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Summary III

Summary

As long as conventional treatment modalities for cancer, such as surgery, chemotherapy

and radiotherapy, still fail to cure a significant number of patients, it is necessary to

investigate new techniques and methods, respectively. In suicide gene therapy of cancer, a

new technique has been found, which could be considerably improved by using nuclear

medicine imaging techniques for verifying the successful expression of transferred genes into

the tumour cells. Radiolabelled nucleosides, especially thymidine derivatives, are particularly

suitable for the imaging of reporter genes, consisting of the Herpes Simplex Virus Type 1

Thymidine Kinase (HSV-1 TK).

In the present work the functionalisation of thymidine for labelling with the

lM(CO)3(H20)3l+ (M = 99mTc, Re) precursor on the 5'position of the sugar moiety was

performed. The synthetic strategy was guided by the structures of potent inhibitors of HSV-1

TK with Kj values in the nanomolar range. These inhibitors are carboxamide derivatives of

5'-amino-2',3'-dideoxy-5-ethyl-uridine, with different bulky, aromatic entities.

Derivatisation, on other positions than 5' of thymidine, with a space-demanding residue, like

a métallo tricarbonyl core, is not advisable, because the active site of HSV-1 TK is precisely

designed for thymidine and purine analogues. The only available, sufficient space exists in the

binding pocket of ATP. Thus, a series of 5'-carboxamide derivatives of 5' amino thymidine

with glycyl, propyl, butyl, hexyl, undecyl, eicosyl, and hydroxy-butyl and phenyl-butyl

spacers and imino diacetic acid (IDA) or picolylamino monoacetic acid (PAMA) chelating

moieties were synthesized. The thymidine derivatives were reacted in aqueous solution with

the organometallic precursor [M(CO)3(H?0)3]+ (M = t|nTc, Re). The corresponding anionic

complexes and one neutral complex have been fully characterized by means of ]H, !3C NMR,

HPLC, MS and EA. ID and 2D NMRexperiments confirmed clearly the tridentate

coordination of the metallo-tricarbonyl centre via the IDA chelate and the PAMAchelate,

respectively.

Internalisation studies with five different human cancer cell lines revealed uptake of a 99mTc-

(CO)3-thymidine-complex with a spacer with 10 methylene groups of 3.0 + 1.1 % (Caki-2),

4.9 ± 1.3 %(GW), 3.6 ± 1.1 %(HT-29), 8.9 ± 3.2 %(PC-3) and 1.3 ± 0.6 %(CRL-8303 TK

negative). However, the experiments indicated an uptake via passive diffusion and not, as

expected, by the nucleoside transport system, because no inhibitions of the uptake by
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nucleoside transport inhibitors (dipyridamole and nitrobenzylthioinosine (NBMPR)) could be

observed. [H]thymidine uptake was used as a positive control and the uptake could be

inhibited by NBMPRand dipyridamole, as expected, but also and unexpected, with the

corresponding non-radioactive Re-complex. The water-soluble Re complex revealed the same

inhibitory activity as the potent, but highly lipophilic nucleoside transport inhibitor NBMPR.

The organometallic tricarbonyl thymidine complexes were preliminary screened by

HPLC for their inhibitory activity against HSV-1 TK and human cytosolic thymidine kinase

(hTKl). No inhibitory effect against HSV-1 TK was observed, the only exception was a

complex with an eicosyl spacer, whereas all complexes inhibited hTKl.

Enzyme kinetic studies with all inhibitory active compounds revealed competitive

inhibition exclusively for the hTKl with K values in a range of 7-334 jaM. One exception

was found with a complex, consisting of an eicosyl spacer, which inhibits the HSV-1 TK with

a Kj value of 1.6 ± 0.3 uM competitively. Extensions of the spacer (more than 11 methylene

groups), is obviously necessary to inhibit HSV-1 TK. This is to our knowledge the first time,

that organometallic thymidine derivatives revealed such a "reversed" selectivity exclusively

for hTKl.

This work presents new insights into the differences between the mammalian enzyme

hTKl and the viral enzyme HSV-1 TK. The structure - activity relationship were investigated

and the inhibitory activity towards hTKl was improved. The application of inhibitors of

hTKl as proliferation markers can be investigated now, by using these new organometallic

thymidine analogues, which are internalised into cancer cell lines. Additionally, one

compound was synthesised and evaluated which was found to be an inhibitor of HSV-1 TK.

Further increase of the inhibitory activity as well as the selectivity may lead to an imaging

probe for reporter gene imaging of the HSV-1 TK gene expression for use in suicide gene

therapy.
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Zusammenfassung

Konventionelle Behandlungsmethoden von Krebs, wie z.B. operative Entfernung des Tumors,

Chemotherapie oder Radiotherapie sind immer noch weit davon entfernt eine signifikante

Anzahl von Patienten zu heilen. Es ist dahei notwendig, neue Techniken bzw. Methoden zu

erforschen und zu verbessern. Eine neue Technik, die suizide Gentherapie, kann

beispielsweise erheblich verbessert werden, indem man, mit nuklearmedizinischen,

bildgebenden Methoden, die Genexpression in der Zielzelle bzw. Tumorzelle, überwacht.

Radiomarkierte Nukleoside, wie z.B. Thymidinderivate, eignen sich hervorragend, um

Reporter Gene, wie z.B. das Herpes Simplex Viruv Typ 1 Thymidine Kinase (HSV-1 TK)

Reporter Gen, indirekt zu markieren.

In der vorliegenden Arbeit wurde Thymidin so funktionalisiert, dass es mit dem

Prekursor [M(CO)3(H20)3]+ (M = 99mTc, Re), an der 5' Position des Zuckerringes markiert

werden kann. Unsere Synthesestrategie wurde von bekannten, potenten Inhibitoren der HSV-

1 TK geleitet, die K, Werte im nanomolaren Bereich besitzen. Diese Inhibitoren sind

Carboxamidderivate von 5'-Amino-2',3'-didesoxy-5-ethyl-Uridin, mit unterschiedlich,

grossen, aromatischen Resten. Die Derivatisierung des Thymidins an einer anderen Stelle, als

5', mit einem sperrigen Rest, wie dem Re- oder Tc-Tricarbonyl Komplex, wäre nicht ratsam,

da die Bindungsstelle des Enzyms genau an die Grössen von Pyrimidin- bzw. Purinderivaten

angepasst ist. Der einzig verfügbare Platz liegt in der Bindungsstelle des ATP. Es wurde

daher eine Serie von 5'-Carboxamidderivaten hergestellt, die aus Glycyl-, Propyl-, Butyl-,

Undecyl-, Eicosyl-, sowie Hydroxybutyl- oder Phenylbutylspacern und einem Imino-

diessigsäure (IDA) oder Picolylaminmonoessigsäure (PAMA) Chelatsystem aufgebaut sind.

Diese Thymidinderivate wurden in wàssriger Lösung mit dem organometalli sehen Prekursor

[M(CO)3(H20)3]+ (M = 99mTc, Re) umgesetzt und die entsprechenden anionischen Komplexe,

sowie ein Neutralkomplex, wurden mittels *H, nC NMR, HPLC, MSund EA charakterisiert.

ID und 2D NMRExperimente bestätigten eindeutig die tridentate Koordination des Metall-

tricarbonyls mit dem IDA- bzw. dem PAMAChelator.

Internalisierungsstudien mit fünf verschiedenen menschlichen Krebszelllinien, zeigten eine

Aufnahme eines 99mTc(CO)3 Thymidin Komplexes mit einem Spacer mit 10 Methylen

Gruppen von 3,0 + 1,1 %(Caki-2), 4,9 ± 1,3 %(GW), 3,6 ± 1,1 %(HT-29), 8,9 ± 3,2 %(PC-

3) und 1.3 ± 0.6 % (CRL-8303 TK negativ). Der Komplex wurde wahrscheinlich durch

passive Diffusion aufgenommen und nicht, wie erwartet durch das Nukleosid
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Transportsystem, da die Internalisierung nicht durch Inhibitoren des Nukleosid Transporters

(Dipyridamol und Nitrobenzylthioinosin (NBMPR)) blockiert werden konnte. Die

Zellaufnahme von [3HlThymidin wurde parallel als Positivkontolle getestet und konnte mit

Dipyridamol und NBMPRinhibiert werden, aber unerwarteterweise trat eine Inhibition auch

mit dem entsprechenden, nicht radioaktiven Re Komplex auf. Der wasserlösliche Re

Komplex zeigte dieselbe inhibitorische Aktivität wie NBMPR, ein starker Inhibitor des

Nukleosidtransportsystems, welcher jedoch sehr lipophile Eigenschaften besitzt.

Die organometallischen Tricarbonyl Thymidin Komplexe wurden vorerst, mittels HPLC, auf

ihre inhibitorische Aktivität gegenüber HSV-1 TK und humaner cytosolischer

Thymidinkinase (hTKl) getestet. Erstaunlicherweise konnte keine Inhibition der HSV-1 TK

festgestellt werden, mit einer Ausnahme: ein Komplex mit einem Eicosyl Spacer. Alle

Komplexe inhibierten exklusiv hTKl.

Studien zur Enzym Kinetik, die mit allen inhibitorisch aktiven Komplexen durchgeführt

wurden, zeigten ausschliesslich gegenüber hTKl kompetitive Inhibition mit K; Werten

zwischen 334 -7 uM. Die einzige Ausnahme bildete der Komplex mit dem Eicosyl Spacer,

der die HSV-1 TK mit einem Kj Wert von 1.6 ± 0.3 |jM kompetitiv inhibierte. Eine

Verlängerung des Spacers (länger als 10 Methylen Gruppen) ist offensichtlich notwendig, um

eine Inhibition der HSV-1 TK zu erreichen. Nach unserem Wissensstand ist dies das erste

Mal, dass organometalli sehe Thymidinderivate eine solch umgekehrte Selektivität,

ausschliesslich gegenüber der hTKl zeigen.

Mit Hilfe dieser Arbeit können neue Einblicke in die Unterschiede zwischen dem humanen

Enzym hTKl und dem viralen Enzym HSV-1 TK gewährt werden. Die Struktur-

Aktivitätsbeziehungen verschiedener organometallischer Thymidinkomplexe wurde erforscht.

Zukünftige organometallische Tricarbonyl Thymidin Komplexe könnten mithelfen die

Behandlungsmethoden von Krebs deutlich zu verbessern.
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Abbreviations

ACV Acyclovir
ADP Adenosine diphosphate
ATP Adenosine triphosphate
BOC Butyloxycarbonyl
Bq Bequerel
BSA Bovine serum albumin

Caki-2 human kidney carcinoma cell line

Ci Curie

DCC Dicyclohexyl carbodiimid

DMEM Dulbecco's modified eagle medium

DMF N,N-dimefhylformamid
DMSO dimefhylsulfoxid
DTPA Diethylenetriaminepentaacetic acid

ES-MS Electron spray-mass spectroscopy
FCS Fetal calf serum

FDG Fluorodeoxyglucose
FIAU Iodo-fluoroarabinofuranosyluracil
FLT Fluorothymidine
FU Fluorouracil

GCV Ganciclovir

GDEPT gene directed enzyme prodrug therapy
GW human kidney carcinoma cell line

HPLC High pressure liquid chromatography
HSV-1 TK Herpes Simplex Virus Type 1 thymidine kinase

HT-29 Human colon carcinoma cell line

hTKl human cytosolic thymidine kinase

hTK2 human mitochondrial thymidine kinase

kDa kilo Dalton

Mo Molibdän

NHS N-Hydroxy succinimid

PAMA Picolylamino monoacetic acid

PC-3 Human prostate adenocarcinoma cell line

PCV Penciclovir

PBS Phosphate buffered saline

PET Positron emission tomography
Re Rhenium

RT RaumTemperatur
SPET Single photon emission tomography
Tc Technetium

TK Thymidine kinase

TMP Thymidine monophosphate
VDEPT virally directed enzyme prodrug therapy
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1. General Considerations

1.1. Cancer

Cancer refers to more than 100 forms of the disease. Almost every second tissue in the body

can spawn malignancies, some even several types. The more, each cancer has unique features.

The basic processes however, that produce these diverse tumours appear to be quite similar.

Malignant tumours are classified as carcinomas if they derive from endoderm or ectoderm

and sarcomas if they derive from mesoderm. Leukaemia, a subdivision of the sarcomas,

grows as individual cell in the blood, whereas most other tumours are solid masses. The 30

trillion cells of the normal healthy body live in complex, interdependent environment,

regulating one another's proliferation. Normal cells reproduce only when instructed to do so

by other cells in their vicinity. Such an intense collaboration ensures that each tissue

maintains a size and architecture appropriate to the body's needs. Cancer cells thus, violate

this scheme by having altered controls of proliferation and therefore reproduction. The more,

tumours composed of malignant cells become more and more aggressive over time, and they

become lethal when they disrupt the tissues and organs needed for the survival of the

organism as a whole. To assess the role of a substance in cancer induction, it is not useful to

think in terms of a single cause. Cancer is most often a consequence of multiple factors that

interact over a long period of time. There are two gene classes, which play major roles in the

cell cycle, and which make up a very small portion of the full genetic set: The proto-

oncogenes, which show responsibility for growth of the cell, and the tumour suppressor

genes, which inhibit cell growth. In their normal configuration, they supervise the events

leading to cell enlargement and division. When mutated, proto-oncogene can become

carcinogenic oncogenes that drive excessive multiplication. The mutations may cause the

proto-oncogene to express too much of its encoded stimulatory protein or a hyperactive form

of it. Tumour suppressor genes, in contrast, contribute to cancer when they are inactivated by

mutations. This loss of functional growth suppressor proteins deprives the cell of crucial

break mechanisms leading to inappropriate growth. And this is the overall shared feature; all

types of cancer have in common: the uncontrolled and rapid proliferation of cells. This offers

the point of entry for new strategies in cancer diagnosis and therapy. Conventional treatment

modalities for cancer, such as surgery, chemotherapy and radiotherapy, still fail to cure a
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significant number of patients. In this regard, cancer gene therapy is a promising new

technique to improve the quality of diagnosis and treatment of many diseases and of cancer .

1.2. Gene therapy of cancer

Cancer gene therapy is a relatively new medical discipline with great potential in the

treatment of cancer. Generally, gene therapies are techniques for modifying the cellular

genome for therapeutic benefit. One possibility in cancer gene therapy is rendering cancer

cells more sensitive to chemotherapeutics by introducing "suicide genes"". There are two

approaches for suicide gene therapy: First, a toxin gene therapy whereby the genes for toxic

products are transfected directly into tumour cells. The protein produced directs the toxins for

killing the tumour cells. Second, gene directed enzyme prodrug therapy (GDEPT) or virally

directed enzyme prodrug therapy (VDEPT)
3' 4. Hereby the transgenes encode enzymes that

activate specific prodrugs to create toxic products. Investigation is more focused on the

second approach, which can also be combined with other strategies of cancer treatment.

VDEPTuse selectively replicating viruses as vectors to deliver suicide genes specifically to

tumour cells and the foreign enzymes are expressed in the target cells, where they can

activate subsequently administered non-toxic prodrugs into active drugs Enzymes proposed

for GDEPTare summarized in Table 1. Enzymes of non human origin and enzymes of

human origin are used. The main advantage of enzymes of human origin resides in the

reduction of the potential for inducing an immune response. However, they are also present in

normal tissue but only at very low concentrations. Requirements for GDEPTare: (i) The gene

should be expressed exclusively or with a relatively high ratio in tumour cells compared to

normal tissue and the concentration should be sufficient, (ii) The catalytic activity of the

foreign enzyme should be adequate to activate the prodrug, (iii) A cytotoxic bystander effect

should occur, to kill also neighbouring cells that do not express the foreign enzyme. Finally

yet important (iv), the delivery and expression of the foreign enzyme in the target cells should

be possible to be imaged. This meets the major concern for the application of gene therapy: to

achieve and to monitor a controlled and effective delivery of genes to target cells. Improved

in vivo imaging techniques that validate the location and extent of gene transfer are

prerequisite for further developments of several approaches and for clinical trials.
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Radiopharmaceuticals for imaging purposes in cancer gene therapy are explained and shown

in chapter 1 4.3.

Table 1 : Enzymes used in GDEPT
'

enzyme

thymidine kinase

thymidine kinase

Source

Herpes

simplex virus

Varicella

zoster virus

cytosine deaminase E. coli

cytochrome P450 Rat

purine nucleoside

Phosphorylase

thymidine
Phosphorylase

E. coli

Human

deoxycytidine kinase Human

carboxypeptidase G2
Pseudomonas

sp.

xanthine-guanine

phosphoribosyl- E. colt

transferase

nitroreductase E. coli

reaction catalyzed by the

enzyme

phosphorylation of GCV,

ACV, and FIAU

phosphorylation of ara-M

(6-methoxypurine); poor

activity against GCV,

ACV, and FIAU

conversion of cytosine to

uracil (or 5FC to 5FU)

activation of oxazaphos-
phorines (CP, IF, etc.) by

hydroxylation of the

oxazaphosphorine cycle

reversible phosphorylation
of purine nucleosides

Reversible phosphorolytic
cleavage of thymidine,

deoxyuridine, and their

analogues

phosphorylation of deoxy¬
cytidine (but as well some

purine deoxynucleosides)

cleavage of the amidic

bond between an aromatic

nucleus and glutamic acid

catalyzes the conversion

of hypoxanthine, xanthine,

and guanine to IMP,

XMP, and GMP

Comments

exogenous, viral origin

exogenous, viral origin

exogenous, bacterial origin

exogenous, CYP2B1,

mammalian origin; its

human counterpart,
CYP2B6is expressed in

liver but not in tumour cells

exogenous; human

counterpart expressed in

erythrocytes but presents

important differences in

specificity

endogenous, low level in

tumour cells

endogenous, low level in

tumour cells

exogenous, bacterial origin

bacterial origin with human

counterpart (HPRT)

exogenous, bacterial origin
reduction of aromatic nitro having a human

groups counterpart with different

substrate specificity
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7.3. Thymidine Kinase

Thymidine kinase (TK) is the key enzyme of the pyrimidine salvage pathway and catalyses

the phosphorylation of 2'-deoxythymidine to 5'-(2'-deoxythymidine)-monophosphate (TMP)

in the presence of Adenosine triphosphate (ATP) and magnesium. The negatively charged

TMP becomes trapped inside the cells and can be further phosphorylated by cellular

thymidylate kinase to 5'-(2'-deoxythymidine)-diphosphate (TDP) and by nucleoside

diphosphate kinases into 5'-(2'-deoxythymidine)-triphosphate (TTP), which is a DNA

building block. TMP is also synthesised de novo by thymidilate synthetase (TS) through

methylation of uridine monophosphate (UMP) (Scheme 1). Both enzymes TS and TK are

appropriate targets in cancer diagnosis/therapy.

1.3.1. The pyrimidine salvage pathway and the human TK

In the pyrimidine salvage pathway, thymidine is rescued from extra- and intracellular

catabolic processes. The nucleosides of degraded DNAare recycled by the salvage pathway

as well7. For the synthesis of the DNAprecursor TMPvia the salvage pathway less energy is

needed compared to the de novo synthesis, thus it is activated when thymidine is rapidly

consumed (scheme 1). This is the case when DNAis replicated in rapidly proliferating cells.

De novo Biosynthesis

2 ATP+ HCO, + Glutamine + H:0

carbamoyl phosphate
synthetase II

orotate

phosphonbosyl I
transieiase

DNA Pyrimidine Salvage Pathway

\
dTMP

o

Ki' COO
,

o^r0"PO3

NH2
I

0=C

O-PO32
Carbamoyl phosphate

X

ß

H J 1 H

HO OH
Orotidme monophosphate (OMP)

H
Orotate

aspaitate

transcarbamoylase i

dihydroorotate
dehydrogenase

OMPdecarboxylase

O

HOA

Li
dihydioorotase hn"^^^ Cf*^-

N
0^ r0-PO32

Carbamoyl aspartate

°" Y ~C0° "h l-î H

rs 1 A , ,

HO OH
Dihydioorotale

Undine monophosphate (UMP)

dUMP

dUDP
N ^O

OH H

2'-deoxy thymidine (dT)

Scheme 1: Comparison of de novo biosynthesis of nucleosides (left) and pyrimidine salvage
pathway (right).
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That's why, in rapidly proliferating cells, like tumour cells, the turnover of thymidine to TMP

is highly increased, as well as the level of the phosphorylating enzyme, human cytosolic TK

(hTKl). In mammalian cells there can be distinguished between the cytosolic (hTKl) and the

mitochondrial (hTK2) thymidine kinase. In tumour cells and rapidly proliferating cells, the

enzymatic activity is linked to the cytosolic TK and its level is increased 15-fold as compared

to quiescent cells. The enzymatic activity of the other isoenzyme hTK2 is low in dividing and

quiescent cells
. However, in quiescent cells, such as for example non-proliferating

lymphocytes, all thymidine kinase activity is linked to hTK2
9 i0. It is reported that hTKl can

exist as a homodimer or as a homotetramer (in the presence of ATP), with a size of 24 kDa

per subunit n, assuming the active enzyme to be tetramer. Increase of TK1 expression in

normal cells is strictly regulated and occurs only in the late Gl and S phase, but is considered

to be permanently and much higher in proliferating malignant cells1". High hTKl levels occur

in breast carcinomas1^, in lung cancer and other proliferating and malignant cells1 L\ Thus,

this enzyme has been an important target in cancer diagnosis. Many examples of PET labelled

thymidine and thymidine analogues e.g. "C-methyl-thymidine or Br-76-fluoro-desoxyuridine

(Br-76-BFU) and F-18-desoxy-fluorothymidine (F-18-FLT) are known. hTKl, which

phosphorylates thymidine and deoxyuridine, has the narrowest specificity. hTK2

phosphorylates thymidine and uridine as well, but also deoxycytidine. The restricted substrate

specificity of hTK prevents the interference of antiviral therapeutics with uninfected cells.
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1.3.2. Herpes Simplex Virus Type 1 TK

In contrast to the highly specific hTKl, the Herpes Simplex Virus TK (HSV TK)

phosphorylates a broad spectrum of nucleosides and nucleotides and even TMP,

deoxycytidine, and several purine derivatives, such as aciclovir or ganciclovir, which are

derivatives without sugar moiety. These differences in substrate binding are the prerequisite

for selective antiviral therapy.

Figure 1: Structure of HSV-1 TK with TMPand ADPin the active site

The Herpes Simplex Virus type 1 TK (HSV-1 TK) exists as a homodimer with a molecular

weight of approximately 41 kDa per subunit. The crystal structure of HSV-1 TK16' 17, 18

revealed that the active site of HSV-1 TK is buried inside the protein and is composed of an

ATP and a nucleoside binding region19 (Figure 1). The phosphate groups of ATP are

accommodated in a large anion hole, which is rich in lysine and arginine residues. The p-loop,

the region between the ßl-strand and the al -helix with the glycine rich sequence 56G-X-X-G-

X-G-K-T makes part of this anion hole (Figure 2).
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Figure 2: P-loop (green) and amino acid residues (white) of the active site of HSV-1 TK with

a potent inhibitor (yellow) of HSV-1 TK, docked into the active site.

In the literature, many substrates of the HSV-1 TK are described, because of their antiviral

activity. Nevertheless, just a few high potent inhibitors of HSV-1TK are known (Scheme 2),

although the use of inhibitors might also be a potential approach for labelling purposes or as

antiviral agents as well. Due to the absence of the trapping mechanism, as present by

phosphorylation of substrates at the C5' position, an accumulation into the cells, because of

trapping, seemed to be unrealistic (inhibitors are already substituted at the C5' position of the

sugar moiety of thymidine). However, the reversible binding of a competitive inhibitor might

also result in an accumulation.

HSV-1 TK IC50 28 nM, HSV-1 TK 1C50 0 95 nM HSV-1 IC50 1 8 nM,
HSV-2 TK IC50 5 2 nM HSV-2 TK IC50 0 13 nM HSV-2 IC50 0 19 nM

Scheme 2: Structures of potent inhibitors of HSV-1 TK
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1.4. Radiopharmacy

Generally, radiopharmaceuticals are designed for diagnostic or therapeutic purposes, to

deliver small doses of ionizing radiation to the disease site in the body. The non-invasive

character, the three dimensional images and the detection of functional aspects of the

organism are the major advantages of this imaging technique. Radiopharmaceuticals are

composed of a diagnostic or therapeutic useful radionuclide (Table 2) and a biological active

carrier-molecule. These carriers may vary from peptides to proteins and enzymes, antibodies

or antibodies fragments or essential biomolecules, such as amino acids, hormones, fatty acids,

vitamins, co factors, sugars and nucleosides. Nowadays, target specific applications gain more

and more attraction and the specificity of radiopharmaceuticals to a desired target comes to

the fore. The biological distribution of these "second generation radiopharmaceuticals" is

determined by their biological interactions, such as receptor binding, enzymatic reactions,

immunoreactions and metabolism. Among the large field of radiopharmaceuticals that are

applied diagnostically or therapeutically in nuclear medicine, two major groups can be

distinguished: the positron emitting radiopharmaceuticals used in positron emission

tomography (PET), and the single photon emitting radiopharmaceuticals used in single photon

emission tomography (SPET).

Table 2: Most commonly used radionuclides in nuclear medicine (diagnosis and therapy)

Element Radionuclide Chemical Half- Energy gamma Energy beta

Form life (keV) (keV)

iPhosphorus 32-P Sodium 14.3 d 1700

phosphate

Chromium 51-Cr Sodium 27.7 d 320

Chromate

Gallium 67-Ga Gallium Citrate 78.3 h
"

91,185,200
Strontium 89-Sr Strontium 50.5 d 1480

chloride >

Yttrium 90-Y Yttrium silicate 64.1 h 2280

Technetium 99m-Tc See 1.4.4. 6.02 h 140

Indium 111 -In Indium 2.8 d 171,245
chloride s

Iodine 131-1 Sodium iodide 8.0 d 364 606

Thallium"
~

20KT1 Thallous 73.1 h 68-82 (Hg x-

~~

chloride rays)
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1.4.1. Positron emission tomography (PET)

PET radiopharmaceuticals are routinely used for diagnostic and imaging purposes, requiring

the administration of molecules labelled with a positron emitting nuclide, such as lsO, '
N,

' 'C or ,8F, with relatively short half lives of 2, 10, 20, or 109 min, respectively. PET offers a

quantitative determination of the three-dimensional distribution of radioactivity in the

organism, permitting measurements of physiological, biochemical, and pharmacological

functions at molecular level22. To date, [18F]Fluorodeoxyglucose (FDG) has been the most

commonly used PET radiotracer for tumour imaging and assessment of the efficacy of

standard anti cancer therapy. One of the recent advances is the development of a new

generation of small-animal PET imaging instruments that enable studies in living animals e.g.

investigations of metabolic processes or distributions in vivo'
.

In addition, the development

of the hybrid PET/CT scanners that allows for more precise imaging than either modality by

itself is a big step forward and enables patients to have easily more than one type of scan

performed. The disadvantages of PET however, are the necessity of expensive cyclotron

facilities for the production of the nuclides, the short half-lives of several nuclides, and the

limited anatomic visualization".

Monitoring of gene expression in cancer gene therapy by using PET-labelled compounds is

described in chapter 1.4.3.

1.4.2. Single photon emission tomography (SPET)

SPET radiopharmaceuticals are used routinely for diagnostic and imaging purposes, as well

and are characterized by emitting photons with energies ideally in the range of 100-200 keV.

Most commonly used SPET-nuclides in nuclear medicine are '"in, 99mTc, and 12,I with

favourable half lives of 2.8 d, 6 h and 13.2 h, respectively.

One of the most widely used SPET imaging agent in routine nuclear medicine is 99ll'Tc-

sestamibi (Cardiolite), which was originally developed as a myocardial perfusion agent24 and

is nowadays also successfully applied for tumour imaging and the detection of multidrug

resistance" ' ~\ Also routinely used are the 'in-labelled somatostatin analogue, diethylene-
triamine pentaacetic acid octreotide, for the diagnosis of small cell lung cancer and

Insulinomas and the "

I-labelled vasoactive intestinal peptide" ' "

. Significant progress in the
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development of new brain-imaging agents for SPEThas been made in the past ten years. Most

of these new radiopharmaceuticals are designed to bind specific to neurotransmitter receptors

or transporter sites in the central nervous system and are mostly labelled with l23I 29. In

addition, a 99mTc labelled derivative, [99mTc]TRODAT, for imaging dopamine transporters in

the brain, has been successfully applied, namely in the diagnosis of Parkinson's disease.

While efforts to image Epithelial Growth Factor receptor (EGFr) by PET have been

disappointing, 99mTc was used to label monoclonal antibodies that bind to EGFr successfully
in

and imaged patients with tumours of epithelial origin .

1.4.3. Radiopharmacy and gene therapy

The major concern for the application of gene therapy is the monitoring of controlled and

effective delivery of genes to the target cells. Because of technologic innovations, such as

PET and SPET, it is now possible, by using several radiotracers, to image gene expression in

vivo both repeatedly and noninvasively" .
Most of the prodrugs used in GDEPTto date have

been compounds that have already been used as anticancer or antiviral agents. Some

prodrugs/enzyme combinations are shown in Table 3. It is obvious to use these prodrugs for

labelling and for imaging the virus expression.

Table 3: Prodrugs and enzymes used in GDEPT1.

Prodrug

6-methoxypurine arabinonucleoside

ganciclovir, acyclovir, l-(2'-deoxy-2'-fluoro-ß-D-

arabinofuranosyl)-5-iodouracyl

5-fluorocytosine

cyclophosphamide, ifosfamide

9-(ß-D-2'-deoxy-ery^ro-pentafuranosyl)-6-
methylpurine

5'-deoxy-5-fluorouridine

arabinosyl cytosine, 2-chloro-2'-deoxyadenine, 2-fluoro-

9-(ß-D- arabinofuranosyl)cytosine, 2',2'-

difluorodeoxycytidine

(2-chloroethyl)(2-mesyloxyethyl)aminobenzoyl-L-
glutamic acid

enzyme

thymidine kinase (varicella
zoster virus)

thymidine kinase (herpes
simplex virus)

cytosine deaminase

cytochrome P450

purine nucleoside

Phosphorylase

thymidine Phosphorylase

deoxycytidine kinase

carboxypeptidase G2
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5-aziridinyl-2,4-dinitrobenzamide

6-thioxanthine, 6-thioguanine

nitroreductase

xanthine-guanine phospho-
ribosyltransferase

Another approach is the use of viral delivered reporter genes. The reporter gene, driven by a

promoter of choice, will be transcribed together with the gene of the enzyme or system, which

has been chosen, and the expression of this gene, whose promoter has been cloned, can be

monitored indirectly. Therefore, it is not necessary to synthesise labelled prodrugs for every

new prodrug/enzyme system. Also in this approach, the use of PET and SPETradiotracers for

imaging is preferred, because of their non-invasive character. Two possibilities exist for

adaptation of the reporter gene concept for imaging with PET or SPET. First, a reporter gene

is chosen that encodes for an enzyme that is capable of trapping a specific tracer. Second, the

reporter gene encodes for a receptor capable of binding the tracer '. The choice of an

appropriate nuclide depends among others on the biological half live of the chosen prodrug.

The most widely used reporter gene system to image gene expression is the Herpes Simplex

Virus typel thymidine kinase gene (HSV-1 TK gene), which selectively phosphorylates

radiolabeled (PET or SPET) nucleosides, which are subsequently trapped intracellularly32.
Other reporter gene systems using radionuclides are summarized in Table 4. It is noteworthy

to mention that also other techniques have been used for imaging gene expression e.g. MRI,

charge coupled device camera, and fluorescence microscopy.

Table 4: Some reporter gene/ radiolabeled reporter probe systems
31

Reporter Genes

HSV]-sr39-tk

D2R~

Somatostatin receptor

Imaging agents

[J8F]PCV

~[T8F]FESP

m

Imaging method

PET

PET

Sodium/iodine symporter f I]

[ In]DTPA-D-Phe-octreotide gammacamera

[i88Re]-somatostatin analogue gammacamera

f99mTc]-somatostatin analogue

nil

PET labelled nucleoside analogues, such as [' F]-8-fluoroganciclovir, [' F]-8-

fluoropenciclovir, [18FJ-9-[4-fluoro-3-(hydroxymethyl)-butylJ-guanine as well as [124I]-5-
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iodo-2'-fluoro-l-ß-D-arabinofuranosyluracil ([124I]FIAU)S are used as quantitative

scintigraphic imaging probes.

Gene therapy studies can also be facilitated, by non-invasive imaging of gene expression, by

monitoring the location in vivo, magnitude, and persistence of gene expression as a function

of time post-transfection .

1.4.4. Technetium and Rhenium (Tc, Re)

99mn
Nearly 80 % of all radiopharmaceuticals used in nuclear medicine are Tc-labelled

compounds. Rhenium is used for palliative treatment of cancer and for radio

immunotherapy '

.
A possible aim for the development of further applications might be the

development of identical pharmaceutical kits for both diagnosis and therapy for the duo

188Re/"mTc, since the chemical activity of these two elements is believed to be relatively

similar. Technetium, as artificial element was first isolated by Segré und Perrier in 1938. It

occupies position 43 in group VHIb in the periodic system of elements (Figure 3 and 4) and

can therefore occur in the oxidation states -I to -f-VII. Re occurs in the oxidation states -III to

+VII.

PERIODIC rUIiLE

Li &

Ha Mg

KCStS

Fr Ra Act Kf Ha Sg Ns Hs Mt

tantaiM iPr HdPmSmEu I

Actendes ;»W tîftemi AmCmEk Cf Es Fin MdNo Lr

Figure 3: Periodic system of elements.

,99mnThe physical half life of six hours ( Tc) and the absence of emitted particles, which are

tissue damaging, allow the injection of activities up to 1110 MBq (30 mCi) without a

significant radiation burden to the patient. The energy of the emitted protons of 140 keV is

sufficient and ideal to reach also organs, which are buried deeper in the body.
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Figure 4: Section of a nuclide table, showing isotopes of ruthenium, molibden and techetium.

The metastable mTc, which arise as ß-decay product of 99Mo, decays into 99Tc (14 %of

99Mo decay directly into 99Tc). 99Tc is a ß-emitter with a half life of 2,lxl05 years and

contributes to radiation exposure, because of its low concentrations (10~7-10~9 Mol/1), in „no

carrier added" (nca) approaches to a minor extent. Tc decays into the stable 99Ru-Isotop

(Figure 5).
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Figure 5: Scheme of the Moformation and decay

For imaging organs, by means of a y-camera, 18.5-1110 MBq (0.5 - 30 mCi) 99mTc are

necessary. One of the great advantages of 99mTc is the availability of a 99Mo/99mTc Generator

system. Hereby, 99mTc can be eluted, with physiological sodium chloride solution (0.15 M), in

oxidation state +VII, as sodium-pertechnetate Na[99mTc04]. The mother nuclide 99Mo has a

half life of 66 hours and therefore a 99Mo/99mTc generator can be used for approximately one

week. Characterization of 99mTc-complexes by means of spectroscopy and analytical methods

is quite difficult, because of the poor concentration of Technetium into the generator eluent

(10" M- 10 M). Thus, chromatography with y-detection is used. An additional possibility

for analysis is the comparison with the corresponding, inactive Re-reference complexes,

because the coordination behaviour of Tc and Re are found to be quite similar. The reduction
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of perrhenate for example is more difficult and reoxidation occurs easier, compared to

corresponding Tc-complex37. Differences in lipophilicity exist as well38.

1.4.5. Technetium-Tricarbonyl-complexes

The development of new radiopharmaceuticals based on 99mTc in oxidation state +1 has

attracted attention after the discovery of an easy synthetic pathway to obtain the water soluble

precursor [99mTc(CO)3(H20)3]+. The tricarbonyl compounds own unique features in terms of

kinetic inertness, small size and in vivo stability. In particular, the small size is of great

importance for the labelling of small molecules
.

The biological activity of small molecules,

such as peptides, amino acids or nucleosides might be maintained, despite the fact that an

organometallic complex is attached. The synthesis of métallo tricarbonyl complexes starts

with the reduction of the corresponding permetallate [MO4]" in organic or aqueous solution.

The exchange of the water-, or the halogenide ligands, respectively, with suitable ligands of

the biomolecules, proceeds under mild conditions (Figure 6). This is especially important for

sensitive molecules such as antibodies.

mo4

K2[H3BC02] 09%

NaCI/H20 100°C,
20 min

OH2
H20 I CO

H2cr I ^co
CO

M= "mTc, Re

scFv

Figure 6: Scheme for the labelling of biomolecules starting from [MO4].
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1.4.6. Radiopharmaceuticals for therapy

Therapeutic radiopharmaceuticals should emit particulate radiation, like ß"-emission,

conversion electrons, auger-electrons, or a-emission and are characterised by a high linear

energy transfer (LET). ß"emissions are electrons emitted from the nucleus in a continuum of

energies up to a maximum value. Their ranges are about 1 mmand more, depending on their

energies, and are therefore favourable, because also surrounding tumour cells are affected.

Auger electrons have a range of about 10 nm and can only have a therapeutic effect, if their

energy is directed to the DNAin the cell nucleus40'41. Alpha particles are high-energy helium

nuclei and could destroy tumour cells, if they reach the cell membrane, because of their range

of about 100 urn 2. Nevertheless, up to now no therapeutic radionuclides are used in clinical

I ^ I ^? 89 90

routine, except
' I-sodium iodide, "P-sodium phosphate, Sr-chloride, and Y-silicate.

1R8

Someradionuclides suitable for therapy are shown in Table 5. Re has a half life of 17 h and

is the daughter nuclide of 188W (T./2 69 d). The availability of a 188W generator renders this

nuclide possible for extensive use as a therapeutic radionuclide, especially because of its

chemical similarity to 99mTc (see chapter 1.4.4.). The application of 99mTc as diagnostic tool

and l88Re as therapeutic tool with similar characteristics makes this duo attractive for future

investigations.

Table 5: Radionuclides suitable for therapy.

Radiation Nuclide Half-life
C'Max

[MeV]

Maximum energ

range in tissue

ß" Ag-111 7.5 d 1.05 4.8 mm

Cu-67 2.6 d 0.57 1.8 mm

1-131 ; 8.0 d 0.81 2.0 mm

Lu-177 6.7 d 0.50 1.5 mm

P-32 14.3 d 1.71 8.7 mm

Re-186 3.8 d 1.07 5.0 mm

Re-188
«

17.0 h 2.11 11.0 mm

""" """""" "

Y-90 2.7 d 2.27 12.0 mm
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a At-211 7.2 h 6.8 65 um

Bi-212 1.0 h 7.8 70 pm

Auger Ga-67 3.3 d 0.01 10 nm

1-123 13.2 h 0.03 10 nm

1-125 60.0 d 0.03 10 nm

In-111 2.8 d 0.03 10 nm
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7.5. Aim of the project

99nin

The aim of this project was the development and biological evaluation of Tc/Re tricarbonyl

based complexes of thymidine derivatives as inhibitors of thymidine kinases for use as

monitoring system for suicide gene therapy. The synthetic strategy was guided by structures

of potent inhibitors of HSV-1 TK. The bulky aromatic residues of these inhibitors were

substituted with the 99mTc(CO)3 core, as it is shown in scheme 3.

HSVlTK:IC50:0,95nM

Scheme 3: Structure of a potent inhibitor of HSV-1 TK and consequential functionalisation

and labelling strategies for organometallic thymidine analogues.

In chapter 1 general considerations about cancer, gene therapy, thymidine kinase, and

radiopharmacy are given.

In chapter 2 the synthesis, as well as a preliminary screening of some complexes is

described:

First organometallic inhibitors for human thymidine kinase: synthesis and in vitro evaluation

of rhenium(I)- and technetium(I)-tricarbonyl complexes of thymidine.

In chapter 3 enzyme kinetic studies as well as the synthesis of further complexes are shown:

Synthesis and Biological Evaluation of Organometallic Thymidine Analogues as Inhibitors of

Thymidine Kinases.

Chapter 4 describes the biological evaluation inclusive internalization studies:

Initial Internalization and Inhibition Studies with Re/Tc Tricarbonyl Complexes of Thymidine

Analogues as Potential Nucleoside Transport Inhibitors.

Chapter 5 consists of the conclusion of the present work.
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Abstract

Six 5'-carboxamide derivatives of 5'-aminothymidine have been synthesized with alky]

chains of various length and a tridentate, imino diacetic acid based chelating system. The

thymidine analogues have been reacted with the precursor/ac-[M(H20)3(CO)3]+ (M = 99mTc,

Re) in aqueous media to form, water-soluble and stable organometallic complexes in good

yields. JH NMRand IR spectroscopic analyses confirmed in all cases the tridentate

complexation of the metal-tricarbonyl fragment exclusively via the tridentate chelates and no

unspecific interaction with other functional groups of the pharmacophor. The organometallic

rhenium-nucleoside complexes have been tested in vitro for competitive inhibition of human

cytosolic thymidine kinase (hTK 1) and herpes simplex virus thymidine kinase type 1 (HSV1-

'

J. Organomet. Chem. 2003, 668, 67-74.
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TK). In case of hTK 1 it could be observed, that the inhibition capacity of the complexes

improved with increasing spacer length. On the other hand, all six complexes showed no or

only slight inhibition of the HSV1-TK. The corresponding radioactive technetium-99m

complexes have been prepared and challenged for stability in physiological phosphate buffer

and human serum albumin at 37°C for 24 hours. Only minor decomposition of the complexes

could be detected under these conditions proving the high kinetic inertness and/or stability of

these complexes.

1. Introduction

Nucleoside kinases play a pivotal role in the use of nucleosides for cancer and antiviral

therapy [1]. In this context the human cytosolic thymidine kinase (hTKl) and the herpes

simplex virus type 1 thymidine kinase (HSV1-TK) are important target enzymes. Proliferating

cells reveal a dramatically increased hTKl activity compared to quiescent cells. These

characteristics form the base of a selective targeting of growing tumour cells. On the other

hand, introduction of reporter genes, such as for the HSV1-TK has emerged as a very

powerful tool to monitor the delivery, magnitude, and time variation of therapeutic gene

transfer in vivo. These reporter genes can be coupled with a therapeutic gene of interest to

indirectly monitor the expression of the therapeutic gene. In case of HSV1-TK a selective

targeting is facilitated due to the relaxed substrate specificity of the enzyme as compared with

mammalian thymidine kinase. In both respects (tumour proliferation and gene therapy

monitoring) radioactive labelled probes allow a non-invasive diagnosis and early assessment

of tumour growth and response to therapeutic approaches. Typically, either positron-labelled

substrates for intracellular enzymes or positron-labelled ligands for cellular receptors are used

as radioactive probes. However, there would be a great interest to develop Tc-99m based
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diagnostic probes because of the favourable decay properties (y, 140 keV, tj/2 = 6 h), low costs

1 QQ 1 OO

and easy availability of this radionuclide. In addition, due to the W/ Re-generator

technique (Re-188: ß ,
2.1 MeV, tj/2 = 17 h) a therapeutic pendant of technetium is nowadays

also readily available. Particularly organometallic technetium(I) and rhenium(I) modified

analogues of thymidine could be attractive candidates for gene therapy monitoring and

diagnosis/therapy of proliferating tumours. The high kinetic inertness and relatively small size

of e.g. the technetium(I)- and rhenium(I)-tricarbonyl core as compared to common

Tc(V)/Re(V) complexes of the Werner type is a decisive advantage for bio-medical purposes

due to increased in vivo stability and reduced interference with biological activity.

Herein, we report the functionalisation, synthesis and structural characterization of a

series of novel 5'-amino thymidine analogues and their corresponding technetium-

99m(I)/rhenium(I)-tricarbonyl labelled complexes. The biological characterization and

evaluation of the organometallic rhenium compounds were performed in vitro against hTKl

respectively HSV-1 TK. The Tc-99m analogues have been challenged in vitro in

physiological phosphate buffer and human serum albumin.

2. Experimental

Solvents for syntheses were purchased from Aldrich Chemical Co. or Fluka, Buchs,

Switzerland and were dried according to standard methods. The organometallic precursor

[NEt4MReBri(COh] and the radioactive precursor [99niTc(H20)^(CO)1]+ were prepared as

previously reported [2, 3]. 5'-Amino-thymidine [4] and 2-hydroxy-5-amino-pentanoic acid 13

[5] were synthesized according to the literature. The y-cyano-3-phenylbutanoic acid 10 was

synthesized starting from ethyl-a-carbethoxy-y-cyano-ß-phenyl-butyrate [6], Compounds 2-5

have been synthesized by a previously published procedure [7]. Na[99mTc04] was eluted from
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a 99Mo/99mTc generator (Mallinckrodt-Tyco, Petten, Netherlands) using 0.9 % saline. HPLC

analyses of the rhenium and technetium-99m complexes were performed on a Merck-Hitachi

L-7000-system equipped with an L-7400 tuneable absorption detector and a Berthold LB 506

B radiometric detector using a Macherey-Nagel C-18 reversed phase column (10 pm, 150 x

4.1 mm). HPLC solvents: Aqueous 0.05 MTEAP (triethylammonium phosphate) buffer, pH

= 2.25 (solvent A), methanol (solvent B). The HPLCsystem started with 100 %of A from 0-3

min. The eluent switched at 3 min to 75 %A and 25 %B and at 9 min to 66% A and 34% B

followed by a linear gradient 66% A/34% B to 100 % B from 9-20 min. The gradient

remained at 100 % B for 2 min before switching back to 100 % A. The flow rate was 1

ml/min. Nuclear magnetic resonance spectra were recorded on a 300 MHz Varian Gemini

2000 spectrometer. The 'H and ^C chemical shifts are reported relative to residual solvent

protons as a reference. IR spectra were recorded on a Perkin-Elmer FT-IR 16PC using KBr

pellets. Mass and elemental analyses were performed at the Swiss Federal Institute of

Technology, ETH, Zurich.

2.7 In Vitro HPLCAssay

Human cytosolic TK was purified and assayed by using a protocol published by Pilger et al.

[8] with some modifications. Briefly: hTKl (2-5 ug) was incubated at 37°C for 15 min in a

mixture (75 pi) containing 50 mMTris, pH 7.4, 5 mMATP, 5 mMMgCl2, 1 mM

deoxythymidine and different concentrations of the rhenium complexes (0.5-2 mM). The

reaction was terminated by adding EDTA (2.5 mM, 675 pi) and analyzed by HPLC. 0.2 M

NaH?P04, 25 mMtetrabutylammonium hydrogensulfate and 3% methanol were used as the

mobile phase and the flow rate was 1.1 ml/min. A Macherey-Nagel C-18 reversed phase

column (10 (im, 150 x 4.1 mm) was used. UV-absorption was measured at 254 nm. Samples

without substrate (thymidine) and without inhibitor were used as blank reactions. The
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formation of adenosine diphosphate and thymidine monophosphate was monitored

qualitatively. HSV1-TK was assayed under the same reaction conditions

2.2 Syntheses of compounds 6-9

The syntheses of compounds 6-9 was performed according to the following, general

procedure: Compounds 2-5 (1 equivalent) were dissolved in DMF. /V.yV'-dicyclohexyl

carbodiimide (DCC; 1.1 equivalents) and TV-hydroxy succinimide (NHS; 1.1 equivalents)

were added. The reactions were stirred at 60°C for 2h. The formation of the active ester was

monitored by TLC. Amino-thymidine (1 equivalent) was added and the reaction stirred over

night at 40°C. When the reaction has finished (monitored by TLC) the solvent was removed

under vacuum, and the crude product was purified by chromatography on silicagel

(ethylacetate/CH2Cl2/methanol: 8/1/1). The saponification of the methyl ester was performed

in 1 MNaOHfor 3h at RT and monitored by HPLC. Analytical data for 6: 'H-NMR (D20): ô

1.7 (s, 3H), 1.8 (m, 2H), 2.2 (m, 2H), 2.2 (m, 2H), 3.2 (m, 2H), 3.3 (d, 2H), 3.8 (q, 1H), 4.0 (s,

2H), 4.2 (m, 1H), 6.1 (t, 1H), 7.3 (s, 1H), nC-NMR(DMSO): Ô 168.1, 167.2, 160.0, 146.4,

131.9, 105.8, 81.0, 79.7, 67.8, 67.6, 46.5, 36.2, 34.6, 28.5, 21.9, 8.3; HPLC: Rt: 9.3 min.

Analytical data for 7: ]H-NMR (D20): ô 1,1 (m, 12H), 1,4-1,6 (m, 4H), 1,7 (s, 3H), 2,1-2,2

(m, 4H), 2,9-3,0 (m, 10H), 3,1 (s, 4H,), 3,3 (m, 2H), 3,8 (m, 1H), 4,2 (m, 1H), 6,0 (t, 1H), 7,3

(s, 1H,); nC-NMR (CD,OD): ô 174.3, 169.1, 165.1, 151.1, 137.2, 110.5, 85.9, 85.1, 71.8,

71.5, 57.4, 41.1, 38.6, 34.8, 24.9, 22.3, 11.1; HPLC: Rt: 10.0 min. Analytical data for 8: : 'H-

NMR(CThOD): ô 1.4 (m, 6H), 1.6-1.8 (m, 4H), 2.0 (s, 3H), 2.3 (m, 4H), 2.8 (m, 2H), 3.5 (d,

2H), 3.8 (s, 4H), 4.0 (m, 1H), 4.3 (m, 1H), 6.3 (t, 1H), 7.6 (s, 1H); nC-NMR (CD3OD): 5

175.5, 172.2, 165.1, 151.2, 138.2, 136.1, 110.7, 85.9, 84.5, 72.6, 71.5, 54.6, 54.1, 41.3, 39.0,

36.0, 29.2-25.3, 12.2; HPLC: Rt: 10.6 min. Analytical data for 9: LH-NMR (D20): ô 1.2 (m,
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12H), 1.5 (m, 2H), 1.7 (m, 2H), 1.9 (s, 3H), 2.2 (m, 2H), 2.3-2.4 (m, 4H), 3.4 (d, 2H), 3.7 (s,

4H), 4.1 (m, 1H), 4.4 (m, 1H), 6.3 (t, 1H), 7.5 (s, 1H); nC-NMR(CD30D): ô 177.6, 170.7,

166.5, 151.7, 137.5, 111.6,85.4,84.4,71.6,57.1,56.3,40.9,38.1,35.9,32.7,28.1-29.2,25.5,

11.7; HPLC-R,: 16.9 min.

2.3 Synthesis of compound 11

The y-cyano-3-phenylbutanoic acid 10 (1.7 mmol) was solved in DMF(10 ml) and DCC(1.8

mmol) and NHS (1.8 mmol) were added. The solution was stirred for 90 min at 50°C. 5'-

aminothymidine (1.6 mmol) was added in portions to the reaction solution. The DMFwas

removed in vacuum and the product was purified by chromatography on silica gel (ethyl

acetate/methanol: 9/1) and checked via 'H-NMR spectroscopy. Yield: 284 mg (52%). 'H-

NMR(ŒhOD): ô 2.0 (d, 3H), 2.3 (m, 2H), 2.8 (m, 4H), 3.5 (m, 3H), 3.9 (m, IH), 4.3 (m,

IH), 6.2 (m, IH), 7.4-7.5 (m, 5H), 7.6 (s, IH). The cyano group was reduced in dry methanol

with HCl cone. (lOOpl) and Pd/C 10%. H2 was bubbled through the solution over night. The

solution was filtered over celite and the product (301mg, 98%) was used without further

purification. ]H-NMR (CD^OD): ô 2.0 (d, 3H), 2.1 (m, 2H), 2.3 (m, 2H), 2.7 (m, 4H), 3.5 (m,

3H), 3.9 (m, IH), 4.3 (m, IH), 6.2 (m, IH), 7.4-7.5 (m, 5H), 7.6 (s, IH).

2.4 Syntheses of compounds 12 and 15

To a solution of 11 or 14 (0.6 mmol) in methanol, NEt^ (1.9 mmol) and methyl bromo acetate

(1.3 mmol) was added drop wise under an atmosphere of nitrogen. The reaction mixture was

refluxed over night, the solvent removed and the product was purified by chromatography on

silica gel (ethyl acetate/methanol: 9/1). The saponification of the ester groups was performed

in IN NaOH for 3 h at room temperature (Scheme 2). Analytical data for 12: !H-NMR
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(CDsOD): ô 2.0 (s, 3H,), 2.2 (m, 2H), 2.6 (m, 2H), 2.6 (m, 4H), 3.2 (m, 1H), 3.4 (d, 2H), 3.5

(s, 4H), 3.9 (m, 1H), 4.2 (m, 1H), 6.2 (t, 1H), 7.2-7.4 (m, 5H), 7.6 (s, 1H); nC-NMR

(CD^OD): 8 172.8, 169.8, 165.3, 151.2, 142.2, 137.1, 128.8-127.1, 110.3, 85.7, 84.9, 71.7,

71.6, 57.5, 41.0, 40.6, 38.6, 30.2, 10.9; HPLC: R,: 15.4 min. Analytical data for 15: 'H-NMR

(CD^OD): ô 1.8-1.9 (m, 4H), 1.9 (s, 3H), 2.4 (m, 2H), 3.4 (m, 2H), 3.6 (d, 2H), 4.1 (m, 1H),

4.1 (s, 4H), 4.2 (m, 1H), 4.4 (m, 1H), 6.2 (t, 1H), 7.5 (s, 1H); nC-NMR(D20): ô 176.6, 169.3,

166.9, 152.1, 139.1, 136.9, 112.0, 85.8, 85.0, 71.7, 70.9, 57.7, 55.7, 38.2, 31.8, 20.1, 12.9;

HPLC: Rt: 9.9 min.

2.5 Syntheses of the Complexes 16a-21a.

The complexes 16a-21a were prepared according to the following general procedure: 900 pi

of a solution of/ac-[99mTc(OH2)s(CO),]+ (1.8 to 8 GBq) and 100 pi of a 10
3
Msolution of the

corresponding ligand in PBS buffer (0.1 MNaCl/0.05 Msodium phosphate buffered, pH =

7.4) were placed in a 10-ml glass vial under nitrogen. The vial was sealed and the reaction

heated to 75°C for 60 min and cooled on an ice bath. The complex formation was checked by

HPLC.

2.6 Syntheses of complexes 16b-21b

The Re(CO)i-thymidine-complexes were synthesized according to the following general

procedure: (NEt4)2[ReBrs(CO)^] and the ligands 6-9, 12 and 15 in equimolar amounts were

solved in a ftO/methanol mixture (1/1) (5 ml) and stirred at 60°C till the disappearance of the

starting material (monitored by means of HPLC). The solution was evaporated to dryness and

resolved in a small amount of water. The resulting complex was purified by chromatography

on SepPak -cartridge (Waters, C18-cartridges) using a water/methanol gradient. Analytical
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data for Complex 16b: Yield. 64mg (76%); 'H-NMR (D20): 8 1.12 (t, 4H), 1.78 (s, 3H), 1.8

(m, 2H), 2.2 (m, 2H), 2.2 (m, 2H), 3.0 (q, 3H), 3.2 (m, 2H), 3.4 (d, 2H), 3.4-3.6 (AB, 4H,),

3.8 (q, IH), 4.2 (m, IH), 6.1 (t, IH), 7.4 (s, IH), nC-NMR(D20): 8 192.4 (CO), 191.8 (CO),

178.4, 170.7, 162.1, 146.9, 133.1, 106.8, 81.0, 79.7, 66.8, 63.6, 57.5, 47.2, 36.6, 33.5, 27.9,

16.1, 6.3, 1.9; EA for CîiH^OnRetQ^oN^Na^B^. 0.5 H20: calc: C 27.23 H 3.03 N

5.83. found: C 27.51 H 3.98 N 5.72; IR (KBr): 3750 br, 2014 s, 1890 vs, 1684 s cm"1; HPLC:

Rt: 18.5 min; MS(ESI): m/z (%) 709 (60), 711 (100) [M~].

Analytical data for Complex 17b: Yield: 57,8mg (61%); 'H-NMR (CD^OD): 8 1.3-1.4 (m,

12H), 1.75-1.85 (m, 4H), 2.0 (s, 3H), 2.3-2.4 (m, 4H), 3.3-3.4 (m, 10H), 3.5 (d, 2H), 3.5-3.8

(AB, 4H), 4.0 (q, IH), 4.4 (m, IH), 6.3 (t, IH), 7.6 (s, IH); nC-NMR (CThOD): 8 197.8

(CO), 196.9 (CO), 181.8, 174.7, 165.3, 151.2, 137.0, 110.6, 86.0, 85.4, 71.7, 63.0, 52.0, 52.5,

50.8, 41.4, 38.0, 35.3, 24.4, 22.9, 11.7; EA for C22H26N40i2Re(C8H2oN)i sNai ,BmCl07 •

H20: calc: C 37.08, H 5.31, N 6.99, found: C 37.37, H 5.38, N 6.16; IR (KBr): 3418 br, 2014

s, 1998 vs, 1874 w, 1684 s, 1654 m cm1; HPLC: R,: 16.1 min; MS (ESI): m/z (%) 725.2

(100), 723.2 (60) [M"].

Analytical data for Complex 18b: Yield: 76mg (86%); 'H-NMR (CD^OD): 8 1.3-1.4 (m,

18H) 1.7-1.8 (m, 4H), 2.0 (s, 3H), 2.3 (m, 4H), 3.3-3.4 (m, 10H), 3.5 (d, 2H), 3.6-3.8 (AB,

4H), 4.0 (m, IH), 4.3 (m, IH), 6.3 (t, IH), 7.6 (s, IH); nC-NMR (CD^OD): 8 199.0 (CO),

198.0 (CO), 183.0, 176.8, 166.0, 151.2, 139.6, 137.4, 112.0, 88.0, 85.5, 74.0, 71.0, 64.4, 52.0,

42.7, 40.2, 37.3, 30.0-26.0, 13.4; EA for C2sHs2N4Oi2Re(C8H2oN)o6Nao4.1.5H20: calc: C

40.62, H 5.38, N 7.31, found: C 40.19, H 5.45, N 6.88; IR (KBr): 3384 br, 2020 s, 1880 vs,

1700 w, 1684 s, 1652 s, 1646 m, cm"'; HPLC: Rt: 20.9 min; MS(ESI): m/z (%) 766.8 (100),

764.8 (60) [M"].
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Analytical data for complex 19b: Yield: 74.2mg (79%); 'H-NMR (CD30D): 8 1.4 (m, 18H),

1.7 (m, 2H) 1.8 (m, 2H), 2.0 (s, 3H), 2.3-2.4 (m, 4H), 3.4 (m, 4H), 3.5 (d, 2H), 3.6-3.8 (AB,

4H), 4.0 (m. IH), 4.3 (m, IH), 6.3 (t, IH), 7.6 (s, IH); nC-NMR (CD30D): 8 197.6 (CO),

197.1 (CO), 181.7, 175.3, 165.0, 151.2, 136.9, 110.5,85.6,85.2,71.8,69.5,62.8,51.9,46.8,

46.9, 41.1, 38.8, 35.8, 29.2-28.8, 26.6-24.9, 11.1; EA for C28H38N4Oi2Re(C8H2oN)o3

Na07.2H2O: calc: C 40.57; H 5.38; N 6.69. found: C 40.00; H 5.41; N 6.63. IR (KBr): 3550

br, 2015 s, 1888 vs, 1672 s, cm"1; HPLC: R,: 20.5 min; MS(ESI): m/z (%) 809.0 (100), 807.0

(60) [M"].

Analytical data for complex 20b: Yield: 87.8mg (75%); 'H-NMR (CD3OD): 8 1.3-1.4 (m,

5H), 2.0 (s, 3H), 2.15-2.3 (m, 4H), 2.6 (m, 2H), 3.0-3.25 (m, 3H), 3.3-3.5 (m, 3H), 3.5 (d,

2H), 3.6-3.8 (AB, 4H), 3.84 (m, IH), 4.23 (m, IH), 6.2 (t, IH), 7.3-7.4 (m, 5H), 7.5 (s, IH);

nC-NMR (CD3OD): 8 197.3 (CO), 196.9 (CO), 181.3, 173.0, 165.3, 151.2, 142.5, 137.1,

128.6-126.8, 110.4, 85.9, 85.0, 71.7, 67.6, 62.9, 51.9, 43.0, 40.9, 38.8, 30.9, 11.1, 6.3; EA for

(C28H3oN4012)i 17Re (C8H2oN)o4Nao6: calc: C 44.47, H 4.47, N 7.32 found: C 44.51, H 5.17,

N 7.15; IR (KBr): 3739 br, 2014 s, 1892 vs, 1703 s, 1671 s, cm"1; HPLC: Rt: 20.2 min; MS

(ESI): m/z (%) 801.2 (100), 799.2 (60) [M].

Analytical data for complex 21b: Yield: 45mg (92%); 'H-NMR (CD3OD): 8 1.3-1.4 (m, 6H),

1.78-1.9 (m, 4H), 2.0 (s, 3H), 2.3 (m, 2H), 3.3-3.4 (m, 6H), 3.6 (d, 2H), 3.6-3.8 (AB, 4H), 4.0

(m, IH), 4.2 (m, IH), 4.39 (m, IH), 6.28 (t, IH), 7.6 (s, IH); 13C-NMR (CD3OD): 8 197.8

(CO), 196.9 (CO), 181.8, 176.0, 165.3, 151.2, 138.5, 136.2, 110.6, 86.0, 85.4, 72.3, 71.5,

63.0, 52.0, 41.4, 38.6, 31.8, 20.1, 12.0; EA for C22H26N4OnRe(C8H2oN)<,7Nao3: calc: C

39.52, H 4.81, N 7.85, found: C 38.71, H 5.29, N 8.07; IR (KBr): 3408 br, 2020 s, 1878 vs,

1646 s, cm"1; HPLC: R,: 14.9 min; MS(ESI): m/z (%) 741.1 (100), 739.1 (60) [M].
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3. Results and discussion

3.1 Syntheses

Martin et al. recently presented a series of carboxamide derivatives of 5'-amino-2',5'-

dideoxy-5-ethyluridine and could show, that they are highly potent inhibitors of HSV1-TK

and HSV2-TK [9]. The IC values for these enzymes were found to range from 1 pM to 1

nMwhich is orders of magnitude more potent than e.g. the antiviral drug Acyclovir (IC50 = 28

pM). The design of these HSV TK inhibitors was based on isosteric and isoelectronic

analogues of thymidine monophosphate (Figure 1 ).

o

NH

Çl

a. K\>

c,0
OH

IC50 (nM)

1 0 (HSV-1 TK) 0.19 (HSV-1 TK)
3 3 (HSV-2 TK) 0.11 (HSV-2 TK)

Figure 1: Examples of a new generation of potent inhibitors of herpes simplex virus

thymidine kinase [9].

Based on the X-ray structure of HSV-1 TK and molecular modelling calculation, there is

evidence that the aromatic residues of these compounds are located outside the binding site of

the enzyme [10, 11]. Other X-ray structure analyses of the viral enzyme predicted, that

functionalisation of thymidine/uridine at positions other than C-5' causes serious reduction of

binding to the enzyme [12]. Thus, it would be interesting and reasonable to develop synthetic

strategies for high affinity, C5'-functionalized and 99mTc-labeled thymidine/uridine analogues

for potential use in radiopharmacy.
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Discovered for radiopharmaceutical application, the water-soluble, organometallic

complex [M(H20)3(CO)3]+ (M = Tc, Re), 1, has gained considerable attention in the past

years. The high kinetic inertness, its small size and the versatility of appropriate chelating

systems make this organometallic core particularly suitable for in vivo stable radiolabelling of

small biomolecules. Mundwiler et al. have recently presented C-5 functionalized organo¬

metallic thymidine complexes of Tc-99m and Re [13]. However, to our knowledge, there

exists no other systematic in vitro investigation of biologically active technetium and rhenium

based thymidine analogues in the literature. In order to elucidate the potential of

organometallic technetium and rhenium-tricarbonyl complexes of thymidine (or uridine) for

radiopharmaceutical application, we are currently focusing on the functionalisation and

labelling of thymidine at the C-5'-position. From our previous studies we have recognized,

that poly amino poly carboxylic acid based ligand systems react readily with the precursor 1

to form stable and hydrophilic complexes [14-16]. Thus, we synthesized a series of 5'-

carboxamide derivatives of 5' amino thymidine with an imino diacetic acid chelating moiety

and alkyl spacers of variable chain lengths and with various side chains. The thymidine

derivatives 6-9, 12 and 15 were obtained through coupling with the corresponding N,N-

dicarboxy methyl amino carboxylic acids 2-5 in the presence of 1,3-dicyclohexyl

carbodiimide (DDC) and N-hydroxysuccinimid (NHS) in DMFas shown in Scheme 1.

o 9

NH NH

xs n H,N
N^Sd

, un n-^ À )rv^N. N"X)

Me02C''y<>n-C02H HïPS
0

î °

__!_ H°2C

J" T VO^

Me02C
+

|
"

H°2C

OH OH

2n=3 6n=3

3 n = 4 7 n = 4

4 n = 7 8 n = 7

5 n = 10 9 n = 10

Scheme 1: (i) DCC, NHSin DMF, 60°C, 2 h; (ii) 1 NNaOH, r.t., 3 h.
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The compounds were purified over silica gel (ethyl acetate/methanol: 8/1). Yields varied

between 64-79 %for the coupling reaction. For the derivatives 12 and 15 with additional side

chains the chelating moiety was build up after coupling of the spacers to 5'-amino-thymidine.

A?-Boc-5-amino-2(5')-hydroxy-pentanoic acid [17] or 4-cyano-3-phenyl butanoic acid 10 were

amidically linked to 5'-amino- thymidine (Scheme 2).

o

o

^»h
„

TT mfl. H "OC
10 + l^o

OH

11 12

O O

^NH ">! NH H02C
"t""Nh

l oh n i
2

^ oh y j"
H2N -N^O

, H2N XX Sjl^O H02C^N. XX ^0
13 + V°^l - ()3T u-°~-J . ()3T i^-cx

,„ O \ / iiv 0

OH OH OH

14 15

Scheme 2: (i) DCC, NHSin DMF, 60°C, 2 h; (ii) Methanol, cone HCl, 10 %Pd/C, H2, r.t.,

12 h (iii) BrCH2C02CH3, methanol, NEt3, reflux, 12 h; (iv) 1 N NaOH, r.t., 3 h.

After reduction of the cyano group or cleavage of the BOCgroup, the pendent primary amino

function of compounds 11 and 14 were double N-alkylated with methyl bromo acetate in

presence of NEt3 to form the nucleoside derivatives 12 and 15 in yields of 38-59 % after

chromatographic purification on silica gel (ethyl acetate/methanol: 8/2, ethyl

acetate/methanol: 9/1, respectively). All nucleoside derivatives have been unambiguously

characterized by means of 'H, 13C NMRand Mass spectroscopy.

The reactions with the organometallic precursor lb have been performed in a

water/methanol mixture (1/1) at 60°C (Scheme 3). The crude products were purified over

SepPak® reversed phase columns using a water-methanol gradient. The complexes 16b-21b

were obtained in good yields (61- 84 %) as a mixture of the corresponding Na+ and NEt4+
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salts as evident from the elemental analyses. The IR spectra of all complexes revealed the

typical /ar-M(CO)3 pattern of a symmetrically coordinated complex with significantly blue-

shifted CO

H02C^
N

H02C—J R 0

NH

hAo

OH

6 n = 1, R = H, R' = H

7 n = 2, R = H, R' = H

8 n = 5, R = H, R' = H

9 n = 8, R = H, R' = H

12 n = 2,R = H, R =C6H5
15 n = 2, R = OH, R' = H

99m,

OH2

H20-„, I ,„>CO

e

m

h2qt I ^co
CO

M= 99mTc1a, Reib

o^Pn
/

On

R' 0

o=( o,„ : „>co

£T I ^CO

CO

NH

N^O

OH

16 n = 1,R = H,R' = H

17 n = 2, R = H,R =H

18 n = 5, R = H, R' = H

19 n = 8, R = H, R' = H

20 n = 2 R = H, R' = C6H5
21 n = 2, R = OH, R'= H

Scheme 3: (i) M= "mTc: PBS buffer, pH = 7.4, 75°C, 1 h; M= Re: Methanol/H20, 60°C, 5h.

stretch frequencies compared to the starting material (NEt4)2[ReBr3(CO)3J (2000 cm" and

1868 cm"1). In the !H NMRspectra of complexes 16b-21b, the four protons of the

coordinated IDA moiety showed the typical pattern of an AB system (Figure 2B). The singlet

of the previously identical NCH2CO2protons in 6-9, 12 and 15 (Figure 2A) became non-

equivalent upon rigid coordination to the metal centre by virtue of their axial and equatorial

orientation.
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H02C
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_
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44 42 40 3£ 3 6 3 4 3 2 ppm

Figure 2: Section of the HNMRspectra between 3.0 - 4.5 ppm of the thymidine analogue 9

(A) and of the corresponding complex [NEt4][Re(9)(CO)3], 19b (B) (R = 5'-

amidodecyl thymidine). Only NCH2protons of the IDA-moiety and of the counter

ion NEt4+ (in case of complex 19b) are labelled.

The same spectroscopic features have been previously reported for rhenium-tricarbonyl

complexes of IDA-functionalized desoxyglucose and glucose derivatives [16]. This proved

the desired symmetric, tridentate coordination of the metal-tricarbonyl core via the IDA

chelate. There was no significant chemical shift observed in the 'H NMRspectra of

complexes 16b-21b for protons, which are not in close vicinity of the chelate. Therefore,

unspecific coordination or interaction of the metal centre via other functional groups of

thymidine can largely be excluded. All complexes revealed a good solubility in water and

polar organic solvents, which was a prerequisite for enzymatic studies in vitro.

The corresponding radioactive technetium-99m complexes 16a-21a have been almost

quantitatively prepared in physiological phosphate buffer (PBS; pH = 7.4) at concentration of

10" Mof compounds 6-9, 12 and 15 after 60 min at 75°C. Specific activities between 18-180

MBq/pmol could be achieved under these labelling conditions. Single species have been
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produced with all nucleoside derivatives. The characterization of complexes 16a-21a was

accomplished by comparison of the retention times of the y-traces with the UV-traces (254

nm) of the corresponding rhenium complexes (Figure 3).

A

<—20 5 mm

{
B

4.2 mm

^—20 3 mm

5.0 10.0 15.0 20 0 25.0 30.0

[min]

Figure 3: (A) HPLCtrace of complex 19b (254 nm); (B) y-trace of the radioactive complex
19a. Peak at 4.2 min represent unreacted [99mTc(H20)3(CO)3]+ (< 5 %of total

activity).

The organometallic
c

mTc-complexes were challenged in vitro in PBS buffer and human

serum albumin for 24 h at 37°C. Decomposition or dissociation of the complexes to either

TCO4" or la was less than 8 %of the initial activity. These stabilities and specific activities

would be sufficient for a potential radiopharmaceutical application of such compounds.

3.2 In vitro evaluation

For an initial evaluation of the biological activity, the rhenium complexes 16b-21b have

been screened and tested in vitro for inhibition of HSV-1 TK as well as human TK 1

according to the procedure described by Pilger et al. [8]. The inhibition of the enzymatic

reaction

TK
ATP + dT ? ADP+ dTMP
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was monitored. The results of these in vitro experiments are depicted in Figure 4. The

formation of ADPor dTMPin the presence of hTKl at various concentrations of complexes

16b-21b was measured. The organometallic rhenium-thymidine complexes revealed

competitive inhibition of hTKl. One could observe a correlation between length of the spacer

and the inhibitorial effect of the rhenium complexes (Figure 4A).

A
100

80

& 60

<

5° 40

20

0

B
120

100

q.
80

5 60

^
40

20

0

Figure 4: Enzymatic formation of ADPat various concentrations of complexes 16b-19b (A)
and of complexes 20b and 21b (B) in presence of hTKl. Complex [Re(IDA)(CO)3]"
was used as a negative control.

Inhibition was found to be increased for complexes with longer alkyl chains. On the other

hand, the introduction of an additional hydrophobic (complex 20b) or hydrophilic (complex

21b) group does not significantly change the inhibitory activity (Figure 4B). The complex

[NEt4][Re(IDA)(CO)3] without the pharmacophore group was used as a negative control

(Figure 4B). It is reasonable to assume, that a better spacial separation of the pharmacophor

(thymidine) and the complex moiety reduce potential steric and/or electrostatic interference

with the protein. Using the viral enzyme, only insignificant inhibition of dTMP/ADP

0 05 1 1.5 2

Conc.lnhibitor (mM)

0 0.5 1 1.5 2

Conc.lnhibitor (mM)
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formation could be detected in presence of complexes. These findings are surprising since the

thymidine moiety should be recognized by both human and viral TK. In case of the inhibitors

shown in Figure 1 the selectivity for HSV1-TK respectively, is not related to the organic

residues introduced at position C-5' but by substitution of the methyl group at the C-5

position by an ethyl functionality [11. In case of the organometallic complexes 16-21, the

selectivity for hTKl is presumably related to the introduction of the organometallic complex

moiety at the C-5' position of 5'-amino-thymidine. To the best of our knowledge, such an

effect has never been observed and there are no other compounds reported in the literature,

which reveal a comparable TK selectivity. Until now, we do not have a concluding

explanation for these results. It can be speculated that steric interference of the rhenium-

tricarbonyl complex moiety with the viral enzyme prohibits a binding of the complexes to the

active site. Computer-aided docking studies based on the X-ray structure of HSV1-TK are in

progress and might help to understand the absence of inhibition of the viral enzyme.

4. Conclusion

In conclusion, the first series of organometallic technetium and rhenium thymidine

complexes have been synthesized and fully characterized. The biological affinity of the

rhenium-tricarbonyl compounds was tested in vitro with hTKl and HSV1-TK. The selective

and exclusive inhibition of hTKl prohibits the use of the corresponding radioactive

technetium-tricarbonyl complexes for gene therapy monitoring. On the other hand, with the

current functionalisation and labelling strategy at position C-5' thymidine derivatives could

be produced, which might have the potential to serve as proliferation markers for tumour

diagnosis.
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Abstract

Thymidine kinase is a suitable target for gene therapy and diagnosis of cancer. Thus,

there is a high potential of inexpensive radiolabeled thymidine analogues for both

applications. In this study we present the synthesis and biological evaluation of tricarbonyl

rhenium/technetium-99m thymidine complexes as potential inhibitors of thymidine kinase.

Thymidine was derivatised at the C5' position and glycyl, propyl, butyl, heptyl, dodecyl and

eicosyl spacers were introduced between 5'-amino-thymidine and the metal chelating moiety.

For tridentate coordination of the [M(H20)3(CO)3]+(M = Re, 99mTc) fragment, imino diacetic

acid and picolylamine N-monoacetic acid chelating systems were chosen. The corresponding

organometallic thymidine complexes have been fully characterized by means of IR-, NMR-,

mass-spectroscopy and HPLC. Enzyme kinetic studies of the organometallic complexes

revealed competitive inhibition exclusively of the human cytosolic thymidine kinase (hTKl)

(except one complex with an eicosyl spacer between the complex- and the thymidine moiety)

with K, values ranging from 7-334 pM. To our knowledge, this is the first time that

organometallic thymidine analogues selectively inhibit human TKl without inhibition of

*

Manuscript in preparation
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HSV-1 TK. The complex with an eicosyl spacer inhibits Herpes Simplex virus type 1

thymidine kinase (HSV-1 TK) with a K, value of 1.6 ± 0.3 pM and the human cytosolic TK

with a K, value of 34.1 ± 35.9 pM.

Introduction

In recent years cancer gene therapy has evolved as a potential technique in cancer treatment.

One approach is suicide gene therapy. Hereby, altered viruses have been shown to act as

promising vectors delivering suicide genes specifically to tumour cells1. The Herpes Simplex

virus type 1 thymidine kinase gene is one application for suicide gene therapy and encodes

the viral TK (HSV-1 TK). HSV-1 TK phosphorylates a variety of thymidine/uridine

analogues, as well as purine analogues including aciclovir and ganciclovir. This broad

substrate specificity is the prerequisite of this approach, because the host TK, human TK

(hTK), accept thymidine and uridine and has low affinity for other nucleoside analogues.

Precise location and quantitative assessment of the level of gene expression are highly

necessary for the evaluation of gene therapy, but for a long time no suitable monitoring

system was available. Prerequisites for further development and for clinical trials of suicide

gene therapy are therefore improved in vivo imaging modalities. Because of technologic

innovations, such as Positron emissions tomography (PET) and Single Photon emissions

tomography (SPET), it is now possible, by using radiotracers, to image reporter gene

expression in vivo both repeatedly and noninvasively". PET labelled nucleoside analogues,

such as [' F]-8-fluoroganciclovir, [18F]-8-fluoropenciclovir, [' F]-9-[4-fluoro-3-

(hydroxymethyl)-butyl]-guanine as well as [124I]-5-iodo-2'-fuoro-l-ß-D-arabino-furanosyl-

uracil (['" I]FIAU) are under consideration as quantitative scintigraphic imaging probes.
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Beside the HSV-1 TK, the human TK provides possibilities in cancer diagnosis and therapy

as well. In tumour- and rapidly proliferating cells the enzymatic activity is linked to the

human cytosolic TK (hTKl), which is one of two isoenzymes. It is reported that high levels of

hTKl occur in breast cancer, in lung cancer and other rapidly proliferating and malignant

cells4"6 and the level is permanently and increased 15-fold7 9. Therefore, hTKl has become as

well an important target in cancer diagnosis and therapy. PET labelled thymidine and

thymidine analogues e.g. "C-methyl-thymidine or Br-76-fluoro-desoxyuridine (Br-76-BFU)

and F-18-desoxy-fluorothymidine (F-18-FLT) are used as proliferation markers. The

Il IH
disadvantages of PET are however, beside the short half-lives, the isotopes ( C, F) that

require expensive cyclotron facilities which also lead to limited availability consequently.

Among the relevant isotopes for imaging purposes, mTc is most widely used10, because of

the favourable decay properties (y, 140 keV, t,/2 = 6 h), and low costs, because of the

availability of the 99Mo/99mTc generator system. 99mTc is still regarded as the "working horse"

in nuclear medicine. Despite the progress in Tc-99m labelling of larger molecules, such as

polypeptides or proteins' ,
the radiolabelling of small biomolecules with mTc is still a

challenging task. Small molecules are more prone to be negatively affected by the

introduction of the Tc-99m metal centre, with respect to their biological behaviour. Recently a

versatile protocol using the metallo-tricarbonyl-core was developed in our labs, which is a

significant improvement for labelling small biomolecules with Tc-99m under retention of

their biological activity10 '".

Herein we describe the synthesis and first in vitro characterisation and biological

evaluation of organometallic rhenium/technetium thymidine analogues for potential use in

monitoring gene therapy by targeting HSV-1 TK or tumour proliferation by targeting hTKl.

Comparative molecular dynamics calculation with a known HSV-1 TK inhibitor and our

organometallic thymidine complex are presented.
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Chemistry

For our studies a series of 5'-carboxamide thymidine derivatives with alkyl spacers of various

lengths and with different transition metal chelating moieties were synthesized. The chelates

were designed to act as tridentate ligands giving rise to neutral and charged complexes. We

followed step by step and parallel synthetic approaches in order to obtain the desired

functionalized thymidine derivatives. For our purposes, 5'-aminothymidine showed to be an

important and versatile synthetic precursorn (Scheme 1).

hoVyV" —n3 VVVH -jl_ h2n-VVVHv-/
o •—'

o ^
o

HO HO HO

thymidine 2

Scheme 1: (i) NaN,, CBr4, P(Phenyl)^, DMF, RT, 16 h, (ii) H2, Pd/C, EtOH, RT, 6 h.

Compounds 10 and 12 with an imino diacetic acid and a picolylamine N-mono acetic acid

chelating entities, respectively, were synthesized in a step by step approach as outlined in

Scheme 2 and Scheme 3.

,0 H02C.
„

J-^i.0

^^nVvV*
'

HOaC^N^A ^vX» N NH

h v_r i —

h \j i
3 HO 10

HO

+

2 BrCH2C02Me

Scheme 2: (i) NEt,, MeOH, reflux, 12h, (ii) IN NaOH, RT, 2h.

4-N-BOC protected pentanoic acid was linked to 5'-aminothymidine using standard coupling

protocols, employing 1,3-dicyclohexyl carbodiimide (DCC) and N-hydroxysuccinimid (NHS)

in DMF, in yields of 77% (Scheme 3). Purification was done by chromatography on silicagel.

After deprotection of the amine functionality the chelating system was build up similar to a
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procedure previously published14. Compound 7 was reacted with 2-pyridine carbaldehyde to

form the Schiff base, which was reduced in situ to the corresponding secondary amine 8.

Alkylation of the amine was accomplished under basic conditions in the presence of

triethylamine and methyl bromo acetate. The compound was purified over silicagel and

yielded 22%.

Ö ^ o

HO HO
hU2 6 n =4 7 n = 4

III IV

N^, AKl^V/0 N. ,NH V^^N^, A„-X/OwNx.NH
<>4 N 7" Y v, ^'^orN^rY

-'
O '— 0

<, ,,
HO HO

12 n=4 8 n = 4

Scheme 3: (i) DCC, NHS, in DMF, 55°C, 2h, (ii) 3N HCl, RT, lh, (iii) pyridine
carbaldehyde, MeOH, (iv) Na[BH(ŒL,C02h], MeOH, 5h, (v) methyl bromo

acetate, NEt,, MeOH, reflux, 12h, (vi) IN NaOH, RT, 2h.

Compound 3 was synthesized by reacting BOC-glycine with 5'-aminothymidine using the

standard coupling procedure as described before. Purification was performed by

chromatography on silicagel and after deprotection of the amino group, 3 was obtained in

99% yield. Compound 10 was prepared using methyl bromo acetate and triethylamine in a

small excess and purified by chromatography on silicagel with 95% yield. Compound 5 was

prepared via parallel synthesis (Scheme 4).

À »nv-OH H
9

H2N J On N I

HN-(Y0H ^Mc02C-yYOH °-^Me0^jN ]p>" °H

2

O Me02cJ ° "

Me02C

n=10 4 n = 10 5 n= 10

Scheme 4: (i) methyl bromo acetate, NEt,, MeOH, reflux, 12h, (ii) DCC, NHSin DMF,

55°C, 2h.
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11-Amino-undecanoic acid was double alkylated in the presence of excess of methyl bromo

acetate and triethylamine, subsequently linked to another equivalent of 11 -amino-undecanoic

acid (with DCCand NHS) and obtained in yields of 88%. Coupling of compound 5 to 5'-

aminothymidine was performed via in situ activation of the acid functionality in the presence

of DCCand NHSin DMF(Scheme 5). After purification and deprotection, compound 11 was

obtained in overall yield of 98 %. For compound 9 5'-aminothymidine was directly alkylated

with methyl bromo acetate (Scheme 5). This compound lacks an additional spacer between

the pharmacophor and the metal chelate. Saponification of the methyl esters of the

intermediates was done in presence of stoichiometric amounts of NaOHin water at room

temperature.

o

h2n- VW"
N—'

O

'/• HO
-- n /in

2

.0 5

H

Ho2c-N^y vh **y y^ )^n^vn ynh
HOY

HOg
°

H02C °iin_io H0

°

Scheme 5: (i) methyl bromo acetate, NEt^, MeOH, reflux, 12h, (ii) IN NaOH, RT, 2h, (iii) 5,

DCC, NHSin DMF, 55°C, 2h.

All nucleoside derivatives 9-12 have been characterized by means of H and C NMR.

The organometallic thymidine complexes have been prepared in aqueous methanol (1:1)

(Scheme 6). The organometallic precursor lb was added to the compounds 9-12 and the

reaction was monitored by means of HPLC(k - 254 nm). The reactions were completed after

2-4 hours at 50°C. The products were purified over SepPak® reversed phase columns using a

water-methanol gradient. The corresponding anionic complexes 13b, 14b and 19b were
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obtained as single species (concentration Re precursor to ligand system = 1:1 ) in good yields

as a mixture of the corresponding Na+ and NEYsalts as evident form the elemental analyses

and NMRexperiments. The complex 22b exists as two isomers whereas the complexes 13b,

14b and 19b were enantiomerically pure. The IR spectra of the complexes 13b, 14b, 19b and

22b revealed the typical /ac-M(CO)^ pattern of a symmetrically coordinated complex with

significantly blue-shifted COstretch frequencies (around 2020 cm"1 and 1880 cm l) compared

to the starting material (NEt4)2[ReBr,(CO)^] (2000 cm"' and 1868 cm"1). The *H NMRspectra

of complexes 13b, 14b, 19b and 22b showed the typical patterns of AB systems for the four

NCH2protons of the coordinated IDA moiety or the two protons of NCH2for complex 22b,

respectively Due to the tridentate coordination of the metal-tricarbonyl center the singletts of

the previously identical CH2-protons of the imino diacetate (IDA) or the picolylamine mono

acetate (PAMA) moiety became non-equivalent by virtue of their axial and equatorial

orientation. This characteristic feature has been observed and described previously and

confirmed the desired symmetric, tridentate coordination of the metal-tricarbonyl core via the

chelates1 ]
.

There was no significant chemical shift observed in complexes 13b, 14b, 19b

and 22b for protons, which are not in close vicinity of the metal core. Therefore, unspecific

coordination or interaction of the metal center via functional groups particularly of the

thymidine moiety can largely be excluded. Complexes 13b, 14b and 22b revealed a good

solubility in water and polar organic solvents which was a prerequisite for enzymatic studies

in vitro. Complex 19b (eicosyl spacer) had to be solubilized in water by addition of 0.05%

Tween 80.
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The corresponding radioactive Technetium-99m complexes 13a, 14a, 19a and 22a have been

almost quantitatively prepared in physiological phosphate buffer (PBS; pH = 7.4) at

concentration of 10" Mof compounds 9-12 after 60 min at 75°C. Single species have also

been produced with all nucleoside derivatives on the radioactive level (concentration of mTc

< 10"7M). The characterization of complexes 13a, 14a, 19a and 22a was accomplished by

comparison of the retention times of the y-trace with the UV-trace (254 nm) of the

corresponding rhenium complexes 13b, 14b, 19b and 22b. The organometallic 99mTc-

complexes were challenged in vitro in PBS buffer and human serum albumin for 24 h at

37°C. Decomposition or dissociation of the complexes to either TcO/ or products was less

than 8 %of the initial activity. This stability would be sufficient for a potential application of

such compounds for imaging purposes.
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Experimental

Synthesis. Solvents for synthesis were purchased from Aldrich Chemical Co. or Fluka,

Buchs, Switzerland and were dried according to standard methods. The organometallic

precursor [NEt4]?[ReB 1-3(00)3] and radioactive precursor [99mTc(H20)3(CO)3]+ were prepared

as previously reported16'17. 5'-Aminothymidine13 was synthesized according to the literature.

11 -Amino-(N,N-diacetic-acid-methylester)-undecanoic acid, (N,N-diacetic-acid-methylester)-

octadecylamine and complexes 13-16, 18 and 19 have been synthesized by a previously

published procedure18. Na[99mTc04] was eluted from a 99Mo/99mTc generator (Mallinckrodt-

Tyco, Petten, Netherlands) using 0.9 % saline. HPLC analyses of the rhenium and

technetium-99m complexes were performed on a Merck-Hitachi L-7000-system equipped

with an L-7400 tuneable absorption detector and a Berthold LB 506 B radiometric detector

using a Macherey-Nagel C-18 reversed phase column (10 p.m, 150 x 4.1 mm). HPLC

solvents: Aqueous 0.05 MTEAP (triethylammonium phosphate) buffer, pH = 2.25 (solvent

A), methanol (solvent B). The HPLC system started with 100 % of A from 0-3 min. The

eluent switched at 3 min to 75 %A and 25 %B and at 9 min to 66% A and 34% B followed

by a linear gradient 66% A/34% B to 100 %B from 9-20 min. The gradient remained at 100

%B for 2 min before switching back to 100 % A. The flow rate was 1 ml/min. Nuclear

magnetic resonance spectra were recorded on a 300 MHzVarian Gemini 2000 spectrometer.

The 'H and ^C chemical shifts are reported relative to residual solvent protons as a

reference. IR spectra were recorded on a Perkin-Elmer FT-IR 16PC using KBr pellets. Mass

and elemental analyses were performed at the Swiss Federal Institute of Technology, ETH,

Zurich.

In vitro Assays. Human cytosolic TK was assayed by using a protocol published by Pilger19

with some modifications, which were published previously18. HSVl-TK was assayed under
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the same reaction conditions. Enzyme kinetic studies were performed using a published

procedure".

Molecular Modelling. Initial conformation was estimated from the known structure of HSV-1

TK-thymidine complex. Complex 14b was hand-docked into the active site of completed

HSV-1 TK. The force field parameters were taken from known structures of crystallized

rhenium-modelled complexes (bond lengths, valence angles)15 and from Amber 2001 force

field. Partial charges of the rhenium complex were calculated by ab initio on HF/MINI level

in Gamess US package. Method of Kollman & Singh was used to calculate partial charges

from the wave functions21. Nonbonding parameters for carbon monoxide ligands were taken

as those for carbonyl group in Amber 2001 force field". All minimization and molecular

dynamics simulations were carried out in Amber 7 in all-atom force field (Amber 2001).

Molecular docking and simulation of molecular dynamics of complex of HSV-1 TK with the

fluorine derivative of 5'-aminothymidine were performed analogously to complex 14b.

ll-Amino-[N-(ll-amino-(N,N-diacetic-acid-methylester)-undecyl)-carbamoyI]-undecan

carboxylic acid (5)

11-Amino-(N,N-diacetic-acid-methylester)-undecanoic acid 4 (158.5 mg, 0.45 mmol) was

solved in DMF (15 ml) and A/.W-dicyclohexyl carbodiimid (DCC) (0.5 mmol) and N-

hydroxysuccinimide (NHS) (0.5 mmol) were added and stirred at 55°C for 90 min. The

formation of the product was monitored by TLC (silicagel// 100% MeOH). 11-Amino

undecan carboxylic acid (46.2 mg, 0.23 mmol) was added and the solution was stirred at RT

for 5 h. The solvent was removed, the residue resolved in MeOH, filtered, and the product

was purified by chromatography on silicagel (CH2CI?: EtOAc = 1: 1). Yield: 214 mg (88%).
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'H-NMR (CD3OD): 8 1.4 (m, 24H), 1.6 (m, 2H), 1.7 (m, 2H), 1.8 (m, 2H), 1.9 (m, 2H), 2.3 (t,

2H), 2.4 (t, 2H), 2.7 (t, 2H), 3.3 (t, 2H), 3.6 (s, 4H), 3.8 (s, 6H).

5'-{ll-Amino-[N-(ll-amino-(N,N-diacetic-acid-methylester)-undecyl)-carbamoyI]-

undecan carboxylic acid}-aminothymidine (11)

Compound 5 (78.6 mg, 0.14 mmol) was solved in DMF(10 ml) and DCC(30.6 mg, 0.14

mmol) and NHS (17.2 mg, 0.14 mmol) were added. The solution was stirred for 90 min at

55°C. The reaction was monitored by TLC (silicagel// CH2C12: EtOAc = 1: 1). 5'-

Aminothymidine (35.9 mg, 0.14 mmol) was added in portions and the reaction mixture was

stirred at RT for 3 h. The DMFwas removed in vacuum and the product was purified by

chromatography on silicagel (EtOAc:MeOH = 4: 1). Yield of the protected compound 11:

98.3 mg (88%). 'H-NMR (CD3OD): ô 1.4 (m, 24H), 1.6 (m, 2H), 1.7 (m, 2H), 1.8 (m, 2H),

1.9 (m, 2H), 2.2 (m, 2H), 2.3 (m, 4H), 2.8 (t, 2H), 3.3 (t, 2H), 3.5 (m, 2H), 3.6 (s, 4H), 3.8 (s,

6H), 4.0 (m, 1H), 4.3 (m, 1H), 6.3 (t, 1H), 7.6 (s, 1H). HPLC: Rt: 20.4 min; MS(ESI): m/z

(%) 751 (100) [M].

The hydrolysis of the ester groups of compound 4 was performed in IN NaOH(2 ml). The

solution was neutralized and dried over vacuum. Yield: 92.7 mg (98 %). 'H-NMR (CD3OD):

ô 1.4 (m, 24H), 1.6 (m, 2H), 1.7 (m, 2H), 1.8 (m, 2H), 1.9 (m, 2H), 2.0 (s, 3H), 2.2 (m, 2H),

2.3 (m, 4H), 3.2 (t, 2H), 3.3 (t, 2H), 3.5 (m, 2H), 3.8 (s, 4H), 4.0 (m, 1H), 4.4 (m, 1H), 6.3 (t,

1H), 7.6 (s, 1H). nC-NMR (D20): ô 175.3, 174.9, 169.3, 165.0, 151.0, 136.9, 110.5, 85.5,

85.2, 71.8, 57.3, 55.8, 48.6, 41,1, 39.0, 38.8, 35.8, 33.4, 29.1, 28.9, 26.7, 26.2, 25.7, 25.5,

24.8, 24.4, 11.2; IR (KBr): 3326 br, 2927 s, 2850 s, 1626 vs, 1573 s cm '; HPLC: Rt: 18.5

min; MS(ESI): m/z (%) 768 (100) (Na-salt) [M].
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5 ' -(N,N-diacetic-acid-methylester)-aminothymidine (9)

The synthesis was performed using a protocol which was published previously with some

modifications. Briefly: 5'-Aminothymidine 2 (179.2 mg, 0.74 mmol) was suspended in

MeOH(15 ml) and triethylamine (187.7 mg, 1.85 mmol) and methyl bromo acetate (227.5

mg, 1.48 mmol) were added, the latter drop wise over a period of 2 h. The suspension was

refluxed over night, the solvent removed, resolved in CH2O2, filtered and the residue was

dried under vacuum, to get the monoalkylated product (115 mg, 0.36 mmol). This product

was suspended in try DMFand 1.2 equivalents of methyl bromo acetate were added and

stirred at 50°C for 3h. The solvent was removed and the product was purified by

chromatography on silicagel (MeOH: EtOAc = 1:9). Yield of the protected compound 9: 82

mg(58%). 'H-NMR (CD3OD): ô 2.0 (s, 3H), 2.3 (t, 2H), 3.1 (d, 2H), 3.8 (s, 4H), 3.8 (s, 6H),

4.0 (m, 1H), 4.4 (m, 1H), 6.3 (t, 1H), 7.7 (s, 1H). nC-NMR(CD3OD): S 172.1, 165.1, 150.9,

136.8, 110.5,85.2,84.7,71.7,55.6,55.2,50.7,38.7, 13.2, 11.1; HPLC: Rt: 16.4 min.

The hydrolysis of the ester groups of compound 3 was performed in IN NaOH(2 ml). The

solution was neutralized and dried over vacuum. Yield: 83 mg (98 %). 'H-NMR (CD3OD): 8

2.0 (s, 3H), 2.4 (m, 2H), 3.5 (m, 2H), 3.7 (s, 4H), 4.2 (m, IH), 4.4 (m, IH), 6.3 (t, IH), 7.7 (s,

IH). 'Y-NMR (CD3OD): 8 172.0, 165.1, 151.1, 137.3, 110.9, 85.8, 81.5, 72.1, 58.4, 57.1,

38.3, 11.1;HPLC:R,: 10.3 min.

5'-(Na-gIycylcarbamoyl)-aminothymidine (3)

BOC-glycine (200.0 mg, 1.14 mmol) was solved in try DMF(15 ml) and DCC(166 mg, 1.29

mmol) and NHS(148.5 mg, 1.29 mmol) were added. The solution was stirred for 90 min at

50°C. The reaction was monitored by TLC (silicagel// MeOH). 5'-Aminothymidine 2 (286.1

mg, 1.11 mmol) was added in portions and the reaction mixture was stirred at RT for 3 h. The

DMFwas removed in vacuum and the product was purified by chromatography on silicagel
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(EtOAc: MeOH= 9: 1). Yield of the BOC-protected compound 25: 402.3 mg (91%). *H-

NMR(CD3OD): 8 1.5 (m, 9H), 2.0 (s, 3H), 2.4 (m, 2H), 3.6 (d, 2H), 3.8 (s, 2H), 4.0 (m, IH),

4.4 (m, IH). 6.3 (t, IH), 7.6 (s, IH); HPLC: R,: 17.0 min.

The deprotection of the amino group was performed in 20% boron trifluoride-ethyl-etherate in

CH2Cl2 (10 ml) and was monitored by HPLC. To the solution one equivalent of NaHCOswas

added, it was neutralized and dried over vacuum. Yield: 301.2 mg (100 %). ]H-NMR (D20): 8

2.2 (s, 3H), 2.7 (m, 2H), 3.9 (m, 2H), 4.2 (s, 2H), 4.4 (m, 2H), 6.6 (t, IH), 7.8 (s, IH); HPLC:

R,: 8.6 min.

Analytical data for protected compound 10 : Yield: 424.2 mg (95 %). 'H-NMR (CD3OD): 8

2.0 (s, 3H), 2.4 (m, 2H), 3.6 (m, 2H), 3.7 (s, 4H), 3.8 (s, 6H), 4.1 (m, IH), 4.5 (m, IH), 6.3 (t,

IH), 7.7 (s, IH). nC-NMR(CD3OD): 8 173.1, 172.4, 162.0, 151.3, 137.1, 111.0,71.5, 55.8,

13.1; HPLC: Rt: 14.9 min.

Hydrolysis with IN NaOH(2 ml) resulted in compound 10.

Analytical data of compound 10: 'H-NMR (D20): 8 2.1 (s, 3H), 2.6 (m, 2H), 3.5 (s, 4H), 3.7

(s, 2H), 3.8 (m, 5H), 4.3 (m, IH), 4.6 (m, IH), 6.5 (t, IH), 7.7 (s, IH). nC-NMR(D20): 8

179.3, 174.4, 162.9, 152.1, 137.7, 118.6, 114.7, 112.0, 110.9, 85.3, 84.1, 71.5, 37.9; EA for

Ci6H22N409Na2oCl,8: calc: C 12.7, H 1.4, N 3.7, found: C 12.8, H 1.2, N 2.5; HPLC: Rt: 9.6

min.

5-Amino(N-BOC)-pentanoic acid (6)

5-Aminopentanoic acid (1 g, 8.54 mmol) was solved in a mixture of IN NaOH(15 ml) and

dioxane (15 ml) and the solution was cooled down to 0°C. (BOQ2Owas added portion wise

and the mixture was stirred at RT for 12 h. Dioxane was removed under vacuum and the
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residue extracted with ether (3x5 ml). The aqueous phase was acidified with 0.5 N HCl to

pH 3 and extracted with CH2G2 (3x5 ml). The solvent was removed under vacuum, the

residue dried to get a colourless oil. Yield: 1.2 g (64%)

5'-Amino(N-5-amino-pentanyI-carbamoyl)thymidine (7)

Compound 6 (493 mg, 2.27 mmol) was solved in DMF(20 ml) and DCC(528.8 mg, 2.56

mmol) and NHS(295 mg, 2.56 mmol) were added. The solution was stirred at 55°C for 2 h.

5'-Aminothymidine (543.6 mg, 2.25 mmol) was added portion wise and the reaction was

monitored by TLC (EtOAc/MeOH). The solvent was removed under vacuum and the product

was purified with chromatography on silicagel (EtOAc/MeOH/9:l). Yield of the BOC-

protected compound 7: 674 mg (77%); 'H-NMR (CD3OD): 8 1.4 (s, 9H), 1.6 (m, 4H), 1.9 (s,

3H), 2.2 (m, 2H), 3.0 (m, 2H), 3.4 (m, 2H), 3.9 (m, IH), 4.2 (m, 2H), 4.6 (m, IH), 6.2 (t, IH),

7.5 (s, IH).

The deprotection was done with IN HCl (5 ml), the solution was stirred at RT for 2 h,

monitored with TLC (EtOAc/MeOH) and the solvents were removed under vacuum. Yield:

130mg(98%).

5'-Amino(N-5-amino(N-2-picolylamin)-pentanyl-carbamoyl)thymidine (8)

Compound 7 (170 mg, 0.45 mmol) and triethylamine (45.4 mg, 0.45 mmol) were solved in

dry MeOHand 2-pyridine carbaldehyde (48.1 mg, 0.45 mol) was added drop wise and stirred

for 30 min at RT. Sodium triacetoxy borohydride (95.3 mg, 0.45 mmol) was added portion

wise under a stream of nitrogen and the solution was stirred at RT for 12 h. The reaction was

quenched with water pH 2 (10 ml) and the solvents were removed under vacuum. The product

was purified with chromatography (CH2Cl2/MeOH/9:l + 1%NH3). Yield: 150 mg (77%). MS

(ESI): m/z (%) 432 (100) [M'J.
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5'-Amino-(N-5-amino(N-2-picolyIamin-N-acetic-acid)-pentanyl-carbamoyI)-thymidine

(10)

Compound 8 (201.8 mg, 0.46 mmol), triethylamine (70.9 mg, 0.7 mmol) and methyl bromo

acetate (71.6 mg, 0.46 mmol) were solved in MeOH, the latter drop wise and refluxed for 5 h.

The solvent was removed and the product was purified with chromatography

(CH2Cl2/MeOH/9:l + 1%NH3). Yield: 50.8 mg (22%). MS(ESI): m/z (%) 512.3 (100) [M"].

By adding NH3 to the solvent, the product was deprotected right after the purification to get

compound 10. 'H-NMR (CD3OD): 8 1.5 (m, 2H), 1.6 (m, 2H), 1.9 (s, 3H), 2.2 (m, 4H), 2.6

(m, 2H), 3.3 (s, 2H), 3.5 (d, 2H), 3.9 (m, 3H), 4.2 (m, 2H), 6.2 (t, IH), 7.6 (s, IH), 7.3-8.4 (m,

4H); nC-NMR (CD3OD): 8 176.7, 173.7, 166.8, 161.0, 152.7, 149.7, 139.1, 138.6, 125.3,

124.2, 112.1, 87.4, 86.9, 73.5, 61.1, 55.8, 55.3, 42.9, 40.5, 37.2, 28.3, 25.0, 12.8. HPLC: Rt:

15.0 min; MS(ESI): m/z (%) 512.3 (100) [M].

Analytical data for (N,N-diacetic-acid-methylester)-octadecylamine: 'H-NMR (CD3OD): 8

1.0 (d, 3H), 1.4 (s, 32H), 1.7 (s, 2H), 3.6 (s, 4H), 3.8 (s, 6H). Hydrolysis of (N,N-diacetic-

acid-methylester)-octadecylamine resulted in (N,N-diacetic-acid)-octadecylamine. Analytical

data of (N,N-diacetic-acid)-octadecylamine: 'H-NMR (CD3OD): 8 1.0 (d, 3H), 1.4 (s, 37H),

1.8 (s, 2H), 3.1 (s,4H).

Preparation of the Complexes 13a, 14a, 19a and 22a.

The complexes 13a, 14a, 19a and 22a were prepared according to the following general

procedure: 900 pi of a solution of fac-[99mTc(OH2)3(CO)3]+ and 100 pi of a 10"4 Msolution of
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the corresponding ligand 9-12 in PBS buffer (0.1 M NaCl/ 0.05 M sodium phosphate

buffered, pH = 7.4) were placed in a 10 ml glass vial under nitrogen. The vial was sealed and

the reaction heated to 75°C for 60 min and cooled on an ice bath. The complex formation was

checked by HPLCand characterized by comparison with the corresponding re-complexes.

Synthesis of complexes 13b, 14b, 19b, 22b and 23b.

The Re(CO)3-thymidine-complexes were synthesized according to the following general

procedure: (NEt4)2[ReBr3(CO)3] and ligand 9-12 and (N,N-diacetic-acid)-octadecylamine,

respectively, in equimolar amounts were solved in a H20/MeOH mixture (1/1) (5ml) and

stirred at 50°C untill the disappearance of the starting material (monitored by means of

HPLC). The solution was evaporated to dryness and resolved in a small amount of water. The

resulting complex was purified by chromatography on SepPak"-cartridge (Waters, CIS-

cartridges) using a water/methanol gradient.

Analytical data for Complex 13b: ]H-NMR (CD3OD): 8 1.4 (m, 12H), 2.0 (s, 3H), 2.3-2.5 (m,

2H), 3.4 (m, 8H), 3.7-3.8 (AB, 4H), 3.9 (m, 2H), 4.3 (m, IH), 4.4 (m, IH), 6.3 (t, IH), 7.6 (s,

IH); 13C-NMR(CD3OD): 8 199.0 (CO), 198.0 (CO), 183.6, 182.8, 166.6, 152.3, 139.1, 112.4,

87.6 84.1, 73.9, 72.5, 66.0, 64.2, 53.7, 39.4, 12.8, 8.0; EA for

Ci7Hi7N30i1Re(C8H2oN)o.7Nai.2Bro.9: calc: C 33.2, H 3.8, N 6.3, found: C 33.6, H 4.7, N 6.0;

HPLC: R,: 16.8 min; MS(ESI): m/z (%) 625.9 (100), 623.9 (60) [M"].

Analytical data for Complex 14b: 'H-NMR (CD3OD): 'H-NMR (CD3OD): S 1.4 (m, 12H),

2.0 (s, 3H), 2.3 (m, 2H), 3.4 (m, 8H), 3.6 (m, 2H), 4.0 (AB, 4H), 4.0 (m, 1H), 4.2 (s, 2H), 4.4

(m, 1H), 6.3 (t, 1H), 7.6 (s, 1H); nC-NMR (CD3OD): 8 195.7 (CO), 195.0 (CO), 180.2,

167.1, 135.7, 109.1, 84.3, 83.2, 70.2, 67.4, 62.3, 51.1, 50.4, 49.8, 39.5, 37.1, 4.9; EA for
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Ci9H2oN4Oi2Re(C8H2oN)o.7Nao.3: calc: C 37.8, H 4.4, N 8.4, found: C 37.3, H 5.0, N 7.9;

HPLC: R,: 15.9min; MS(ESI): m/z (%) 682.9 (100), 680.9 (60) [M].

Analytical data for Complex 19b: 8 1.2-1.4 (m, 12H), 1.4 (m, 24H), 1.7 (m, 2H), 1.8 (m, 2H),

1.9-2.0 (m, 4H), 2.0 (s, 3H), 2.2-2.3 (m, 6H), 3.2 (t, 2H), 3.5-3.6 (m, 4H), 3.6-3.8 (AB, 4H),

4.0 (m, IH), 4.4 (m, IH), 6.3 (t, IH), 7.6 (s, IH). 13C-NMR (CD3OD): 8 197.6 (CO), 196.6

(CO), 181.7, 175.3, 174.9, 151.0, 136.9, 110.4, 85.7, 85.3, 85.0, 71.9, 71.7, 69.5, 62.8, 62.6,

51.9, 41,1, 39.0, 38.8, 36.2, 35.8, 35.4, 33.8, 33.1, 29.1, 28.9, 26.6, 25.7, 25.1, 24.9; EA for

C47H79N6Oi3Re: calc: C 50.3 H 7.1 N 7.5. found: C 50.6 H 7.5 N 7.5; HPLC: R,: 19.9 min;

MS(ESI): m/z (%) 990 (60), 992 (100) [M"].

Analytical data for Complex 22b: 'H-NMR (CD3OD): 8 1.8-1.9 (m, 4H), 2.0 (s, 3H), 2.3 (m,

2H), 2.4 (t, 2H), 3.5 (d, 2H), 3.5-3.6 (AB, 2H), 3.7 (m, 2H), 3.9 (m, 2H), 4.3 (m, IH), 4.6-4.7

(AB, 2H), 6.3 (t, IH), 7.6 (s, IH), 7.6-8.9 (m, 4H); 13C-NMR(CD3OD): 8 197.1 (CO), 196.3

(CO), 182.1, 174.6, 159.0, 152.7, 152.2, 140.8, 137.2, 125.9, 124.0, 110.6, 86.1, 85.5, 72.2,

69.7, 68.2, 60.8, 41.5, 38.9, 35.2, 24.3, 22.8, 11.1; EA for C26 H30 N5 O10 Re .1.2H20:

calc: C 40; H 4.1; N 8.9. found: C 40.2; H 4.2; N 8.57; HPLC: Rt: 22.6 min; MS(ESI): m/z

(%) 781.9 (100), 779.5 (60) [M"].

Analytical data for Complex 23b: 8 1.0 (d, 4H), 1.4 (s, 32H), 1.9 (s, 2H), 3.6-3.9 (AB, 4H);

13C-NMR(CD3OD): 8 197.6 (CO), 196.8 (CO), 181.8, 69.5, 62.8, 51.9, 31.8, 29.5, 26.6, 24.9,

22.4, 13.1, 6.3; EA for C25 H41 N 07 Re (C8H20)0.2 Na0.8: cale: C 45.9; H 6.5; N 2.0.

found: C 45.9; H 5.6; N 2.4; MS(ESI): m/z (%) 654.1 (100), 652.1 (60) [M"].
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Results and Discussion

hTKl and HSV-1 TK belong to different structural groups of thymidine kinases (TKs). There

are significant differences in structure, size and substrate specificity between those two TKs.

Homology studies indicate that the mammalian TKl is closely related to TKs of the pox virus

and E. coli'
,

whereas HSV TK shares many properties with human mitochondrial TK

(hTK2), the isoenzyme to hTKl24. These differences may cause, that HSV-1 TK

phosphorylates thymidine and even TMP, as well as uridine and guanosine derivatives,

whereas the hTK phosphorylates only 2'-deoxythymidine and 2'-deoxyuridine. The crystal

structure of HSV-1 TK" " revealed that the active site of HSV-1 TK is buried inside the

protein and is composed of an ATP and a nucleoside binding region19. The phosphate groups

of ATP are accommodated in a large anion hole, which is rich in lysine and arginine residues.

The p-loop, the region between the ßl-strand and the al-helix with the glycine rich sequence

S6G-X-X-G-X-G-K-T63 makes part of this anion hole. Due to these structural requirements of

the enzyme and the knowledge, that the Re-tricarbonyl core is space demanding, molecular

docking studies were suggested and performed.

Molecular Docking Studies: Recently Martin et al. published a series of highly potent

inhibitors of HSV-1 TK and HSV-2 TK28. These carboxamide derivatives of 5'-amino-2',5'-

dideoxy-5-ethyluridine with bulky aromatic, planar residues at the 5' position (average

volume 387 A3) revealed KY values in the range from 1 nM to 1 pM'\ These results

suggested that HSV-1 TK can accommodate more sterically demanding substituents at the

position 5'. In analogy to Martin's approach we decided to perform the functionalisation at

the 5' position of the sugar moiety, since the binding pocket of thymidine provides only an

additional non polar 35 Â3 cavity which is situated near the C5 position of the base27.
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Qualitative comparison of the size of the tridentate coordinated metallo-tricarbonyl thymidine

complex 14b (approx. volume 432 A ), revealed that functionalisation of thymidine at the 5'

position with a corresponding organometallic core might be tolerated maintaining the affinity

towards the viral enzyme. Despite the fact that the published inhibitors of HSV TK are 5-

ethyl-uridine derivatives28, we decided, in order not to discriminate between hTK and HSV

TK to do the initial studies with thymidine derivatives.

Molecular dynamics calculations have been performed with a fluorene derivative of 5'-amino

thymidine similar to that published by Martin et al." (Kj(hsv-i tk)
= 28 nM) and with complex

14b (Figure 1 and Figure 2). Calculations were based on the structure of HSV-1 TK published

by Wild et al25. We found, that the thymidine moiety of complex 14b and the fluorine

derivative can interact similar as the parent substrate thymidine or 5-ethyl deoxyuridine. For

complex 14b interaction with Gin 125 and the 04 of thymidine and Gin 125 and the N3of

thymidine, as well as the hydrogen bonds between the 3'-OH group of the sugar moiety and

TyrlOl and Glu225 could be found. Formation of the typical sandwich-like complex with

Tyrl72 and Metl28 and the base could also be observed (Figure 2). Moreover, the fluorene

moiety as well as the "[Re(IDA)(CO)3]"moiety was properly hosted in the proposed p-loop

region (Figure 1 and Figure 2). The negative over-all charge of complex 14b might be

favourable for ionic interaction with the cationic amino acids of this region (Lys62, Argl76,

Arg220, and Arg222).
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Figure 1: A: Root-mean-square-deviation (RMSD) as a function of time; B: Active site- and

p-loop-residues of HSV-1 TK with a "Roche compound" with high affinity to HSV-1

TK, green: p-loop amino acids 56-61.
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Figure 2: A: Root-mean-square-deviation (RMSD) as a function of time; B: Active site- and

p-loop-residues of HSV-1 TK with Re(CO)3-glycyl-aminothymidine complex 14b,

green: p-loop amino acids 56-61.
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Inhibition Assay: All complexes were evaluated for competitive inhibition of HSV-1 TK and

hTKl described in detail in the experimental section. For a preliminary screening of the

complexes a protocol published by Pilger et al. was used
.

In this assay the formation of

thymidine monophosphate (TMP) and adenosine diphosphate (ADP), which is catalysed by

TK, is monitored by means of HPLC.

TK
dT + ATP dTMP+ ADP

A competitive inhibitor of the enzyme blocks the enzyme and thus the formation of ADPand

TMP (Figure 3). Other than expected, we found that complex 14b did not inhibit the

formation of ADP and TMP and the HSV-1 TK, respectively, even at the highest

concentration of 2 mM. However, when tested in the presence of hTKl we observed an

inhibition of the enzyme activity (Figure 3A). These unexpected results led to the synthesis

and the analysis of a small library of rhenium-thymidine complexes with spacers of different

lengths and different hydrophilic or lipophilic residues. All complexes were screened for their

inhibitory activity against HSV-1 TK and hTKl, as shown in Figure 3. Except for complex

19b, we observed competitive inhibition for the hTKl and a lack of inhibition of the HSV-1

TK. Kinetic experiments have been performed using 0.2 ng of human TKl or HSV-1 TK, 0.2-

1.2 pM [ H]thymidine and the complexes 13b-22b in different concentrations (0-150 pM).

The results are shown in Table 1. In case of hTKl the K, values did alter with extension of the

spacer. Highest inhibitory activity against hTKl (KL = 7 + 3 pM) was found for complex 17b

having a hexyl spacer, whereas the lowest inhibition was measured for complex 13b (K, =

112 + 61 pM) and complex 22b (K, = 334 ± 229 pM).
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Figure 3: Histogram of the percent of ADP resulting from experiments of complexes 13b-

22b and the blank complexes 23b and 24b using (A) human cytosolic TK and (B)

Herpes Simplex Virus type 1 TK. Complex 18b in figure A has the strongest

inhibitory activity against hTKl and complex 19b in figure B inhibits the HSV-1 TK

exclusively.

Complex 22b has a picolylamine monoacetic acid ligand system and a neutral overall charge.

Negatively charged complexes and the smaller space demand of the IDA ligand system is

likely preferred by hTKl. The introduction of hydrophilic and lipophilic residues (complex

20b and 21b; K = 14 + 1 pM, Ki = 17 + 6 pM) had little influence on the inhibitory activity

as well. On the other hand extension of the spacer does have a significant influence for the

HSV-1 TK. Among the tested compounds only complex 19b with an eicosyl spacer between

the thymidine- and the complex-moiety showed significant affinity towards HSV-1 TK with a
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relatively low K, value of 1.6 + 0.3 pM and a fair affinity towards hTKl (34 + 35 pM) (Table

1).

Table 1: Enzyme kinetic parameters of Re(CO)3-aminothymidine complexes 13b-22b,

R = 5'-aminothymidine; n.i. = no inhibition.

Complex

13

14

15

16

20

Chelate -Spacer

H02C
R

H02C ~"

H02C—\

H02C^ 0

~H02C~a.
N

H02C-7 0

HÔ2C=x"
N

H02C—/ X

0

H02C-

H02C-

OH

,N. y\ À R

HSV-1 TK hTKl

_K, LuM] K, LuM]

112 + 61n.i.

n.i. 54.45 + 22.92

n.i.

n.i.

n.i.

44.0+15.0

7.56 + 1.55

14.57 + 1.26

21

H02C-x

H02C^ n.i. 17.75 + 6.47

17

18

19

HO;

H02C

"KC^F

H02C

H02C-

H02C-
'

n.i.

n.i.

7.24 + 3.67

9.98 + 1.04

1.6 + 0.3 34.1 ±35.9

22
H02C-

,N. x\ xx R n.i. 334.1+229.3
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In order to confirm the specificity of the enzyme inhibition, negative control experiments

were performed using complexes 23b and 24b (Scheme 7). As expected, these complexes

revealed no inhibition of HSV-1 TK or hTKl.

o<=y> 1 co

QY | ^CO
CO

CH3| 0==^YnH2
o^Y) >co

0*^ I ^co
CO

23b: n = 17 24b

Scheme 7: Re(CO)3-complexes 23b and 24b for blank experiments.

The inhibition results of HSV-1 TK and complex 19b might indicate that the rhenium-

tricarbonyl-core may be located outside the p-loop region and the binding site, respectively.

This led to the assumption, that complexes 13b-18b and 20b-22b were unable to reach the

binding site of HSV-1 TK, due to the bulky organometallic core and due to the location of the

active site buried deep inside the enzyme. The thymidine moiety of complex 19b might reach

the active site, because of its extended spacer. Steric hindrance or a large desolvation penalty

might be reasons for any inhibition of HSV-1 TK by complexes 13b-18b and 20b-22b.

Conclusions

In this study we present the synthesis, characterization and biological evaluation of a new

class of competitive inhibitors of human cytosolic and/or HSV-1 thymidine kinase. With

respect to the use of an inhibitor for monitoring purposes for suicide gene therapy, we found

complex 19b a promising candidate. For further investigations the introduction of an ethyl

group at the C5 position of the thymidine moiety shall be considered, because Martin et al.

reported increased selectivity and an increase of affinity by approximately one order of
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magnitude toward HSV-1 TK of 5-ethyluridine derivatives28. All other complexes are

competitive inhibitors exclusively of hTKl. The selectivity of these complexes for the hTKl

may provide a faint hint to the accessibility to the active site of the enzyme, since the structure

of hTKl has not yet been solved. In this regard this new class of inhibitors, we have

synthesised, might be used as lead structures for further development of potent mTc-based

hTKl inhibitors to be tested for their potential as proliferation markers.

Acknowledgment

Wethank Markus Birringer, Ingrid Sparla for providing the thymidine kinases, Judith Stahel

and Margaretha Lutz for technical support and Prof. Fritz Winkler and his collaborators for

helpful discussions.

Supporting Information Available: Data and graphs of the K,-measurements and details of

the MDexperiments with complex 14b and the fluorene derivative. This material is available

free of charge via the Internet at http://pubs.acs.org.

References

(1) Springer, C. J.; Niculescu-Duvaz, I. Prodrug-activating systems in suicide gene

therapy. J. Clin. Invest, 2000, 105, 1161-1167.

(2) Ray, P.; Bauer, E.; Iyer, M.; Barrio, J. R.; Satyamurthy, N.; Phelps, M. E.;

Herschmann, H. R.; Gambhir, S. S. Monitoring gene therapy with reporter gene

imaging. Sem. Nucl. Med., 2001, 31, 312-320.



Chapter 3 70

(3) De Vries, E. F. J.; van Dillen, I. J.; van Waarde, A.; Willemsen, A. T. M.; Vaalburg,

A.; Mulder, N. H.; Hospers, G. A. P. Evalutation of [18F] FHPGas PET tracer for

HSVtk gene expression. Nucl Med. Biol, 2003, 30, 651-660.

(4) O'Neill, K.L.; Hoper, M.; and Odling-Smee, G.W. Can thymidine kinase levels in

breast tumors predict disease recurrence? J. Nat. Canecer Inst., 1992, 84, 1825-1828.

(5) Kuroiwa, N.; Nakayama, M.; Fukuda, T.; Fukui, H.; Ohwada, H.; Hiwasa, T.;

Fujimura, S. Specific recognition of cytosolic thymidine kinase in the human lung
tumor by monoclonal antibodies raised against recombinant human thymidine kinase.

Immun. Methods, 2001, 235, 1-11.

(6) Yusa, T.; Yamaguchi, Y.; Ohwada, H .; Hayashi, Y.; Kuroiwa, N.; Morita, T.;

Asanagi, V.; V.; Moriyama, M.; and Fujimura, S. Activity of the cytosolic isozyme of

thymidine kinase in human primary lung tumors with reference to malignancy. Cancer

Res., 1988, 48, 5001-5006.

(7) Hengstchläger, M.; Hengstchläger-Ottnard, E.; Oliver, P.; Wawra, E. The role of pl6
in the E2F-dependent thymidine kinase regulation. Oncogene, 1996, 12, 1635-1643.

(8) Hengstchläger, M.; Knöfler,M., Müllner, E. W.; Ogris, E.; Wintersberger, E.; Wawra,

E. Different regulation of thymidine kinase during the cell cycle of normal versus

DNAtumor virus-transformed cells. J. biol. ehem., 1994,269, 1386-13842.

(9) Hengstchläger, M.; Oliver, P.; Hengstchläger-Ottnad E.; Ambros, P. F.; Bernaschek,

G.; Wawra, E. Loss of the pl6/MTSl tumor suppressor gene causes E2F-mediated

deregulation of essential enzymes of the DNAprecursor metabolism. DNACell. Biol,

1996,75,41-51.

(10) Alberto, R.; Schibli, R.; Schubiger, P. A. First Application offac- [99mTc(OH2)3
(CO)3]+ in Bioorganometallic Chemistry: Design, Structure, and in Vitro Affinity of

a 5-HTia Receptor Ligand Labeled with 99mTc. J. Am. Chem. Soc, 1999, 121, 6067-

6077.

(11) Waibel, R.; Alberto, R.; Willuda, J.; Finnern, R.; Schibli, R.; Stichelberger, A.; Egli,
A.; Abram, U.; Mach, J. P.; Pluckthun, A.; Schubiger, P. A. Stable one-step

technetium-99m labeling of His-tagged recombinant proteins with a novel Tc(I)-

carbonyl complex, Nature Biotech., 1999, 17, 897-901.

(12) La Bella, R.; Garcia-Garayoa, E.; Langer, M.; Blauenstein, P.; Beck-Sickinger, A. G.;

Schubiger, P. A. In vitro and in vivo evaluation of a Tc-99m(I)-labeled bombesin

analogue for imaging of gastrin releasing peptide receptor-positive tumors. Nucl. Med.

Biol, 2002, 29, 553-560.



Chapter 3 71

(13) Bannwarth, W. Solid-Phase Synthesis of Oligodeoxynucleotides Containing

Phosphoramidate Internucleotide Linkages and their Specific Chemical Cleavage.
Helv. Chim.Acta, 1988, 71, 1517-1527.

(14) Stichelberger, A.; Waibel, R.; Dumas, C; Schubiger, P. A. and Schibli, R. Versatile

Synthetic Approach to New Bifunctional Chelating Agent Tailor Made for Labeling
with the/ac-[M(CO)3] core (M = Tc, 99nTc, Re): Synthesis, in vitro, and in vivo

Behavior of the Model Complex [M(APPA)(CO)3] (APPA= [(5-amino-pentyl)-

pyridin-2-yl-methy]-amino]-acetic acid). J. Nucl. Med. Biol, 2003, 30, 465-470.

(15) Schibli, R.; Schwarzbach, R.; Alberto, R.; Ortner, K.; Schmalle, H.; Dumas, C; Egli,
A.; Schubiger, P. A. Steps toward high specific activity labeling of biomolecules for

therapeutic application: Preparation of precursor [Re-188(H20)3(CO)3](+) and

synthesis of tailor-made bifunctional ligand systems. Bioconjugate Chem., 2002, 13,

750-756.

(16) Alberto, R.; Ortner, K.; Wheatley, N.; Schibli, R.; Schubiger, A. P. Synthesis and

properties of boranocarbonate: A convenient in situ COsource for the aqueous

preparation of LTc-99m(OH2)3(CO)3](+). J. Am. Chem. Soc, 2001,123, 3135-3136.

(17) Alberto, R.; Schibli, R.; Egli, A.; Schubiger, P. A.; Herrmann, W. A.; Artus, G.;

Abram, U.; Kaden, T. A. Metal carbonyl syntheses XXII. Low pressure carbonylation
of rMOCl4]~ and fM04]~: the technetium(I) and rhenium(I) complexes

[NEU]2[MCl3(CO)3]. J. Organomet. Chem., 1995,493, 119-127.

(18) Schibli, R.; Netter, M.; Scapozza, L.; Birringer, M.; Schelling, P.; Dumas, C, Schoch,

J.; Schubiger, P. A. First organometallic inhibitors for human thymidine kinase:

synthesis and in vitro evaluation of rhenium(I)- and technetium(I)-tricarbonyl

complexes of thymidine. J. Organomet. Chem., 2003, 668, 67-7'4.

(19) Pilger, B. D.; Perozzo, R.; Alber, F.; Wurth, C; Folkers, G.; Scapozza, L. Substrate

Diversity of Herpes Simplex Virus Thymidine Kinase. J. Biol. Chem., 1999, 274,

31967-31973.

(20) Kussmann-Gerber, S.; Wurth, C, Scapozza, L.; Pilger, B. D.; Pliska, V. and Folkers,

G. Interaction of the Recombinant Herpes Simplex Virus Type 1 Thymidine Kinase

with Thymidine and Aciclovir: A Kinetik Study. Nucleosides & Nucleotides, 1999, 18,

311-330.

(21) Singh, U. C; Kollman, P. A. An Approach to Computind Electrostatic Charges for

Molecules. J. Comput. Chem., 1984, 5, 129-145.

(22) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.; Ferguson, Jr., D.

M.; Spellmeyer, D. C; Fox, T.; Caldwell, J. W.; Kollman, P. A. A Second Generation



Chapter 3 72

Force Field for the Simulation of Proteins, Nucleic Acid, and Organic Molecules. J.

Am. Cerm. Soc, 1995, 117, 5179-5196.

(23) Black, M. E.; Hruby, D. E. Nucleotide sequence of the Escherichia coli thymidine
kinase gene provides evidence for conservation of functional domains and quaternary
structure. Mol. Microbiol., 1991, 5, 373-379.

(24) Johannsson, M. and Karlsson, A. Cloning of the cDNAand Chromosome Localization

of the Gene for HumanThymidine Kinase 2. J. Biol. Chem., 1997, 272, 8454-8458.

(25) Wild, K.; Bohner, T.; Aubry, A.; Folkers, G. Schulz G. E. The three-dimensional

structure of thymidine kinase from Herpes Simplex virus type 1. FEBSLett., 1995,

368, 289-292.

(26) Brown, D.G.; Visse, R.; Sandhu, G.; Davies, A.; Rizkallah, P. J.; Melitz, C; Summers,

W. C; Sanderson, M. R. Crystal structures of the thymidine kinase from Herpes

Simplex virus type-1 in complex with deoxythymidine and ganciclovir. Nature Struct.

Biol, 1995,2,876-881.

(27) Wild, K.; Bohner, T.; Folkers, G.; Schulz, G. E. The structures of thymidine kinase

from Herpes Simplex virus type 1 in complex with substrates and a substrate analog.
Prot. Sel, 1997, 6, 2097-2106.

(28) Martin, J. A.; Lambert, R. W.; Merrett, J. H.; Parkes, K. E. B.; Thomas, G. J.; Baker,

S. J.; Bushnell, D. J.; Cansfield, J. E.; Dunsdon, S. J.; Freeman, A. C. Nucleoside

Analogues as Highly Potent and Selective Inhibitors of Herpes Simplex Virus

Thymidine Kinase. Bioorganic & Medicinal Chemistry Letters, 2001, 11, 1655-1658.



4. Initial Internalization and Inhibition Studies with Re/Tc

Tricarbonyl Complexes of Thymidine Analogues as

Potential Nucleoside Transport Inhibitors



Chapter 4 74

Initial Internalization and Inhibition Studies with Re/Tc Tricarbonyl

Complexes of Thymidine Analogues as Potential Nucleoside Transport
Inhibitors*

M. Stichelberger, R. Schibli, E. Garcia-Garayoa and P.A. Schubiger

Centre of Radiopharmaceutical Science ot the ETH-Paul Scherrer Institute-USZ, Vilhgen

Abstract

The internalization of "'"Tc and Re tricarbonyl thymidine complexes into four human cancer

cell lines was investigated. The uptake of the mTc tricarbonyl complex into PC-3, prostate

cancer cells, was 8.9 ± 3.2 %of total activity, into GW, kidney carcinoma cells, 4.9 + 1.3 %

of total activity, into HT-29, colon carcinoma cells, 3.6+1.1 %of the total activity and into

Caki-2 cells, kidney carcinoma cells 3.0 + 1.0 %of total activity. The uptake of this complex

into the cell lines was sufficient, but could not be inhibited by the known nucleoside transport

inhibitors nitrobenzylthioinosine (NBMPR) and dipyridamole, assuming an uptake by passive

diffusion. [^H]thymidine uptake was determined as a positive control and could be inhibited

by NBMPRand dipyridamole, as expected, but also with the corresponding non-radioactive

Re tricarbonyl thymidine complex. This complex seemed to be as potent as NBMPR,with the

advandage of its water solubility. The stability of the métallo tricarbonyl thymidine

complexes in cell solution was determined and no decomposition or protein binding was

observed over four hours. A 99mTc-tricarbonyl complex with an imino diacetic acid chelating

system but without the thymidine moiety was used as negative control. This compound was

internalized after 30 min and externalized after 50 min and the uptake could be inhibited by

dipyridamole, NBMPR,and thymidine, surprisingly.

*

Manuscript in preparation
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Introduction

Nucleosides and nucleoside analogues, like chemotherapeutical agents, are mostly

hydrophilic and specialised transport systems are required for their permeation through the

cell membrane. In mammals, plasma membrane transport of nucleosides is brought about by

the nucleoside transport system. This transport system can be classified into two major

categories: The concentrative, Na+ dependent transporter (CNT), which mediates only influx

and the equilibrative, Na+ independent nucleoside transporter (ENT), which mediates both

influx and efflux. Two ENT isoforms have been identified in human tissues, ENT1 and

ENT2, which transport both purine and pyrimidine nucleosides and are distinguished

functionally by a difference in sensitivity to inhibition by nitrobenzylthioinosine (NBMPR).

hENTl is inhibited by nanomolar concentrations of NBMPRwhile hENT2 is unaffected by

micro molar concentrations of NBMPR1. Nucleosides analogues have important applications

as antiviral agents and in chemotherapy, for example, cytosine arabinoside (Ara-C), 6-

mercapto-purin and Fluorouracil. In chemotherapy, antimetabolites were either transformed

by several enzymes of DNA synthesis (de novo or salvage pathway), e.g. thymidylate

synthetase or thymidine kinase, incorporated into DNA, cause chain termination and further

cell death2 or inhibit reversibly the enzymes of the DNAsynthesis^. Nucleoside analogues

were also used in tumour diagnosis as tumour proliferation imaging agents, e.g. [ F]-8-

fluoroganciclovir4, [l8F]-8-fluoropenciclovir\ [l8F]-9-[4-fluoro-3-(hydroxymethyl)butyl]-

guanine6 as well as [l24I]-5-iodo-2'-fuoro-l-ß-D-arabinofuranosyluracil ([124I]FIAU)7.

Tumour growth, grade of malignancy and monitoring of tumour response to therapy could be

observed
. Monitoring of gene expression in suicide gene therapy is another field of interest

for radiolabeled nucleoside analogues. Most notably the expression of Herpes Simplex Virus

Type 1 thymidine kinase is widely investigated. Finally yet importantly, nucleoside analogues
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could be used as nucleoside transport (NT) inhibitors to enhance the potency and cytotoxicity

of nucleoside analogues used as antimetabolites9 Of particulai interest are inhibitors of the

nucleoside transporting system (NTS) since dipyiidamole and NBMPR, potent inhibitors of

the NTS, have been reported to enhance the cytotoxicity of various chemotherapeutical

agents, including 5-FU10 Despite the fact that dipyridamole acts as a sensitizer for tumour

cells to several antitumour drugs m vitro, its clinical application properties have met with

limited success" 1_

Clinically achievable serum concentrations of dipyridamole are limited,

due to extensive binding to the serum protein al acid glycoprotein The disadvantage of

NBMPRis its high hpophihcity and the need of DMSOfor solvation in aqueous media

During our studies of Rhenium and radioactive Technetium-99m complexes of thymidine

analogues as inhibitors of the HSV-1TK14 for gene therapy monitoring, we also found

inhibitors of the human cytosolic TK Apart from the experiments with HSV-1 TK, we

extensively investigated the internalization of these Re/Tc-nucleoside analogues in four

human cancer cell lines Among the relevant isotopes for monitonng purposes, 99mTc is the

most widely used15, because of its favourable decay properties (y, 140 keV, tm - 6 h), the low

costs and the availability of a 99Mo/99mTc generator system The practical duo 188Re/99mTc

provides the advantage in characterization of the radioactive 99mTc derivatives by comparison

with the non-radioactive Re denvatives, because of their similar chemical behaviour Further

this duo is interesting concerning their applications for diagnosis (Tc-99m) and therapy (Re-

188) Herein we studied the internalization of the 99mTc-thymidine complexes 4 and 5 into

four human cancer cell lines and the inhibition of [ Hjthymidine uptake with the non¬

radioactive, water-soluble Re-thymidine complex 3 Comparative experiments with different

known nucleoside transport inhibitors have also been performed
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Experimental

Chemicals

Solvents for synthesis were purchased from Aldrich Chemical Co. or Fluka (Buchs,

Switzerland) and were dried according to standard methods. HPLC analyses and purification

of the rhenium and technetium-99m complexes were performed on a Merck-Hitachi L-7000-

system equipped with an L-7400 tuneable absorption detector and a Berthold LB 506 B

radiometric detector using a Macherey-Nagel C-18 reversed phase column (10 pm, 150 x 4.1

mm). HPLC solvents: Aqueous 0.05 MTEAP (triethylammonium phosphate) buffer, pH =

2.25 (solvent A), methanol (solvent B). The HPLC system started with 100 %of A from 0-3

min. The eluent switched at 3 min to 75 %A and 25 %B and at 9 min to 66% A and 34% B

followed by a linear gradient 66% A/34% B to 100 % B from 9-20 min. The gradient

remained at 100 %B for 2 min before switching back to 100 %A. The flow rate was 1 ml/

min.

Chemistry

The organometallic precursor [NEtibfReB^CO^] lb and the radioactive precursor

[99mTc(H20)3(CO)3]+ la were prepared as previously reported16' I7. Na[99mTc04] was eluted

from a Mo/99mTc generator (Mallinckrodt-Tyco, Petten, Netherlands) using 0.9 % saline.

Complexes 6-9 and complexes 5 and 3 were synthesized by a previously published

procedure18'19. Complex 4 was prepared by adding the Tc-99m precursor la (400 pi) to the

corresponding ligand (200 pi). The reaction mixture was stirred at 75°C for 45 min and the

product was purified by HPLC. The MeOHwas removed under a stream of nitrogen and the

residue was diluted in Na+-free buffer solution. Synthesis of Complex 2: 26.3 mgof the ligand
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( 0.045 mmol) and 21 mg [NELtht Tc Cl3(CO)3] le (0.039 mmol) were solved in a mixture

of MeOHand H20 (1/1) (5 ml) and stirred at 50°C for 1 h. The reaction was monitored by

HPLC and the resulting product was purified by chromatography on SepPak
"

-cartridge

(Waters, C-18-cartridges) using a water/methanol gradient.

Cell culture

Reagents and materials for the cells were obtained from the following sources: culture media

McCoy's 5A-GLUTAMAXI, fetal bovine serum (FBS), Antibiotic/Antimycotic solution,

Trypsin/EDTA, Bovine Serum Albumin (BSA) and Soybean Trypsin Inhibitor were obtained

from GIBCO BRL Life Technologies AG (Basel, Switzerland). HEPESwas from Sigma

(Buchs, Switzerland). Glycine was obtained from Fluka (Buchs, Switzerland). HCl, NaCl,

MgCl2, NaOH and KCl were purchased from Merck (Dietikon, Switzerland). [Methyl-

~H]thymidine (185 GBq/ mmol and 37MBq/ml) was purchased from Amersham Pharmacia

Biotech, Inc., UK. The activity was measured with a Packard Canberra Cobra II Auto-Gamma

counter. The results given in counts per minute (cpm) were tested to be linearly dependent on

the activity up to about 2 million cpm. Every series of samples were accompanied by a

number of reference tubes with the total amount of added radioactivity (complex 4, 50 pi,

[Hjthymidine, 100 pi, respectively). Thus, the decay correction was not calculated but

experimentally determined.

Cell lines-

Human colon cancer cells (HT-29) and prostate cancer cells (PC-3) were purchased from

European Collection of Cell Culture (ECACC, Salisbury, England), the human renal

carcinoma cell line Caki-2 were obtained from the German collection of microorganism and

cell culture (Braunschweig) and the renal carcinoma cell line GWwere obtained from CLS-
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Heidelberg. HT-29 cells were grown in McCoy's 5A GLUTAMAXI supplemented with 10%

fetal calf serum (FCS) and 100 iu/ml penicillin, 100 pg/ml streptomycin and 0.25 pg.ml"

amphotericin B. PC-3, Caki-2 and GWcells were maintained in Dulbecco's modified Eagle

medium (DMEM) supplemented with 10% FCS and 100 iu.mr1 penicillin, 100 pg/ml

streptomycin and 0.25 pg/ml amphotericin B as well. All cell lines were grown in a 7.5%

C02-humidified atmosphere at 37°C and passaged weekly.

Uptake of complex 4

24 h before the internalization experiments, confluent cells were trypsinised and seeded into

12 well plates. All experiments were carried out in triplicate using Na+-free buffer, containing

140 mMN-methyl-D-glucamine (NMDG), 5 mMHEPES, 5 mMKH2P04, 1 mMCaCl2, 1

mMMgCb, and 10 mMglucose, pH 7.4 at 37°C. Sodium containing buffer was composed of

135 mMNaCl, 5 mMKCl, 3.33 mMNaH2P04, 0.83 mMNa2HP04, 1 mMCaCl2, 1 mM

MgCl2, 10 mMglucose, and 5 mMHEPES, pH 7.4.

The confluent cell monolayers were washed three times with Na+-free buffer (for testing the

sodium dependent transport system cells were washed with sodium containing buffer). Then

they were incubated for 15 min with the following compounds (either one or a combination

of two): NBMPR(10 pM), dipyridamole (10 pM), the free ligand without the métallo

tricarbonyl moiety (10 pM), the corresponding Re-tricarbonyl-complex 3 (10 pM),

deoxythymidine (4 mM). Finally, 50 pi (50-70 kBq) of the 99mTc-complex 4 were added and

incubated for 0, 5, 15, 30, and 120 min, followed by sampling of the supernatant and washing

(three times) with ice cold PBS buffer. In order to remove the unspecific bound activity, the

cells were washed two times with a 50 mMglycine-HCl/100 mMNaCl solution, pH 2.8, for 5

min, collecting the supernatants. After washing with PBS, cells were lysed with 1 N NaOHat

37°C and the supernatant, the surface bound and the internalized activities were measured in a
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gammacounter. Results are expressed as percentage of the total activity. The protein content

was determined spectrophotometrically using Micro BCA protein assay reagent kit (Pierce,

Socochim).

Inhibition of [Methyl-' HJ thymidine uptake

To determine the inhibition of [3H]thymidine uptake, cells were washed and preincubated as

described above and uptake was initiated by adding 100 pi of [' H]thymidine (7.4-74 kBq/ml).

After solubilization of the cells, 10 pi of each sample were taken for protein determination.

The residues were added to 4 ml of scintillation liquid and counted in a ß-counter. The protein

content was determined spectrophotometrically using Micro BCA protein assay reagent kit

(Pierce, Socochim). [3H]thymidine uptake and inhibition was used for evaluation of each cell

line. Data are expressed as dpm and represent the mean of the triplicates.

Stability of complex 4 in cell suspension

For stability experiments, cells were trypsinized and transferred into tubes (each containing 5

mio cells). The tubes were divided into two series. One series contained intact cells, while the

cells of the other series were lysed by sonification. Complex 4 was synthesised and purified as

described above. 50 pi of Complex 4 (9 MBq/ ml) were added and incubated at 37°C. The

incubation was stopped at different time points (0, 30, 60, 120 and 240 min). Prior to HPLC

anaysis, proteins of 250 pi of the cell suspension was precipitated with 750 pi of a mixture of

EtOH/ acetonitrile (1:1) and 0.1 %trifluoro acetic acid and subsequently filtered. A sample,

containing 950 pi EtOH and 50 pi of complex 4 was used as a control.
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Results and Discussion

The equilibrative nucleoside transporters (hENTl + 2) each consisting of 456 amino acid

residues, are known to contain eleven transmembrane helical domains with an intracellular

amino terminus and an extracellular carboxylic terminus
.

The concentrative nucleoside

transporter (CNT) proteins with about 650 amino acid residues show no sequence similarity

to the equilibrative transporters (ENT). Sundaram et al. have identified the transmembrane

domains 3-6 of hENTl as being important for the interaction with dipyridamole1. Since

dipyridamole and nitrobenzylthioinosine (NBMPR) are competitive inhibitors of nucleoside

uptake by hENTl, it is likely that these domains are also important in nucleoside binding and

transport" .

For a first evaluation, internalization studies were carried out, using a buffer solution

(described in the experimental part) with or without Na+, to distinguish between hENT and

hCNT transporter subtypes. Therefore, cells were incubated for 15 min in Na+-free or Na+-

containing buffer solution. Additionally, NBMPRand/or unlabeled thymidine were present to

differentiate between hENTl and hENT2 subtypes. The results revealed no significant

differences in uptake with or without sodium, NBMPRor thymidine (data not shown). Thus,

and because most mammalian cells transport nucleosides cross the membranes via Na+-

independent equilibrative nucleoside transport, we decided to perform further experiments in

Na+-free buffer solution to investigate the uptake via the Na+-independent transport system

(ENT).
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Effect of time and inhibitors:

Table 1: Uptake of complex 4 and [ Hjthymidine in five different human cancer cell lines.

Studies were performed at 37°C and the incubation time was one hour, cells were

washed three times with ice cold PBS buffer and were incubated 2x5 min in a

glycine buffer (pH 2.8), washed again with PBSbuffer and lysed with 1 NNaOH.

„ .... Complex 4
, [ H]thymidme

I (% of total activity) (% of total activity)

HT-29 3.6+1.1 18.8 + 8.9

Caki-2 3.0+1.0 9.5 + 1.1

GW 4.9 + 1.3 14.0 + 8.7

PC-3 8.9 + 3.2 n.d.

RL-8303
1.3 + 0.6 1.1 +0.1

(TK negative)

The uptake of the '"'Tc complex 4 and [ Hjthymidine in five human cancer cell lines (HT-29

human colon cancer cells, PC-3 prostate cancer cells, GWrenal carcinoma cells, CAKI-2

renal carcinoma cells and the TK deficient CRL-8303 osteosarcoma cell line) was

investigated over a period of four hours. Concentrations of 50-70 kBq of the 99mTc complex 4

and 7.4 kBq of [sH]thymidine per ml were used. Table 1 shows the results of the

internalization of the mTc complex 4. Results of the uptake into HT-29 cells are shown in

figure 1. The highest internalization rate was found in PC-3 cells, followed by GW, HT-29

and Caki-2 with percentages of 8.9 + 3.2 %of total activity, 4.9 ± 1.3 %of total activity, 3.6 +

1.1 %of the total activity and 3.0 + 1.0 % of total activity, respectively. Only a minimum

internalization was found into the TK deficient Osteosarcoma cell line CRL-8303.
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Figure 1: Uptake of complex 4 in absence and presence of nucleoside transport inhibitors (10

pM). The ligand is the thymidine with the spacer (10 CH2 groups) and the chelating

moiety, but without the Re tricarbonyl core.

The uptake into the four TK positive cell lines could neither be inhibited by the known

nucleoside transport inhibitors NBMPR(10 pM) or dipyridamole (10 pM) nor by the Re

complex 3 (lOpM) or the Tc-99 complex 2 (10 pM) or the ligand without the métallo

tricarbonyl core (10 pM) (figure 1 and figure 7). This led to the assumption that complex 4

might be taken up by passive diffusion and not, as expected, by the equilibrative nucleoside

transport system (hENT). Since the binding mode of nucleosides is still unclear, it is

nevertheless surprising that the unaltered thymidine moiety of complex 4 (scheme 1) is not

recognized by the transporter.
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Complex 5 (HT-29)

DpM
:iopM

pM

0 50 100 150 200 250

time (min)

Figure 2: Blank experiment: Uptake of complex 5 in absence and presence of different

nucleoside inhibitors (10 pM). dT is unlabelled thymidine and the ligand is

thymidine with the spacer (10 CH2 groups) and the chelating moiety, but without the

Re tricarbonyl core.

A 9mTc-tricarbonyl complex without a thymidine moiety was used as negative control

(complex 5, scheme 1). This compound had its maximum uptake after 30 min and was rapidly

externalized after 50 min (figure 2). Interestingly, the uptake of this control compound could

be inhibited by several nucleoside transport inhibitors, like dipyridamole (10 pM), NBMPR

(10 pM), cold Re-complex 3 (10 pM) and thymidine (4 mM) (figure 2). These interesting and

promising results should be followed up by further experiments.

To evaluate the different cancer cell lines for their transport systems, the uptake of

[Hjthymidine, a physiological substrate of hENTl, was determined in parallel to each assay.

Thereby we found an inhibition of the [3H]thymidine influx by the non-radioactive complex 3

to the same extent as to NBMPR.This inhibition is dependent on the concentration as shown

in figure 3. An increase of the concentration of complex by one order of magnitude reduced

the ['Hjthymidine uptake by 50 %(figure 3). These results indicate that complex 3 is a potent

inhibitor of hENTl.

complex 5

complex 5 + NBMPR1(

complex 5 + complex X

complex 5 + dipy 10 pf
complex 5 + dt 4 mM

complex 5 + ligand 10
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Figure 3: Effect of complex 3 (1 pMand 10 pM) and NBMPR(10 pM) on the uptake of

[3H]thymidine (0.4 pM) at different time points.

Further studies were performed with different inhibitors of the nucleoside transport system

and mixtures thereof (figure 4). Unlabelled thymidine (dT) was added in high excess (4 mM)

to prevent uptake via passive diffusion.

[3HJthymidine (HT-29)
25,00 -
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£ 20,00 -

o

a
15<00 "
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a WÈm
° 5,00 - PI 111
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-

i
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i ^ j> ^ <^ / y <** j #* ^ #

Figure 4: Uptake of [Hjthymidine (0.4 pM) in absence or presence of different inhibitors of

the nucleoside transporter either alone or in combination: NBMPR =

nitrobenzylthioinosine (10 pM), Dipy = dipyridamole (10 pM), complex 3 (10 pM)
and dT = unlabelled thymidine (4mM).
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Effect of concentration:

The effects of concentration on uptake of [ Hjthymidine and complex 4 were determined at

concentrations ranging from 0.01-0.4 kBq and from 10-200 kBq respectively. Additionally,

samples were preincubated with NBMPR(10 pM) or complex 3 (10 pM), using different

concentration of ['Hjthymidine and complex 4. The results are shown in figure 5. Wefound

that the uptake of both [3H]thymidine and complex 4 is concentration dependent. The uptake

of complex 4 could not be inhibited by the inhibitors used. In case of the [3H]thymidine

uptake, inhibition of uptake was always about two third of the total uptake at increasing

['Hjthymidine concentrations, the last third could also be inhibited by dipyridamole (see also

figure 4).

A B

[3Hjthymidine (HT-29)

150000 -i

si00000

g
a.

E

D [3H]thymdine

[3H]thymidine + complex 3 10 |jM

D [3H]thyrridine + NBMPR10 pM

0,1 0,2
Conc.(kBq)

Complex 4 (HT-29)

600000

^300000 -

E

È
Q.

B complex 4

complex 4 + complex X 10 \iM

complex 4 + NBMPR10 |iM

50„
„ „

100
Conc.(kBq)

Figure 5: Effect of complex 3(10 pM) and NBMPR(10 pM) on the uptake of [Hjthymidine

(0.4 pM) (A) and complex 4 (B) in HT-29 cells at 37°C.

Effect of temperature:

Uptake of complex 4 and [3HJthymidine was studied at both 37° and 4°C. At 4°C the active

transport into the cells is dramatically slowed down. The uptake of [3H]thymidine was

temperature dependent and increased after 30 min incubation time by about one-half when

the temperature increased from 4° to 37°C (figure 6). On one side after 120 min, the uptake of
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[Hjthymidine at 4°C reached the uptake at 37°C (data not shown). On the other side the

difference of uptake of complex 4 at 37° and 4°C is not significant, confirming the uptake by

passive diffusion and not, which now could be excluded, by another transport mechanism.

[3H]thymidine

0,00

20 30 40

time (min)

B

Complex 4

8,00 -

e

S
a.

f 4,00 -

£

u —•—complex 4 4°C

0,00 1 —B—complex 4 37 °C

3 10 20 30 40 50 60

time (min)

Figure 6: Effect of temperature on the uptake of [3H]thymidine (0.4 pM) (A) and complex 4

(B) in HT-29 cells.

Complex 4 (HT-29)

2,50

0 / x^ o°* /* y° / *-" ^

F
° <£

Figure 7: Uptake of complex 4 in absence and presence of different inhibitors of the

nucleoside transporter either alone or in combination: NBMPR =

nitrobenzylthioinosine (10 pM), Dipy = dipyridamole (10 pM), complex 3(10 pM)
and dT = unlabelled thymidine (4mM).
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25,00 [3H]thymidine (HT-29)

time (min)
120

Figure 8: Effect of NBMPRand the different Re(CO)3-aminothymidine complexes 6-9 (all at

10 pM) on the uptake of [3H]thymidine (0.4 pM) in HT-29 cells at 37°C.

Effect of addition of other Re-tricarbonyl-5'-aminothymidine complexes:

['Hjthymidine uptake was tried to be inhibited by different Re-tricarbonyl-5'-aminothymidine

complexes (scheme 1 and figure 8). Re-tricarbonyl-5'-aminothymidine complexes with

different spacer lengths, namely propyl, butyl, hexyl, and eicosyl spacers as well as NBMPR

were used at a concentration of 10 pM. This experiment was performed to investigate if the

inhibition of [Hjthymidine by complex 3 with a decyl spacer was exclusively dependent on

this spacer length or if other complexes can inhibit the uptake of [3H]thymidine in the same

way. The remarkable results are shown in figure 8. The uptake of [3H]thymidine was inhibited

exclusively by complex 9, the complex with the eicosyl spacer, and in the same scale as

NBMPRand complex 3. Obviously, a spacer extension of more than nine methylene groups is

necessary to inhibit hENTl. This structure-activity relationship could provide more insights

into the functional structure of hENTl.
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Scheme 1: Structure of the different Re, Tc-99m, or Tc-99 complexes of 5'-aminothymidine;
(i): MeOH/H20, 50°C, 5 h, (ii): PBS buffer, pH 7.4, 75°C, lh, (iii): MeOH/H20,

50°C, 1 h.

Assuming, the thymidine moiety of the complexes is recognized by the transporter as a

substrate, the inhibition might be initiated by the organometallic tricarbonyl moiety or the

spacer or both. If the organometallic tricarbonyl moiety would be the reason for the inhibition

it might bind to a certain place and a longer spacer could probably manage this.

Stability:

The stability of complex 4 was determined in a suspension of lysed cells as well as in a

suspension of intact cells. Different time points were taken to mimic a usual cell

internalisation test. The samples were precipitated, filtered and tested by HPLC. The results

showed no decomposition of complex 4 neither in the suspension with intact cells nor in the

suspension with lysed cells. Complex 4 is stable for at least 240 min in cell suspension.

1 ft

Preliminary stability studies with métallo tricarbonyl complexes of thymidine analogues in

plasma and buffer solution have shown the high kinetic stability of these compounds over
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24 h. These are impressive results with respect to avoid ligand exchange or protein binding in

vivo. In our case it was important to know, that the activity measured in the cells

corresponded to complex 4 and not to a decomposition product, such as a cleaved l|11Tc-IDA

fragment (see blank complex 5) without thymidine moiety.

Conclusion

Complex 3 seems to be a potent inhibitor of the hENTl transport system. The advantage of

the complex 3 compared to NBMPRand dipyridamole is its water solubility and the absence

of unspecific protein binding, respectively. The stability of complex 3 in plasma was

determined previously over a period of 24h and no decomposition was observed. The

combination of complex 3 and nucleoside analogues or antimetabolites will be a promising

experiment, which we will perform next. Complex 4, an inhibitor of the human cytosolic

thymidine kinase, is most probably taken up by passive diffusion, because the uptake could be

inhibited neither by NBMPRnor by dipyridamole. By testing at different temperatures, also

other transport systems can presumably be excluded. Obviously, complex 4 is not recognised

by the human equilibrative transport system (hENT), although the thymidine moiety is

unaltered. The uptake is likely sufficient for complex 4 for a potential use as proliferation

marker.
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5. Conclusion

For achieving an imaging signal, sufficient accumulation of radiolabeled products into the

target cells and an adequate tumour-to-background-ratio, is a prerequisite. The trapping

mechanism, using substrates, like for example [18F]FDG or [nC]thymidine, exploited the

phosphorylation on the 5' or 6' position by cellular kinases (TK) to trap the charged

compounds inside the cell. The reversible binding of a potent, competitive inhibitor of e.g.

thymidine kinase (TK) might be an alternative method. Thereby, also positions can be

functionalised, which are usually kept free for enzymatic conversion. The approach of using

potent inhibitors for imaging purposes is new and yet untested. Inhibitors of human cytosolic

thymidine kinase for example with Kj values in the nanomolar range might be used as

markers for rapidly proliferating cells, such as tumour cells.

In our studies we focused on potent inhibitors of HSV-1 TK, which were published by Martin

et al. (5' substituted thymidine analogues), for using them as lead structures for the

development of organometallic tricarbonyl thymidine complexes. HSV-1 TK is thought of

being able to accommodate more sterically demanding substituents, for instance an

organometallic tricarbonyl core, when attached to the position 5' of thymidine.

Functionalisation on other possible positions of 2-deoxythymidine would most likely cause

loss of biological activity, because of the restricted space availability.

The synthetic work was straight forward, although the yields are not optimized. The focus

was directed more towards the biological results than the yields. The complexes were fully

characterised and the H NMRspectra showed the typical patterns of AB systems, due to the

tridentate coordination of the metal-tricarbonyl center. The singletts of the previously

equivalent CH2-protons of the imino diacetate (IDA) or the picolylamine mono acetate

(PAMA) moiety became non-equivalent by virtue of their axial and equatorial orientation.

There was no significant chemical shift observed for protons, which are not in close vicinity

of the metal core. Therefore, unspecific coordination or interaction of the metal center via

functional groups particularly of the thymidine moiety can largely be excluded and the

tridentate complexation can be confirmed. Preservation of the water solubility of the

complexes was of relevant importance, because of their biological evaluation. Extension of



Chapter 5 97

the spacers however, resulted in increased lipophilicity. The complex with the eicosyl spacer

was made soluble by adding 0.05 %Tween to the reaction solution. Biological results were

not affected by the presence of this detergent.

The Re tricarbonyl thymidine complexes were screened against HSV-1 TK and hTKl. All

complexes revealed inhibitory activity against hTK 1, with Kj values in the micro molar range,

which is three orders of magnitude less than expected. The results we found, significantly

diverged from our expectations.

The different K values (range from 112-7 pM) of several anionic complexes may give an

insight into the preferences of hTKl regarding the charges, hydrophilicity and volumetric

expansion of the inhibitors. Different substituents (lipophilic and hydrophilic) on the spacer

showed equally quite good inhibitory activity, suggesting that this region of the active site of

hTKl is not restricted with respect to the volume and the physico-chemical characteristics of

the inhibitors. Even a neutral complex revealed an inhibitory effect (K; = 334 pM), although

the picolylamino chelating system is quite large. The anionic IDA chelating system seemed to

be preferred, indicating that the influence of the positively charged amino acid residues

(Lys62, Arg 176, Arg220, and Arg222) may play an important role. Since the hTKl is

upregulated in tumour cells, the selective and exclusive targeting of this enzyme is unique and

might be exploited, with respect to the possible anticancer effect, an inhibitor may posses.

The following three considerations might be the reasons for the absence of inhibitory activity

against HSV-1 TK: (i) a narrow entrance into the active site of the enzyme, (ii) The negative

charge of the complex and the imino diacetic acid chelating system, which is polar. Although,

it is known, that in the surrounding of the active site, where normally the ß- and y- phosphoryl

groups of ATP are bound, many polar and positively charged amino acid residues are located.

And (iii) the rather cylindrical shape of the métallo tricarbonyl core.

The residues of the highly potent inhibitors of HSV-1 TK and HSV-2 TK, which were used as

lead structures are quite planar and lipophilic. The preferred binding of lipophilic entities in

this region might be due to effect of 7t-stacking provoked by aromatic amino acid residues in

the active site region and the aromatic entities of the lead structures and is obviously stronger

than the interaction between the hydrophilic or lipophilic amino acid residues. Therefore it

might be reasonable for future chelating systems for Re tricarbonyl thymidine complexes, to

build up a more planar chelating system, like for example 4,5-diaza-fluoren- or 1,10-

phenanthroline derivatives, or the like (figure 1).
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It is exciting to speculate, if the Re tricarbonyl core of the complex with the eicosyl spacer,

which is the only complex that inhibit also HSV-1 TK is located outside the active side or

outside the enzyme to evolve an inhibitory effect. In addition, the synthesis of 5-ethyl-uridine

derivatives should be considered, because increased selectivity and affinity are predicted for

such derivatives.

NHX O

CH3

O

•Ny-NH
OH

°

Figure 1 : chelating system for future métallo tricarbonyl thymidine complexes.

The internalisation experiments with the five human cancer cell lines (emerging from kidney-,

prostate-, colon-carcinomas and TK deficient osteosarcomas), a 99mTc tricarbonyl thymidine

complex and the corresponding Re complex, as well as different inhibitors of the nucleoside

transport system (NBMPRand dipyridamole) revealed the following basic findings: (i) The

99mTc tricarbonyl thymidine complex, an inhibitor of the hTKl, is most probably taken up by

passive diffusion, because the uptake could neither be inhibited by NBMPRnor by

dipyridamole. By testing at different temperatures, also other transport systems can

presumably be excluded. However, the uptake itself is likely sufficient for the mTc

tricarbonyl thymidine complex for a potential use as a proliferation marker, (ii) Obviously,

the 99mTc tricarbonyl thymidine complex is not recognized by the human equilibrative

nucleoside transport system (hENT), although the thymidine moiety is unaltered. One reason

might be that the 5' hydroxy functionality of thymidine plays a crucial role in nucleoside

transport binding, which is still investigated at this time. It is worth mentioning at this point,

that Azidothymidine, AZT, an anti HIV drug in use (Zidovudin®), is taken up by passive

diffusion as well.

On the other side, the corresponding Re tricarbonyl thymidine complex seemed to be a potent

inhibitor of the hENTl system. The advantage of this complex compared to NBMPRand

dipyridamole is the water solubility and the absence of unspecific protein binding,

respectively. The administration of this inhibitory complex in combination with nucleoside
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analogues or antimetabolites would provide an interesting insight with a possible high impact

for the treatment of cancer.

In summary, the synthesis and biological evaluation of this new series of mTc/Re tricarbonyl

thymidine complexes was just the first, informative step in this new area. Several interesting

questions have arisen during the study, which motivate for a continuation of this important

work. Future complexes of Re tricarbonyl thymidine analogues might help to improve

treatment of cancer. They are candidates for imaging reporter genes on the one hand and for

further experiments directed towards cell proliferation marker on the other.
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