper complex. 500-800 uL of blood veadiected by heart puncture into
heparin-coated vials at various time points aftgedtion (n = 2 per time point). Whole blood was
analysed by octanol extraction as described bdloerder to analyse the species in the plashe,
vials were spun (4000 rpm, 4°C, 5 min) and the swggant (serum) was isolated and analysed

using ethanol extraction, as described below.

6.5.5.1 Protein binding and stability (ethanol extraction)

Aliquots of 50 uL serum were added to 200 pL ethao@recipitate proteins. The mixture was
centrifuged until formation of a protein pellet atige supernatant was removed. The pellet was
washed with 200 pL ethanol and re-centrifuged. ¢tmnbined supernatants and the pellet were
counted in agcounter to determine the percentage of proteimbactivity. The supernatant was
further analysed by radio-TLC (95:5 EtOAc/MeOH) radio-HPLC to determine the amount of
intact **Cu-copper complex ant3-copper complex/ligand present and detect the emess of
metabolites. Digital autoradiography was performex developed radio-TLC using super
resolution phosphor screens (Type SR, Perkin Elnaeiy a CyclonePlus phosphor imager

(PerkinElmer).

6.5.5.2 Stability in blood (octanol extraction)

Octanol extraction methods were based on thoseiqusly described” ** To determine the
amount of intact, octanol-extractable compoundpbOf whole blood was immediately added to
750 pL of octanol and vortexed for 1 min. The migtwas centrifuged (14,000 rpm, 5 min), the
octanol phase aspirated and the octanol and pedlet counted in g-counter. The percentage of

octanol-extractable activity, i.e. the amount ahat ®*Cu-copper complex or3-complex/ligand
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was determined. The octanol phase was further sedlpy radio-TLC (95:5 EtOAc/MeOH) to
confirm that the extractable activity was in thernfio of ®‘Cu-copper complex or*?3-

complex/ligand. Developed TLC plates were processeabove.
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Appendix
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Figure Al Percentage cellular associated activity ‘GRJCUATSMenl in EMT6 cells over time, incubated
either under normoxic (21% 5% CQ, balance &) or anoxic (5% C@ balance B conditions. Errors
(standard deviation) are within symbols if not tated.

wiplg  [“CUICUATSM [MCUICUATSMenl [*3[CUATSMenl [**1]H,ATSMenl ﬁﬁ;ﬁg
imaging (air) imaging (air) imaging (air) imaging (air) (air)
Blood 0.73+0.05 0.68+0.08 1.1+0.86 1.31+0.05 0.684:0
Tumour 1.41+0.10 1.44+0.12 0.69+0.50 0.50+0.05 HA0IB
Muscle 0.29+0.07 0.20+0.01 0.30+0.25 0.34+0.00 DB
Stomach 5.97+1.49 4.12+0.53 1.40+3.82 1.49+0.59  1+B.P6
Small intest. 9.19+1.18 14.11+0.87 12.23+14.74 0733 5.38+0.33
Large intest. 3.92+0.47 3.31+0.42 2.38+3.81 0.9830. 3.59+0.87
Fat 0.45+0.06 0.42+0.03 0.54+0.61 0.59+0.06 0.38¢0.
Spleen 1.53+0.21 1.25+0.08 3.02+3.60 0.88+0.02 163
Liver 10.03+1.02 7.69+0.81 8.59+7.66 0.83+0.08 81447
Kidneys 6.03+0.66 4.55+0.45 3.32+2.90 2.59+0.46 180098
Heart 1.28+0.11 0.98+0.10 0.95+0.76 1.01+0.02 DI
Lungs 5.49+0.56 5.16+1.13 2.20+1.26 1.43+0.15 DxR:
Thyroid - 0.57+0.50 0.59+0.02 -
Ratio T/M 5.14+1.30 7.13+0.46 2.27+2.00 1.49+0.14 .16%0.66

Table Al Biodistribution data (%ID/g +SD) of{Cu]CUATSM (n=4), {*Cu]Cy* (n=3), P*Cu]CuATSMenl
(n=4), ]CuATSMenl (n=2), t?1]H,ATSMenl (n=2), at 120 min p.i. in female CBA miceasing CaNT
tumors that were anaesthetised with isofluoranégait20 min dynamic PET/SPECT imaging sessions
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%IDJg [6_“Cu]c_:uAT_SM [B‘fCu]CgATSI_VI _[6“09]cu?+_ _[6“(:u]_cu2+ _
imaging (air) dissection (air) imaging (air) dissection (air)
Blood 0.52+0.05 0.77+0.06 0.58+0.03 0.89+0.09
Tumour 1.00+0.05 2.37+0.18 1.42+0.20 2.04+0.13
Muscle 0.19+0.01 0.24+0.01 0.23+0.02 0.26+0.02
Stomach 3.91+0.45 4.05+1.12 6.73+0.53 3.47+0.43
Small intestine 7.7240.48 4.64+0.54 6.630.73 4.93+0.21
Large intestine 3.14+0.24 10.55+1.07 4.28+0.66 5.73+0.65
Fat 0.26+0.02 0.23+0.03 0.40+0.07 0.18+0.02
Spleen 1.38+0.05 1.32+0.16 1.18+0.15 1.60+0.21
Liver 10.40+1.36 6.63+0.29 9.73+1.32 8.46+0.55
Kidneys 5.16+0.42 4.19+0.54 6.00+1.01 5.12+0.60
Heart 1.05+0.09 1.32+0.05 1.01+0.10 1.73+0.17
Lungs 4.76+0.34 4.90+0.45 5.18+0.41 5.34+0.57
RTM 5.30+0.57 9.76+0.63 6.27+0.96 7.90+0.77

Table A2 Biodistribution data (%ID/g +SD) of®j{Cu]CUATSM (n=4 imaging, n=4 dissection) and
[**Cu]CU#* (n=4 imaging, n=6 dissection) at 120 min p.i. émfle CBA mice bearing EMT6 tumours that
were anaesthetised with isofluorane/air (imagirrg)reathing room air (dissection) for 120 min p.i.

Figure A2 Representative images dfCu activity distribution and hypoxia in CaNT tumofer
[**Cu]CuATSM and {*Cu]CU#* at 2 h p.i., as measured by autoradiography an8l iEfnunostaining.
Autoradiography (right) and EF5 immunostaining tjlefere performed on the same section. EF5 stained
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hypoxic areas are indicated by red, high intensitgutoradiographs is indicated by dark areas. Spial
correlation coefficients between autoradiography BR5 staining images are reported in Chapter 5.

Figure A3 Representative images &fCu activity distribution and hypoxia in CaNT tumeufor
[**Cu]CUATSM and {’Cu]CW#* at 16 h p.i., as measured by autoradiography affsl iExmunostaining.
Autoradiography (right) and EF5 immunostainingtlefere performed on the same section.
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