RE(l) TRI-CARBONYL BASED RADIOPHARMACEUTICALS; SYNTHESIS, IN

VITRO STUDIES, AND PROTEIN COMPLEXATION

A Dissertation
Presented to

The Graduate Faculty of The University of Akron

In Partial Fulfillment
Of the Requirements for the Degree

Doctor of Philosophy

Sarah L. Binkley

August ,2016



RE(l) TRI-CARBONYL BASED RADIOPHARMACEUTICALS; SYNTHESIS, IN

VITRO STUDIES, AND PROTEIN COMPLEXATION

Sarah L. Binkley

Dissertation

Approved:

Advisor
Christopher J. Ziegler, Ph.D.

Committee Member
Thomas C. Leeper, Ph.D.

Committee Member
Sailaja Paruchuri, Ph.D.

Committee Member
Leah Shriver, Ph.D.

Committee Member
Todd Blackledge, Ph.D.

Accepted:

Department Chair
Kim C. Calvo, Ph.D.

Dean of the College
John Green, Ph.D.

Dean of the Graduate School
Chand K. Midha, Ph.D

Date



ABSTRACT

9MTc is the most used radionuclide in diagnostic nuclear medicine. Technetium
small molecule imaging agents are being used to image almost every tissue in the body,
from heart and bones, to the difficult imaging of brain tissue. Though there are many %MTc
complexes currently in use, the search for an ideal technetium radiopharmaceutical is
ongoing. ldeal imaging agents must be robust enough to withstand complex biological
conditions and ensure clearance from the body, yet selective enough to reach their target
tissues for successful scanning. Recent work has shown that compounds based on the fac-
9MTc(1)(CO)s* core exhibit increased stability and resistance to decomposition. The
chemistry and pharmacokinetics of these complexes can be safely explored using the non-
radioactive, isoelectronic Re(1)(CO)s* species. Medically useful isotopes of rhenium, 1%8Re
and '®°Re, add to the potential applications of this chemistry.

In this dissertation we describe the synthesis and metathesis of
[Re(CO)3(TAME)]X (where X= Br-, CI, NOs", ClO4, and PFe), and it’s toxicity in both
primary and secondary cell culture lines. The toxicity of the parent molecule,
[Re(CO)3(OH2)s]Br, in HelLa-S3 cell culture is explored. The preparation and
characterization of a Re(CO)s;™-lysozyme adduct is discussed. Additional studies of the
efficacy of [Re(CO)3(OH2):]Br and as an X-ray contrast agent and the preparation and

partial characterization of an Re(CO)s*-insulin adduct is also described herein.
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CHAPTER I

INTRODUCTION AND BACKGROUND

1.1 The role of radiopharmaceuticals in nuclear medicine

Cancer is the second leading cause of death in the United States, and this disease
accounted for 7.6 million deaths in 2008, according to the World Health Organization.*
Early detection is essential for the successful treatment of cancer and many other diseases.?
The importance of early detection has led to the development of multiple imaging
techniques, each with its own benefits and limitations. Single photon emission computed
tomography (SPECT)? and positron emission tomography (PET)?® imaging techniques offer
the advantages of non-invasive, whole body imaging.

These well-established, clinical imaging tools rely on the administration of a
radiopharmaceutical containing a gamma (y) or positron (B*) emitting isotope. In the case
of SPECT imaging, y emission is collected by a gamma camera, allowing reconstruction
of the emission source in the patient.* In B* emission, the B* particle emitted from an
isotope collides with an electron, producing two 511 keV y photons that travel in opposite
directions from each other and are detected by a circular array of gamma cameras. The
source of the decay is computed by following the line of coincidence of the two photons
and mathematically reconstructed into a PET image.®> Because two y photons are emitted
for each B* decay, PET offers higher image resolution compared to SPECT images.®

Traditional SPECT and PET scanners were only able to image with millimeter resolution.
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However, with improved technologies, such as disease/organ specific cameras and targeted
radionuclides, resolution using these techniques is approaching the molecular level.®
SPECT is used more often in the clinic because of the comparatively low cost of y emission
isotopes. The isotope source often dictates the type of imaging technique used as well;
clinics not within range of a nuclear reactor or cyclotron source are limited to nuclides that

can be produced in on site generators.” 8

As a necessary part of the evolution of imaging agents, the development and
improvement of radiopharmaceuticals is an active area of research.” 913
Radiopharmaceuticals can be divided into two classes: diagnostic and therapeutic.
Diagnostic radiopharmaceuticals use low energy y or B" emitting isotopes and are
administered in low concentrations as they should not have any pharmacological effects.
Diagnosis and interpretation of a disease state can be facilitated by studying the
accumulation of the radiopharmaceutical in the tissue or organ of interest. Therapeutic
radiopharmaceuticals use isotopes that are Auger electron, a particle, or B~ particle emitters
to deliver ionizing radiation via external beam irradiation, brachytherapy, or systemic
administration.* Accumulation of therapeutic radiopharmaceuticals at a disease site results
in a cascade of events, including the modification of cellular DNA caused by the ionizing

radiation, which results in apoptotic cell death.'* A list of medically relevant isotopes and

their properties is given in Table 1.1 below.



Table 1.1 : Physical properties of relevant radionuclides for clinical applications.* °

Isotope | Half-life Mode of Decay (%) Production Method | Application
11c 20.3 min B “N(p,a)-*C/ PET
cyclotron
18F 109.8 min B (97), EC (3) 80(p,n)-18F/ PET
cyclotron
®1Cu 3.3h B* (62), EC (38) %Co(a, 2n)-*1Cu/ PET
nuclear reactor
2Cu 0.16 h B* (98), EC (2) 62Zn/%2Cu generator PET
®4Cu 12.7h B~ (40), B* (19), EC ®4Ni(p.n)-%4Cu/ PET/Therapy
(41) cyclotron
’Cu 61.8h B~ (100) Therapy
*'Ga 3.26d EC (100) %8Zn(p,2n)-5'Ga/ SPECT
cyclotron
8Ga 67.8 min EC (100) ®8Ge/%®Ga generator SPECT
86y 14.7h B* (33), EC (66) 86Sr(p,n)-28Y/ PET
cyclotron
vy 64.1h B~ (100) 0Sr/%Y generator Therapy
8zr 785h B* (22.7), EC (77) &Y (p,n)-3zr/ PET
cyclotron
%MTc 52 min B* (72%) %Mo(p,n)-*"Tc/ PET
nuclear reactor
®mT¢ 6h IT (100) PMo/®mTc SPECT
generator
Hn 67.4 h EC (100) Cd(p,n)-Himan SPECT
cyclotron
123) 13.2h EC (100) SPECT
131 8.02d B (100) Therapy
15835m 46.3 d B~ (100) 125m(n,y)-*3Sm/ Therapy
nuclear reactor
186Ho 26.8 d B~ (100) %Ho(n, c)-***Ho/ Therapy
nuclear reactor
Uy 6.73d B (100) 8L u(n,y)-t""Lu/ Therapy
nuclear reactor
1%Re 89.2h B (92), EC (8) 1%Re(n,y)- 1*Re/ Therapy
nuclear reactor
1%Re 17 h B (100) 188\\/188Re Therapy
generator




Diagnostic and therapeutic radiopharmaceuticals can further be divided into two
categories: metal essential and target specific.l® The biodistribution of metal essential
radiopharmaceuticals depends on the charge of the metal, the size of the metal complex,
and the lipophilicity of the metal chelator for distribution in the body. Lipophilicity is
traditionally predicted by the partition coefficient (P) by measuring the ratio of a
radiopharmaceutical that dissolves in 1-octantol versus water.®> The solvent 1-octanol is
used to mimic the phospholipid bilayer of a cell. Drugs with a positive P value are more
lipophilic, however, as P becomes large, the drug becomes so lipophilic that it will remain
trapped in the lipid bilayer. For example, the log P value for many drugs that are able to
cross the blood-brain barrier is 2, suggesting that drugs that act on the brain with different
log P values, do so via other mechanisms.'® Adjusting the log P value of a
radiopharmaceutical is one way to optimize the elimination route for that
radiopharmaceutical.’’ The ability to adjust the log P values of a specific
radiopharmaceutical is necessary to allow researchers to optimize the pharmacokinetic
profile of the drug.2’

Many radiopharmaceuticals are of the metal-essential type and include such well
known entities as **™Tc-sestamibi'® ¥ for myocardial perfusion imaging and %™Tc-
Bicisate?® for cerebral perfusion imaging.* These metal essential radiopharmaceuticals are
desired for imaging large areas and high capacity systems, such as the vascularization of
the heart and associated vessels or the vasculature of the brain as is the case with *™Tc-
sestamibi® and ®MTc-Bicisate?®, respectively. These molecules are shown in Figure 1.1a
and 1.1b. Examples of other high capacity systems suitable for imaging by metal essential

9%MTc imaging agents are phagocytosis, hepatocyte clearance, glomerular function, and



multidrug resistance (MDR) imaging, among others.? Current research in the area of metal
essential imaging agents focuses on the development of next-generation versions of
radiopharmaceuticals to image these systems.?! 22 For example, a next-generation version
of 9MTc-Sestamibi would have better myocardial uptake and faster clearance from the liver
and lungs. Because metal essential agents are used to image a wide variety of systems and
disease states, their development is still an active area of research.

Target specific radiopharmaceuticals use a targeting moiety to concentrate at the
site of a disease.® These targeting moieties can bind to receptors, antibodies, or other
cellular structures within the tissue of interest.® The drug '!In-DTPA-octreotide
(OctreoScan®), shown in Figure 1.1c, uses a chelating moiety, DTPA
(diethylenetriaminepentaacetate), to chelate the '!In isotope and connect the metal to the
small peptide octreotide, which is an analog of the human hormone, somatostatin. This
allows the '1In isotope to localize at the site of neuroendocrine tumors that over-express
the somatostatin receptor.?® These target specific radiopharmaceuticals are desired when
the goal is imaging a small area that is difficult to access by traditional methods or
delivering therapeutic radiation to a specific disease site while limiting radiation exposure
to healthy tissue. Much of the recent research in the literature has focused on the
development of target specific radiopharmaceuticals. However this research has resulted
in comparatively few clinically available target specific radiopharmaceuticals, which some
reviewers attribute to the high cost of radiopharmaceutical development and clinical trials

and the smaller patient populations served by some target specific radiopharmaceuticals.?
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Figure 1.1: Examples of metal essential radiopharmaceuticals: (a) *™Tc-sestamibi
(Cardiolite®), (b) **™Tc-bicisate (Neurolite®) and target specific radiopharmaceuticals:
(c) ™ In-DTPA-octreotide (OctreoScan®).8-20. 23



Drugs incorporating radionuclides have specific requirements.® For diagnostic
purposes, the radiopharmaceuticals should incorporate isotopes that emit radiation in the
range suitable for detection by SPECT or PET. Diagnostic radiopharmaceuticals should
possess a long enough half-life to reach their target tissue and accomplish the imaging
modality but short enough to limit radiation exposure to the patient.® 2* The isotope should
decay into a stable, daughter nucleus to limit radiation exposure while the
radiopharmaceutical is eliminated from the patient.!” Additionally, the drug should be non-
toxic at the concentrations required for imaging purposes (10% M to 10 M).% The low
concentration is also a consideration in the synthesis of target specific diagnostic
radiopharmaceuticals as excess biomolecule used in synthesis could flood the receptor in
vivo and prevent high amounts of radiopharmaceutical binding.

Ideal therapeutic radiopharmaceuticals should incorporate isotopes with a high
specific activity and with half-life constraints similar to those of ideal diagnostic
radiopharmaceuticals.? % The half-life should be long enough for the radiopharmaceutical
to be synthesized, administered to the patient, and reach its target to deliver a cytotoxic
dose of radiation, but short enough to limit radiation exposure to healthy tissue.?® Some
requirements apply to ideal radiopharmaceuticals of both the diagnostic and therapeutic
type. Commercial considerations dictate that the isotope used should be relatively
inexpensive and easy to obtain. The radiopharmaceutical itself should be synthesized
quickly in high yields, in low concentrations, under aqueous conditions, forming a single,
stable product. The radiopharmaceutical synthesis should be simple and utilize synthetic

pathway amenable to a “kit-chemistry” preparative method.?” Radiopharmaceuticals of



both types should be stable and resistant to decomposition in the body, as metal binding to
biomolecules can complicate the elimination of the drug.??

Radiopharmaceuticals based on the medically relevant isotopes of technetium have
already proved to be excellent imaging agents, as can be seen by the number of
commercially available radiopharmaceuticals that incorporate these nuclides as shown in
Table 1.2.% 7 22 28 Radiopharmaceuticals based on the medically relevant isotopes of
rhenium are not as prevalent, as just a single example of a metal-essential rhenium
therapeutic agent, %Re-HEDP, has reached the clinic in Europe.* ?° However, the
properties of these isotopes, along with new drug synthesis strategies, make the production
of new radiopharmaceuticals based on these isotopes a prevalent topic in the literature.
These isotopes have the potential to make ideal diagnostic and therapeutic
radiopharmaceuticals, of both the metal-essential and target-specific types, and they will

be the focus of this work.



Table 1.2 %™Tc and '88/1%Re based radiopharmaceuticals.* 722 28.29

Radiopharmaceutical Trade Name Primary Use
9MTc-Sestamibi Cardiolite® | Myocardial perfusion imaging, multidrug
resistant (MDR) tumor imaging
Miraluna® Breast cancer imaging
9MTc-Tetrafosmin Myoview® Myocardial perfusion imaging, MDR
tumor imaging
9MTc-Exametazine Ceretec® Cerebral perfusion imaging
(HMPAO)
9MTc-Gluceptate Glucoscan® Renal Imaging
9MTc-Pentetate (DTPA) | Technescan® Renal imaging and function studies
9mTc-Bicisate (ECD) Neurolite® Cerebral perfusion imaging
9mTc-Oxidronate (HDP) | Osteoscan® Bone imaging
HDP
®MTc-MDP Medronate® Skeletal scintigraphy
9MTc-Teboroxime Cardiotec® Myocardial perfusion imaging
9MTc-Depreotide Neo Tect® Evaluation of certain lung lesions
(somatostatin receptor-bearing)
9MTc-Apcitide AcuTect® Synthetic peptide based probe for DVT
imaging
9MTc-Arcitumumab CEA-Scan® | Monoclonal antibody for colorectal cancer
imaging
188Re-HEDP - Treatment of metastatic bone pain
(therapy)
9MTc-LeuTech Leukoscan® Infection imaging (appendicitis)
9mTc-Disofenin Hepatolite® Hepatobiliary imaging
(DISIDA)
¥mTc-Succimer (DMSA) | Tc-DMSA® Renal cortical imaging and medullary
thyroid cancer
9MTc-Albumin Nanocoll® Bone marrow imaging, inflammation
nanocolloids scintigraphy and lymphoscintigraphy
9mMTc-ciproflaxin Infecton®

Infection imaging




1.2 ®*MTc-based Radiopharmaceuticals

Element 43, technetium, was first observed in 1936 and a small amount of this
element can be found in uranium and molybdenum ores.’® More than 80% of the
radiopharmaceuticals used in diagnostic nuclear medicine incorporate the **™Tc isotope.*
In the United States, **™Tc based radiopharmaceuticals account for more than 15 million
doses a year.>® Technetium-99m radiopharmaceuticals are attractive because they can be
produced on site with a **Mo-*"Tc generator, first produced by Brookhaven National Labs
in 1959.31 A typical **Mo-*"Tc generator is composed of **Mo04? absorbed onto an
alumina column. The half-life of **Mo, 66 hours, allows shipment to the clinical setting. In
the clinic, ®™TcO4 can then be eluted from the column with saline. The chloride in the
saline displaces the monoanionic pertechnetate ions containing the *°™Tc isotope and a
small amount of the **Tc isotope from the column, leaving the dianionic molybdenate in

place.?® The decay scheme of ®*Mo can be seen below in Scheme 1.1.%2
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Scheme 1.1: Synthesis and decay pathways of ®°*Mo.??

The 140.5 keV vy ray released by the decay of ®MTc to %Tc is too weak to cause
cellular damage,? but strong enough to be easily detected by SPECT cameras.®> SPECT,
incorporating *™Tc based radiopharmaceuticals, has been used to image, assess and help
diagnose a wide range of disease states. A partial list of those states is included in Table
1.2. In addition, the short half-life of the ®*™Tc, combined with the low concentration of

imaging agent used, limits the radiation exposure for a patient to that of a single X-ray
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radiograph.?® Imaging agents containing **™Tc are designed to resist biological degradation
and be cleared rapidly from the body.?? Thus, the daughter nuclei, **Tc, which is a B
emitter with a long half-life (2.14 x 10° years) does not add significantly to a patient’s
radiation exposure at low concentrations.?> The six hour half-life of ®™Tc allows for
synthesis of the radiopharmaceutical from a kit. *™Tc-Sestamibi, which is among the most
well-known of the ®™T¢ radiopharmaceuticals, can be produced from kits sold under the
brand names Cardiolite™ (for cardiac perfusion imaging) or Miraluna™ (for breast tumor

imaging), from **™TcO4 in approximately 30 minutes, with >90% yield.'%

While each kit can contain different final complexes, depending on the target tissue
for the ®™Tc, the +7 oxidation state of the pertechnetate ion requires that each kit contain
a reducing agent to allow complexation. The most common reducing agent used is SnCl,.?
The reduced **™Tc can then be reacted with ligands to produce an imaging complex. This
presents a challenge in producing a product with a high enough concentration of the desired
radiopharmaceutical, since the *™Tc eluted from the generator is not carrier free;
approximately 12.8% of the eluted pertechnetate will be of the **Tc instead of the desired
®MTc variety.”® Additionally, the short half-life of %™Tc makes any type of

chromatographic purification impossible.?

Researchers who design **™Tc based radiopharmaceuticals have traditionally
developed the chemistry using *Tc, which can be purchased in milligram quantities.*® An
HPLC instrument with a y detector can then be used to compare the retention times of
imaging agents made with both isotopes.!8 With the kit-chemistry approach, and the variety
of oxidation states/ coordination geometries available to technetium, many *™Tc cores
have been developed. Several examples of these core structures are shown in Figure 1.2.%

12



Additional modification of a targeting moiety and a linking moiety allows these cores to

be incorporated into target-specific radiopharmaceuticals, which will be discussed later in

this chapter.

@)

i1y

KX\
X X
N

Tc

Y Y
Y

L

Te(1ID)/Te(IV)

@)

13

—
X N X
\ylc/
/" '\
Y Y

[TCN]2+ Core

[Tc(CO);]" Core

)

1

/\

\/
/\

\_/
[TcO,]" Core

H
O _.N—BM

L— ||/L

/TN

[Tc]JHYNIC Core

Figure 1.2: Examples of %°™Tc cores available for radiopharmaceutical

development.?2

13



A lesser used, but medically relevant, isotope of technetium is ™Tc. This isotope
has a half-life of 52 minutes and decays via a 2.47 MeV positron emission. It is produced
in a cyclotron from a number of decay products, however the **Mo(p, n)/**™Tc reaction is
the reaction with the highest yield of ®*™Tc. Access to the pertechnetate form of %MTc
allows the use of the same Kits used to make the more widely available ®°™Tc based
radiopharmaceuticals. The positron emission of the **™Tc makes it a suitable isotope for
use with PET. Since PET methods generally offer higher resolution, use of imaging agents
containing both %MTc¢ and **™Tc isotopes gives researchers and clinicians with access to
cyclotron produced nuclides the ability to combine the strengths of these two imaging

techniques.®®

1.3 18188Re radiopharmaceuticals

Rhenium was first isolated in 1925 and occurs naturally as a mixture of the non-
radioactive isotopes ®Re and 18’Re.!8 There are two isotopes of rhenium that are useful
for incorporation into therapeutic radiopharmaceuticals.?® %Re is a reactor-produced
nuclide (***Re(n,y) ®°Re) with a half-life of 3.68 days. This isotope decays with a beta
emission and a y photon in the range for imaging by SPECT, which would allow
monitoring of therapy.® However, because '®°Re is a reactor-produced nuclide, it is
somewhat more expensive and less available for general use. Additionally, the natural
abundances of the two isotopes of rhenium (*%Re 37.4% and ®'Re, 62.6%) ensure that
reactor produced *®°Re will be contaminated with a significant amount of 188Re. The shorter

half-life of 1®8Re allows it to be removed by decay but not without a corresponding loss of
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18Re activity.3* Higher purity ®Re can be achieved using isotopically enriched ®°Re
instead of naturally occurring rhenium, however, this isotope is currently not available in
a carrier-free form.®* The emission range of ®Re in tissue is 5 mm, making this nuclide
useful for the treatment of smaller tumors.'® The long half-life of this isotope makes it
useful for incorporation into large biomolecules that are not rapidly cleared from the blood-
stream.®* Rhenium-188 has a shorter half-life of 17 hours with a B~ of 2.1 MeV and a y
emission of 155 keV. This isotope can be produced in a clinical setting from a 18wW/%°Re
generator, which can last from 2 to 6 months and produce enough doses of [1¥ReQ4]" to
make >100 therapeutic radiopharmaceutical doses. The generator makes this nuclide
relatively inexpensive and widely available. The generator produced #Re is carrier free
with a high specific activity and has a range in tissue of 11 mm.8 The chemistry of rhenium
is similar to technetium, however, rhenium complexes are more chemically inert, and thus
harder to reduce, than their technetium counterparts.'® A similar variety of oxidation states
of rhenium are available, from +7 to -1.3% The 1%Re or ®Re is supplied directly to the
clinical setting or produced from the 8w generator, respectively, as perrhenate which is
then reduced with stannous chloride and reacted with a ligand system to produce the

therapeutic radiopharmaceutical .?®

The therapeutic B~ emission of ¥*Re and '®Re, along with their gamma emission
in the range detectable by SPECT have allowed these isotopes to be incorporated into a
wide variety of both metal essential and target specific radiopharmaceuticals, some of
which are pictured in Figure 1.3. Reaction of the reduced perrhenate with 1-
hydroxyethylidenediphosphonate (HEDP) ligand, shown below in Figure 1.3a, produces a

complex that will localize in areas of bone damage caused by metastatic bone cancer.®®
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Either 1®Re or %Re can be used in this complex, which is employed primarily to provide
bone pain relief often in conjunction with other chemotherapeutics.*® 2 The structure of
the active complex has not been elucidated and is thought to be a mixture of polymers.3
Rhenium-188 is currently being studied for the treatment of medullary thyroid carcinoma
as the radiopharmaceutical %8Re-dimercaptocsuccinic acid (DMSA).®” Instead of only
being able to image the cancer using SPECT, this rhenium analog of *MTc(V)DMSA,
shown below in Figure 1.3b, is taken up by the tumor cells, then disrupts the uncontrolled
mitosis with Bemission. Target specific examples of rhenium radiopharmaceuticals are also
in development.t® 2> One example of these target specific radiopharmaceuticals are the Re
labeled peptide analogs of the a-melanocyte stimulating hormone (a-MSH) being
developed by Correia and co-workers.® Rhenium coordinates to the sulfydryls and amide
nitrogens of the cysteine residues of an a-MSH analog, which then binds to melanocortin
receptors which are overexpressed on human melanoma cells. One of these complexes, Re-
[Cys®*10 bPhe’]-a-MSH, is shown in Figure 1.3 (C) below.® A %Re complex
incorporating a a-MSH with high receptor affinity would allow simultaneous imaging and
treatment of melanoma tumors.® Non-radioactive rhenium isotopes are also used to model
the chemistry of ®°™Tc and *8¢*%Re in the laboratory setting as will be discussed elsewhere

in this work.38
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1.4 Targeted radiopharmaceutical development; Several distinct approaches

Since over 80% of radiopharmaceutical injections in the US utilize ®™Tc, and
approximately half of those are perfusion scans, the popularity of metal essential
radiopharmaceuticals like the %™Tc-sestamibi (Cardiolite) complex, among other
complexes listed in Table 1.2, is obvious.!” However, metal essential radiopharmaceuticals
are not without drawbacks. Background uptake of a perfusion agent can limit resolution of
the tissue/organ of interest. For example, **™Tc-sestamibi has an ideal imaging window of
1-2 hours after injection. Before the one hour point, cardiac imaging is impaired by uptake
in the lung and ribs and, after the two hour point, imaging suffers from washout due to the
high concentration of the drug in the liver and kidney during breakdown of the
radiopharmaceutical.® Because of these drawbacks, attention in recent years has turned
towards the development of target specific radiopharmaceuticals. Table 1.2 contains three
examples of FDA approved, target specific, and *™Tc based radiopharmaceuticals sold
under the respective names AcuTect®, CEA-Scan®, and Neotect®, currently in clinical

use.3*4! These imaging agents use peptides to selectively reach their target tissue

Throughout the literature, several approaches appear that can be applied to
radiopharmaceutical development in general and development of targeted %8Re/**™Tc
based radiopharmaceuticals specifically. The first approach is to use a bi-functional
chelating agent (BFCA) to tightly chelate the metal and to attach it covalently to a
biomolecule of interest. The BFCA approach can be seen in Figure 1.4.22 A number of
considerations are necessary when developing a target specific radiopharmaceutical via the

BFCA approach. Development starts with a clinical need for a specific type of
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radiopharmaceutical to image or treat a specific disease/disease state. Next, researchers
must select a receptor system and a peptide receptor ligand for that disease/disease state.
After the identification and synthesis of the peptide targeting moiety, researchers must
select an appropriate BFCA, produce the radiopharmaceutical, and optimize its
pharmacokinetics, first in vitro then in vivo with animal models. Synthesis of an optimized
radiopharmaceutical must then be adapted to a kit formulation before it can undergo phase

| through phase 111 clinical trials and be submitted to the FDA.?3
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Figure 1.4: The BFCA approach to target specific radiopharmaceutical development. The
biomolecule, linker, or metal chelate can be modified to improve pharmacokinetics.??

An advantage of the BFCA approach is that it allows the molecule to be tuned to
specifically interact with the tissue of interest through linker and targeting moiety selection.
The linker moiety serves to separate the chelator from the targeting molecule to ensure that

the size and charge of the metal chelate does not interfere with binding of the targeting
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moiety with the tissue of interest. Thus, the selection of the linker can be specific to the
targeting molecule and metal chelate being used.*? Even beyond this selection criteria, the
linker moiety can be modified to improve the pharmacokinetics of the radiopharmaceutical.
Hydrocarbon linkers of various lengths can be used to modify the lipophilicity of the
molecule. Simple peptide linkers, such as polyglycine, can be used to modify the
hydrophilicity and renal clearance of the radiopharmaceutical. Poly(ethyleneglycol), or
PEG, linking moieties can be used to slow liver extraction for imaging methods needing
longer imaging times.® 2 42 A variety of cationic, anionic, neutral and cleavable linkers
have been reported to modify the absorption, distribution, metabolism, and elimination of

a BFCA. A sample of these is shown in Figure 1.5.23
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Figure 1.5: Example of linkers for incorporation into and pharmacokinetic modification
of a BFCA.Z
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More recently, Alberto and co-workers have developed a tri-functional chelating
agent (TFCA) approach to deliver radionuclides directly to the nucleus of a cell to deliver
therapeutic radiation.***® This approach takes advantage of the Auger emission of *™Tc.
The Auger effect occurs when a core electron is removed and a higher energy level electron
falls to the vacated core electron space. The energy released from this transition can be
emitted as a photon or transferred to another electron, ejecting it from the atom as an Auger
electron.** The Auger emission of ®™Tc is normally not a factor in the dosing of *™Tc
based imaging agents, since most ®MTc imaging agents accumulate in the extracellular
spaces or on cytoplasmic receptors.** 4’ The low penetration of Auger electrons (>10 um)
ensures that Auger emitting agents are relatively non-toxic if located outside a cell
nucleus.*” However, if the ®*™Tc complex can enter the cell and bind to nuclear DNA, the
Auger emission of ®™Tc can produce toxic effects from the double-strand cleavage of
DNA.44' 46, 47

To target the nucleus, the TFCA is composed of a three parts, a targeting moiety,
the metal chelate, and an intercalating agent.*® The targeting moiety is designed to interact
with a specific cell type, i.e. with a receptor that is overexpressed by cancer cells.*® Once
inside the cell, the targeting moiety would be cleaved, allowing the metal chelate and
intercalating agent to be attracted to the nucleus. Once inside the nucleus, the intercalating
agent interacts with the DNA allowing the o, or Auger electron, emitting isotope to
selectively deliver a toxic radiation dose resulting in DNA cleavage.*® This approach can

be seen in Figure 1.6.%3
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Figure 1.6: The TFCA approach to radiopharmaceutical development. First the
radiopharmaceutical binds to a receptor and is transported to the cytoplasm. Then the cell
targeting moiety is cleaved from the radiopharmaceutical allowing the nuclear targeting
moiety to transport the metal to the nucleus to deliver cytotoxic radiation, often resulting
in DNA strand sission, as shown.*
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The challenge of the BFCA and TFCA approaches to radiopharmaceutical
development is that the artificial attachment of the biomolecule to the radionuclide can lead
to instability of the bioconjugate in vivo and affect the binding of the biomolecule to its
target.®* Another approach to creating target specific radiopharmaceuticals is to integrate
the metal chelate directly into a biomolecule.'® This so-called integrated approach has to
be done carefully so that the replacement of part of the biomolecule with the artificial metal
chelate does not significantly change the affinity of the biomolecule for its receptor.
Although the size, conformation, and lipophilicity of the biomolecule can all be altered,
and thus tuned to ideally interact with the receptor of interest, while incorporating the metal
chelate,?® there are few examples of radiopharmaceuticals created via the integrated
approach. One such example can be seen in Figure 1.7. Estradiol binds to the estrogen
receptor, which is overexpressed in certain tumors (such as breast tumors).*® A rhenium
analog of estradiol, also shown in Figure 1.7 exhibits a very low receptor affinity, in spite
of its similar size to estradiol, possibly because the rhenium metal is part of its binding
motif.*® A rhenium cyclopentadienyltricarbonyl appended estradiol molecule, created
using the BFCA approach with an acetylene linker, has a contrastingly high receptor
affinity.*® The authors of this study attribute this high affinity to the location of the rhenium
complex, which is slightly behind the steroid molecule, allowing it to be out of the way of

receptor binding.® 4
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Figure 1.7: An integrated approach to radiopharmaceutical development.*8 4°

As the size of the biomolecule increases, the size and charge contributions of the
metal chelator to it decrease.* There are many examples in the literature of molecular
imaging agents derived from the human insulin protein, as well as radioimaging studies of
the many insulin disregulation diseases using these radiopharmaceuticals.'® 505
Radiopharmaceuticals have been produced by directly labeling insulin with metal
complexes using isotopes such as iodine-123,%° iodine-124,%! iodine-125,% fluorine-18,%
gallium-67,% and technetium-99m.** % Specifically, 23I-insulin has been used for insulin

distribution studies in diabetic patients and for the detection of human hepatocellular
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carcinoma.®® The %MTc-insulin was produced by treating the hormone directly with
pertectnetate in the presence of SnCl and it resulted in a multiply labeled product. While
non-specific, this insulin mimic still showed high receptor affinity and stability, as shown
by chromatographic and SPECT animal studies.™® > The metal interaction of technetium
and rhenium with specific components of proteins will be discussed elsewhere in this
manuscript, however, possible bindings sites are highlighted on the insulin backbone
shown below in Figure 1.7 and include the side chains of the amino acids glutamic acid
(Glu), tyrosine (Tyr), cysteine (Cys), histidine (His), arginine (Arg), Lysine (Lys), and
methionine (Met), along with the amino termini, carboxylic acid termini, backbone amide
nitrogens and carbonyl oxygens.® There are a similar number of insulin
radiopharmaceuticals developed using the BFCA approach in the literature.™> > % An
example of a **™Tc-insulin mimic designed via the BFCA approach is also shown below
in Figure 1.8.1 The use of this ®*™Tc-insulin mimic was supported by the analogous Re-
insulin mimic which had an affinity for the insulin receptor that was similar in magnitude

to native insulin.1®
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Figure 1.8: Insulin with highlighted transition metal binding sites and a *°™Tc-insulin

mimic created via the BFCA approach.®
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1.5 The M(CO)s* (M= %"Tg, 186188Re) core: Basic inorganic chemistry

This section will focus on the contributions of *™Tc and !%%8Re based
radiopharmaceuticals of the M(CO)s* (M= *"Tc, 185188Re) type. The tricarbonyl metal
core is a particularly attractive core for radiopharmaceutical development for a number of
reasons, including its size, stability, ease of preparation, organometallic nature (which
gives its chelation more covalent character), and lipophilicity.? The sizes of the technetium
and rhenium tricarbony! cores are considerably smaller than many of the other cores,® such
as those listed in Figure 1.2. This is significant as smaller metal complexes are less likely
to interfere with the biological activity of a targeting moiety in radiopharmaceutical
development.® Figure 1.9 compares the size of the technetium tricarbonyl core with an

example of a widely used technetium (V) core, TCMAG3.1% 2

27



COOH

Figure 1.9: Size comparison of Tc cores for radiopharmaceutical development:
[Tc(H20)3(CO)3]* (a) and (b) and Tc-MAGs3 (c) and (d)?2 '

Additionally, as the labile waters are replaced by an appropriate ligand system
during radiopharmaceutical synthesis, the octahedral coordination sphere of the metal will
be compact and protected from ligand attack or re-oxidation.!® Ligand attack has
historically been an issue for metal centers in the more open square pyramidal structure of
the technetium (V) complexes, and, because of increased metal diameter, is even more
prevalent in rhenium (V) species.® This is an undesirable property for radiopharmaceutical

development as ligand attack leads to decomposition of the original complex, which can

28



lead to metabolism and elimination issues in vivo.??> A variety of ligand systems are
appropriate for the M(CO)s" core, some of which will be described elsewhere in this thesis.

Adding to the desirable chemical stability of the tricarbonyl cores is their kinetic
inertness as they incorporate technetium and rhenium in their low-spin, +1 oxidation
states.’® The kinetic inertness of the metal tricarbonyl complex can be explained by crystal
and ligand field theory. When the metal is surrounded by anions, an electrostatic field is
created which splits the energies of the d orbitals of the metal ion.>® The d orbitals aimed
in the direction of the surrounding ligands, d,_, 2, and d,2, are thus raised in energy while
the remaining dyy, dx;, and dy, orbitals are unaffected by the field as they are directed
between the octahedral ligands.>® The energy difference between the orbitals is described
by Ao.%® In the case of a technetium or rhenium, low-spin, d® metal complex, the electrons
reside in the lower energy orbitals and the large Ao results in the kinetic inertness indicative

of these complexes, as shown in Figure 1.10 below.%®

L

Free lon Spherical Field Octahedral Field

b

g

Figure 1.10 The energy difference of the d orbitals in an octahedral field, shown for
[M(HZO)3(CO)3]+ (M: 99mTC, 186/188Re)58
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The inert nature of tricarbonyl technetium and rhenium complexes is further
emphasized upon consideration of the three carbonyl ligands. The molecular orbital
diagram of CO can be seen in Figure 1.11 below.>® The highest occupied molecular orbital
(HOMO) of the carbonyl donates electron density to an unfilled d orbital on the metal in a
o—donor type interaction.’® The lowest unoccupied molecular orbital (LUMO) of the
carbonyl consists of two empty 1* orbitals, which allow the metal to donate electron
density to the carbonyl from metal orbitals of appropriate symmetry.*® The metal-carbonyl
o and 1T interactions can also be seen in Figure 1.11.%8 The sum of the o—donor and 11—
acceptor interactions results in a strong interaction between the metal and the carbonyls
thus designating the carbonyls as strong field ligands.>® The presence of the strong field
ligands contributes to the tendency of these complexes to be low-spin as the magnitude Ao
is comparatively large, as can be appreciated from Figure 1.11.% Combining the metal
orbitals for technetium or rhenium with six, o—donor ligands results in an MO diagram
similar to one shown in Figure 1.12.° The molecules that make up the body of this work

are similar to this type.
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Figure 1.11: The molecular orbital diagram of the carbonyl ligand and an illustration of
the o—donor and TT—acceptor metal-carbonyl interactions.>®
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Figure 1.12: Molecular orbital diagram of an octahedral technetium(l) or rhenium(l)
complex with sigma donor/pi acceptor ligands.>®

Another reason that the technetium(l) and rhenium(l) tricarbonyl cores are
attractive for radiopharmaceutical development is the ease with which they can be
produced in the clinical setting. Alberto and co-workers first reported a method to reduce
the pertechnetate eluted from the molybdenum generators in the clinic; using sodium
borohydride in the presence of carbon monoxide to produce the [*®™Tc(H20)3(CO)s]*
complex in solution.*® This complex could then be further modified with a ligand system
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to replace one or more of the highly labile waters.®® Soon after, Alberto and co-workers
developed a method to produce the carbon monoxide in situ using K2[HsBCO2].*® This
chemistry, shown below in Scheme 1.2 was so straightforward that it was developed into
a kit for clinical use by Covidien (Tyco-Mallinckrodt, Inc.), known as the IsoLink® Kit.
Each reaction vial contains sodium boranocarbonate, used both as a reducing agent and as
a source of CO, hydrous sodium tartrate, used as a weak chelating agent to inhibit MO;
production, and hydrous sodium tetraborate, and sodium carbonate, which are used to
control solution pH.!' These components convert the pertechnetate supplied from a
molybdenum generator to the desired [**™Tc(H20)3(CO)s]* species in aqueous solution in

20 minutes with a greater than 95% yield.5!

B ] +
OH,
K5[H3BCO,] H20\A|A)CO
MOLT > et Wy
WOd) saline, H0N | co
100°C, 20 min CcO

*\=99MT 186/188R¢
>95%

Scheme 1.2: Production of [*™T¢(H20)3(CO)s]* via the Isolink® kit and the structure of
the Re(H20)3(CO)s* cation.®?

The [*®8Re(H20)3(CO)s]* complex can also be produced from the IsoLink® kit, by
first acidifying the perrhenate eluted from the tungsten column mentioned previously with
phosphoric acid.>” ¢ The acidified perrhenate is then added to a pre-reduction kit vial
containing an NH3BH3z complex, y-cyclodextrin and sodium ascorbate, before being
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transferred to the IsoLink® vial.>" 8! Cold analogs of [*®¥Re(H.0)3(CO)s]* can be produced
in the laboratory setting by refluxing pentacarbonyl rhenium(l) bromide in water for 24-72
hrs.® It can be produced in gram quantities without the expense and radiation exposure
risks which make it an ideal test model for the development of radiopharmaceuticals based
on the ®MT¢(CO)s* or 1818Re(CO)s* cores.?

The non-radioactive rhenium(l) tricarbonyl core has an additional use as an in vitro
fluorescent microscopy probe, as complexes of Re(CO)s" with aromatic donor ligands are
often fluorescent.? Luminescent probes based on the Re(CO)s* core have a long excited
state lifetime, polarized emission, and a large Stokes shift.2 Molecules incorporating the
9MTc(CO)s* fragment have been shown to have similar fluorescent properties, however,
the lack of availability of non-radioactive isotopes, and the larger concentrations of
complexes required for fluorescent microscopy, make them less than ideal candidates for
this application. Those considerations notwithstanding, the similar chemistry of the
Re(CO)s* and ™ T¢(CO)s* cores make them ideal models for the design of complementary
fluorescent and radiodiagnostic probes, respectively.? & An example of one such complex
utilizes a lysine residue that has been modified with bisquinoline ligands, as shown in
Figure 1.13.2 The modified lysine residue can then be incorporated via solid phase
synthesis methods into a targeting peptide. The single lysine residue is modified to act as
the BFCA for this complex in an approach that the authors call the single amino acid chelate
(SAAC) approach to radiopharmaceutical development.? The resulting rhenium complex
displays the desired fluorescence and the resulting **™Tc complex is stable in aqueous
solution, demonstrating the feasibility of this approach in the development of

complementary in vitro fluorescent and in vivo radiodiagnostic probes.? 8
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Figure 1.13: Peptide labeled with the Re(CO)s* core for fluorescent imaging or with
9¥MT¢(CO)s* for diagnostic imaging.?

1.6 Ligand systems for the M(CO)3* (M= Tc, Re) fragment

Unlike the Cardiolite® kit that produces **™Tc sestamibi, the IsoLink® kit does not
produce a radiopharmaceutical suitable for patient administration. Current research in this
area has focused on ligand and/or BFCA development for the M(CO)3* (M= Tc, Re) core.
Many ligand systems are suitable for the functionalization of this core. Histidine,
methionine, amines, imidazoles, pyridines, pyrazoles, amides, thioethers, thiols,

phosphines, carboxylic acids, and N-heterocycles containing combinations of these are all
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examples of ligand systems that have been used with the M(CO)s* core.l” ® Complexes
formed from the M(CO)s" core and mondentate or bidentate ligand systems traditionally
show lower in vivo stability.’® % The extra bonding groups in the bidentate and tridentate
ligand systems lead to stronger chelate effects.%® Additionally, chelation with monodentate
or bidentate ligand systems only displaces one or two of the highly labile waters of the
[M(CO)3(OH2)3]" core. Exchange of the remaining water, or chloride, could lead to
aggregation or undesired bonding to plasma proteins in vivo, which would slow elimination
of the final product.®® This is an undesirable characteristic for a radiopharmaceutical not
meant for the direct labeling of proteins or whose target organ is not an elimination organ,
such as the kidney or the liver.

Ideal ligand systems are those which chelate in a tridentate fashion.1% %% M(CO)3*
complexes with a tridentate chelating system have historically high stability in human
plasma or in solutions containing an excess of biological competing ligands, such as
cysteine, histidine, or glutathione.®® The complexes with tridentate chelating systems also
trend towards better blood and tissue/organ clearance in vivo.*? ¢ % Tridentate ligands can
be separated into two groups; linear and tripodal. N-heterocyclic amine and amine groups
incorporated into tripodal ligands represent some of the strongest binding chelate systems.
Many examples of tripodal ligand systems are relatively simple to produce synthetically or
commercially available such as the 1,1,1-tris(aminomethyl)ethane shown in Figure 1.14
below.®” The aromatic amine ligand systems display rapid metal complexation, which is a
necessary property for radiopharmaceutical syntheses, as they must be accomplished in a
short period of time.?* 3% The combination of aromatic amines with aliphatic amines or

carboxylate groups in ligand systems also gives rise to ligands with fast complex formation
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and high aqueous stability.?* 3* The tridentate chelator used in the (SAAC) approach to
radiopharmaceutical development, discussed previously and shown in Figure 1.13, is a
good example of a stable ligand system incorporating aromatic and aliphatic amines.? A
single drawback to these ligand systems is that they tend to be somewhat bulky and
lipophilic, which can increase their hepatobiliary retention. The amino acids methionine,
cysteine, and histidine are examples of naturally occurring tridentate ligands for the
M(CO)s* center.1% %56 The amino acid tripodal ligands are soluble, stable and have good
clearance in vivo along with a lower incidence of immunogenic effects as compared typical
tridentate ligands.®® These ligands along with several other examples of tridentate ligands
suitable for complexation to the M(CO)s" core can be seen in Figure 1.14 below. In general,
all tridentate ligands display similarities in donor atoms (N, O, P, and S being most popular)

and coordination sphere size (5-6 atoms).®
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Figure 1.14: Selected examples of tridentate chelators for the M(CO)s* (M= Tc, Re)
core.lo' 43, 65, 66

While the tridentate ligand systems have superior stability in vivo, the need to
incorporate a suitable functional group for covalent coupling to a targeting biomolecule
can make their development a synthetic challenge, often involving protecting group
chemistry.%® Histidine is a unique exception in that the Re(CO)s" core can serve as the
protecting group for the functionalization of histidine’s N¢ position, as illustrated in
Scheme 1.3 below.%*%¢ Histidine is a strong binding tridentate chelator that forms

complexes with Tc(CO)s™ and Re(CO)s* cores at stoichiometric ratios even at very low
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(>10° M) concentrations.5#%¢ [Re(His)(CO)s] forms in one step by combining histidine
and [Re(CO)3(OH2)3]" in solution. This allows alkylation only at the Ne position of the
histidine. After a targeting moiety, such as a peptide, is coupled, the Re(CO)3* core can be
cleaved from the histidine at low pH with an oxidizing agent like H20- to form the complete
histidine BFCA. Subsequent addition of the [**™T¢(C0O)3(OH2)s]* in solution will form the

active radiopharmaceutical.54-
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Scheme 1.3: The protection, N-alkylation, peptide coupling, deprotection, and synthesis
of a histidine BFCA for coupling to a **™Tc¢(CO)s* core, accomplished by using the
Re(CO)s* core as the protecting group.84-5¢
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The bonding, structure, and stoichiometry of the reaction of the Re(CO)s* core with
histidine was further probed by Herrick and coworkers, using the modified histidines His-
OMe, Ac-His-OH and His-His-OH.®® While the reaction of stoichiometric equivalents of
the Re(CO)s* core and His-OMe yielded the tridentate structure similar to the one seen
above in Scheme 1.3, reactions using Ac-His-OH and His-His-OH yielded the two new
complexes seen below in Scheme 1.4.%° The Ac-His-OH showed a tridentate bonding to
the Re(CO)s" core via the imidazole N5 atom, the carboxylate oxygen and a deprotonated
amide nitrogen. The His-His-OH ligand reacted with two stoichiometric equivalents of the
Re(CO)s" core to yield the zwitterion structure shown below in which one core is bound
via the deprotonated carboxyamido nitrogen, with a No,Ns,O binding motif while the other
core is bound via carbonyl oxygen atom of the bridging deprotonated peptide bond, with a
Na’,N5,0 binding motif.%® The tight binding of the His-His-OH with the Re(CO)s" cores
was demonstrated by incubating the complex with an excess of N-methylimidizole in
[De]dmso. No change in the NMR spectra was observed even after two weeks. This work
supports the use of His-tagged peptides as delivery systems for the Re(CO)s* core, which

will be discussed elsewhere in this manuscript.®®
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Scheme 1.4: Reaction of Ac-His-OH and His-His-OH with Re(CO)3(OH2)3*.%°

There are many examples of bidentate ligands systems for the M(CO)3* core in the
literature. Some bidentate ligands are developed from tridentate ligands that have one of
the binding sites derivatized for binding to a targeting moiety.®® Examples of naturally
occurring of bidentate chelators would be N-terminal methionine or histidine.®® Since
bidentate chelators replace only two of the three labile waters of the [M(CO)3(OH2)3]"
complex, the additional water is often replaced by a halide in solution for charge balance.**
6566 A notable class of bidentate chelators of the form M(CO)s(bidentate chelator)X are
the dioximes, which coordinate through two imine nitrogens.’® While typically not as stable
under physiological conditions as their tridentate counterparts, certain bidentate ligands
can be labeled with the M(CO)s* core at concentrations approaching 10~ M.*3 % The halide
can be exchanged with biomolecules which is a detriment in radiopharmaceutical
administration, as binding to plasma proteins could slow elimination of the complex in

vivo.1% 22 Examples of bidentate chelators appear in Figure 1.15 below.
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Figure 1.15: Examples of bidentate chelators for the M(CO)3" core.

Monodentate ligands incorporating one of the functional groups mentioned
previously (including amines, imidazoles, pyridines, pyrazoles, amides, thioethers, thiols,
phosphines, carboxylic acid) are also suitable for binding to the M(CO)3" core in ligand to
metal ratios of 1:1, 2:1 and 3:1, although the latter requires long reaction times.1" 6 66
Coordination of the M(CO)s" core with solely monodentate ligands is not generally
considered a viable route to radiopharmaceutical development, as cross-linking to two
different biomolecules is often observed.®® However, monodentate ligands have other uses
in the field of nuclear medicine, namely the direct labeling of biomolecules, as will be

discussed in the next section. Monodentate ligands are also used in conjunction with
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bidentate ligands in the TFCA approach for radiopharmaceutical development, as
mentioned previously.

One of the advantages of the TFCA approach, also called the 2+1 approach, to
chelate system design, is that it allows integration of two targeting moieties without the
synthetic challenge of incorporating both on the same bi-functional chelating agent.*® 46
Scheme 1.5 below shows an example of a nuclear targeting radiopharmaceutical designed
using the TFCA approach.® In this example, the fluorescent nuclear dye acridine orange
undergoes alkalation with N-(4-bromo-butyl)formamide and then dehydration to produce
an isocyanide derivative. In a separate synthesis, bombesin, a receptor targetic peptide, was
produced and attached to 2,4-pyridinedicarboxylic acid via solid phase synthesis. This
product was reacted with [M(CO)3(OH.)s]* and then with the isocyanide derivative of
acridine orange to produce the radiopharmaceutical.*® The fluorescent acridine orange
moiety allowed researchers to track this molecule in real time via fluorescent microscopy.
This complex did indeed accumulate without toxicity in the cytoplasm of cells. However,
this study and similar attempts by other groups have yet to overcome the barrier of
cytoplasmic cleavage of the cell targeting moiety, without which the nuclear targeting
moiety cannot deliver the isotope to the nuclear DNA, in order for the complex to be

considered a viable radiopharmaceutical.*®

43



Monodentate ligand formation

NMez NMez NM62

O O
\ N-(4-bromobutyl)foramide / \ + )J\

N NJ\/\H H o va \NWNC

2) Dehydration

NM62 NM62 NMe2

A

1) Alkalation

Bidentate ligand formation

HO o}
Bombesin\/HN o)
\
Bombesin/\NHz X
P OEt 1) Coupling
N 2) Deprotection N/ OH
le} 3) Cleavage
(0]

Final radiopharmaceutical synthesis

Bombesin. __HN o}
Bombesin\/HN O NMe, Q
o ¢ S .
Hzol/,, I‘\\\CO . . |
(Re\ _bidentate ligand _ | P OH monodentate ligand / \NL/\/\NC,/ I e
H,0 CO 1) Bidentate ligand | 2) Monodentate ligand )= (Re"
CoO substitution Hzo/,,,. e substitution O H,O (|)O CcO
Re;
H,0" c|: oco NMe,

Scheme 1.5: An example of the 2+1, or TFCA approach to radiopharmaceutical
development. A nuclear targeting moiety, acridine orange is the monodentate ligand and
a cell targeting moiety, bombesin is attached to the complex via a bidentate ligand .** ¢

1.7 Interaction of M(CO)s" (M= Tc. Re) complexes with biomolecules
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The binding of the M(CO)s* core (M= Tc, Re) with a variety of biomolecules has
been studied in the literature and conjugates of M(CO)s" cores with groups from small
molecules like sugars and steroids®®2* 72 to large biomolecules such as proteins® %> *-8 and
monoclonal antibodies™ have been reported. The resulting compounds are designed to
serve a variety of purposes, such as fluorescent probes, electron transfer models, and
radiopharmaceuticals. This portion of this introduction is devoted to a review of the

interaction of the M(CO)s* core with biomolecules relevant to this work.

The Interaction of the M(CO)s* Core with Amino Acids

In addition to acting as models for the complexation modes of M(CO)s* to peptides
and proteins, the interaction of the M(CO)3* core with amino acids can be a direct route for
radiopharmaceutical development. Single amino acids can act as neurotransmitters (such
as GABA, glycine, and glutamate)’? as well as being the ubiquitous building blocks for
everything from peptides and hormones to enzymes and monoclonal antibodies. Thus the
binding mode of the M(CO)s" core to a single amino acid has implications in many
biological processes.’? Direct binding of the M(CO)s" core to an amino acid is a desirable
target for radiopharmaceutical development, as the resulting complex is not as likely to
stimulate an immune response as compared to an artificial chelate system.?® The binding
modes of several amino acids are shown in the previous figures, however there are some
examples that directly correlate to radiopharmaceutical development and thus merit

additional discussion.
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As previously discussed, stable complexes of bidentate and tridentate chelation of
amino acids to the M(CO)s" center generally requires that the amino acid contain a
heteroatom for binding in its side chain. Cysteine is one such amino acid, containing thiol,
amino, and carboxy! groups for complexation to the metal. Park and co-workers found that
L-cysteine binds to the %*™T¢(CO)s* core in a tridentate fashion as shown in the
straightforward synthesis described by Scheme 1.6 below.?% This resulting complex was
found to have similar renal imaging characteristics in rabbits compared to ®"TcMAG,
mentioned previously and included in Figure 1.9.8° Although the [®MTc(CO)s(cysteine)]
complex only proved to be stable for 3 hours, the synthesis of the complex was
accomplished in less than 30 minutes, at tracer level concentrations, and it rapidly localized
in the kidneys of the rabbit model.&® The complex was eliminated by the kidneys via the
same route as ®™TcMAG and the favorable target to background ratio of the cysteine

complex led the authors to suggest that it could be used as a renal function diagnostic

agent.®°
o |-
OH, + ﬂ\{
Hzo///’ /\\\\\\OH NH,
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Scheme 1.6: Synthesis of **™Tc(l) tricarbonyl cysteine.®

Complexes of M(CO)s" histidine have much longer stabilities than their cysteine
counterparts and are perhaps the most studied amino acid ligands for the M(CO)s* core. In

addition to the tridentate and bidentate binding of histidine mentioned previously, the
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monodentate binding of histidine to the M(CO)s" core has also been studied. Protein side
chains rich in histidine, such as His-tags, could singly replace each of the water ligands in
[M(CO)3(OH2)3]" preventing the crosslinking that can occur with monodentate ligands.
The feasibility of using His-tags as a delivery system for the M(CO)s* core was
demonstrated by Herrick and co-workers using His-His-OH, as described previously.®® In
this instance each histidine residue bound one Re(CO)s* core, which the authors note would
be unlikely at tracer level concentrations of Re(CO)s", as would be the case in clinical
applications.®® However, Waibel and coworkers showed that an antibody fragment
synthesized with a Hiss tag and incubated with aqueous [Tc(OHz)3(CO)s]" largely retained
the Tc(CO)s* core when incubated in human serum and solutions of excess histidine.8! The
Tc(CO)s*™ core bound to the Hiss tag was active and stable in the murine animal model as
well. The coordination sphere of the Tc(CO)s™ core bound to a Hiss tag is not precisely
mapped and the authors hypothezise that it is likely a mixture of coordination modes, such
as the two shown in Figure 1.16 below, in which neighboring histidines each bind to the
Tc(CO)s" core via their N5 imidazole atoms. The labeled antibody showed no observable

trans-chelation and retained its binding activity.® 8182
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Figure 1.16: Proposed complex formation of the M(CO)s* core with imidizole ligands
analogous to the ones in a His tagged protein (a) and a bidentate coordination of
Re(C0)sCl with histamine, a model for an N-terminal histidine residue (b).?
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The metal complexes of lysine and tyrosine with %™Tc¢(CO)s* have been
synthesized and studied similarly to their cysteine and histidine counterparts.8® 84 One
study found that some amino acid complexation could be achieved simply by heating eluted
pertechnetate with tyrosine and lysine, in the presence of stannous chloride, although with
very low yields (22% and 15%, respectively).®* Reducing the pertechnetate and production
of the [®MTc(OH2)3(CO)s]* precursor allowed complexation of these amino acids to
increase to 95.5% and 89.5%, respectively, forming complexes with possible structures
shown in Figure 1.17 below.%* 8 As bidentate chelators, these complexes are less stable in
vitro and in vivo as compared to their cysteine and histidine counterparts. In vitro protein
binding studies showed significant binding to human serum albumin with up to 67% of the
tyrosine complex bound in 20 minutes.? This value is much larger than the protein binding
value for pertechnetate and only somewhat smaller than the protein binding value for the
[*™Tc(OH2)3(CO)s]* precursor. The authors attribute the high protein binding values to the
exchange of the remaining water on the amino acid complexes with binding sites on the
protein.8* Not surprisingly, the amino acid complexes also showed poor stability in vivo,
characterized by accumulation in the blood, liver, kidneys and intestines of a rat animal
model .8 While the [®MTc¢(CO)3(OH.)(Tyr)] and [*®*™Tc(CO)s(OH2)(Lys)] molecules were
not fully characterized and do not fit the parameters normally desired for
radiopharmaceutical synthesis,?® modified versions of these amino acids are used in several
approaches to radiopharmaceutical development, including the SAAC approach mentioned

previously and other methods discussed elsewhere in this work.
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Figure 1.17: [®*™Tc(CO)3(OH2)(Tyr)] and [**™Tc(CO)s(OH2)(Lys)].8*

While histidine, cysteine, and other heteroatom containing amino acids are by far
the most studied examples of amino acids bound to the M(CQO)s* core seen in the literature,
additional examples of monodentate binding of amine nitrogens or carboxylate oxygens
exist, as can be seen in the Re(CO)3(Ala).Br complex shown in Scheme 1.5 below.% The
interaction of a hard base ligand, such as the amine nitrogen of alanine, with the soft, Lewis
acid metal center is considered a weak interaction and therefore not a viable ligation

strategy for pharmaceutical development.®

Br Br
OCa_ | _aCo OCa_ | _pNH2CH(CH;)COOH
'Re” + 2 NH,CH(CH;)COOH — 'Re”
W ‘s . \ ‘,
oc™ | “Ico alanine oc™ | "/NH,CH(CH3)COOH
co co
Re(CO)sBr Re(CO)3(Ala),Br

Scheme 1.7: Formation of Re(CO)s(Ala).Br.&

Successful ligation of amino acids to the M(CO)s* center more often relies on

functionalization some part of the amino acid. The functionalization of lysine, discussed
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previously, and shown in Figure 1.13, is the key to the SAAC approach to
radiopharmaceutical development. Tyrosine has been functionalized at the phenolic
oxygen to produce a tridentate ligand for Tc(CO)s* and Re(CO)s*, and the resulting
complexes can be seen in Figure 1.18.8® These complexes are similar to a 8F
radiopharmaceutical and the authors state that the analogous M(CO)s* pharmaceutical
could prove useful for tumor imaging/therapy.® There are several examples in the literature
of amino acids functionalized at the amino group for binding to the M(CO)s" core. Glycine
and derivatives of glycine have been functionalized at the amino group to produce a
bidentate diphosphine chelating system as can be seen in Figure 1.18 below.®” The
resulting complexes are cytotoxic as will be discussed in the next section. Herrick and co-
workers have functionalized the amino group of a variety of ester protected amino acids by
reaction with pyridine-2-carboxyaldhyde to produce the strong binding diimine bidentate
chelating amino acid derivatives. These derivatives then react with Re(CO)sCl to form
complexes of the type shown below in Figure 1.18.8 The Re(CO)s* complexed with the
pyca functionalized H-B-alanine-OEt fluoresces at room temperature, a property the

authors state could be exploited as a microscopy probe.®> &
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The Interaction of the M(CO)3s* Core with Nucleic Acids

Zobi and co-workers have investigated the binding of the M(CO)s" core with DNA

to determine if this binding could be an additional source of cytotoxicity which could be

exploited in a therapeutic radiopharmaceutical application.8°! The authors likened this

metal-induced cytotoxicity to the cytotoxicity of cis-diamminedichloroplatinum(Il), or

cisplatin, and other platinum (1) derivatives.?? In light of this comparison, the cytotoxity
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of platinum derivitives of the type cis-PtA2Xz, where Az are two amines or a bidentate
amine ligand and X is an anionic leaving group, merits a brief discussion here. While many
of the cisplatin-type drugs are eliminated from the body after interaction with plasma
proteins, the molecules that arrive at a cell membrane can diffuse across in their neutral
state, such as cis-[Pt(NH3).Cl>]. Once inside a cell, the chlorides are replaced in the
cytoplasm, which contains a much lower concentration of chloride compared to serum, by
aqua and hydroxyl ligands. The now positively charged complex arrives at the nucleus due
to the electrostatic interaction with the negatively charged chromatin. The toxicity of
cisplatin type chemotherapeutics arises from the exchange of the aqua ligands with the N7
of purine nucleotides and the subsequent formation of 1,2-interstrand adducts of the N7
atoms on adjacent purine residues.®? Additionally, for these platinum drugs to demonstrate
anticancer activity, the amine ligand has to have more than one proton available to stabilize
the DNA distortion with hydrogen bonding.® Cisplatin-type anticancer drugs can bind the
two guanine nucleotides in either a head to head (HH) or head to tail conformation (HT).%%
92 The HH conformer seems to be the indicator of anticancer activity. Lippard hypothesized
that the HH conformer is recognized by a damage recognition protein, whose subsequent
binding prevents DNA repair.”® Marzilli, in a supporting hypothesis, stated that the HT
conformer causes weaker binding of the same damage recognition protein, making the HT
conformation easier to repair than the HH conformation.®

This mode of toxicity is similar to the one hypothesized for Re(CO)s* complexes
such as bis(diphenylphosphinomethyl)amine tricarbonylrhenium(l) shown in Figure
1.18.87 These complexes proved to be very stable in aqueous solution and were toxic to

several fast-dividing, cancer cell lines while relatively non-toxic in a non-cancerous cell
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line control. These rhenium complexes were found to interfere with nucleic acid
metabolism at multiple enzyme sites in L1210 lymphoid leukemia cell and caused DNA
strand sission in a 60 minute incubation. The authors hypothesize two causes for this
toxicity. The toxicity could be attributed to bromide substitution and subsequent
coordination of the metal complex with N7 of the purine DNA bases, as is the case with
cisplatin type compounds. However, since the stability of the [Re(CO)s(diphosphine)]
complex showed marked stability in aqueous solution, this complex would only have one
bromide ligand available for substitution. The fate of the complex could also be
coordination to an amino acid side chain on a protein, which would then promote cell death
through some other pathway.®’

Alberto and co-workers further probed the binding of M(CO)3s* complexes with the
derivatives of the purine base guanine, such as 9-methyl guanine (9-MeG), and were able
to produce X-ray structures of the M(CO)s" cores coordinated to the guanine derivatives
via their N7 atoms as shown below in Figure 1.19.8% % The two bases can bind in the head
to tail or the head to head conformations responsible for toxicity in the analogous binding
modes of cis-Pt (1) complexes, mentioned previously.®® Each conformation is stabilized
by a single hydrogen bond, such as is seen in the analogous structures of cis-[Pt(NHz)2(9-
EtG)2]%*.%° The rate of guanine binding for the Re(CO)s* complex was also similar to the
binding rate of guanine to an active form of cisplatin, [Pt(NH3)2(OH2)2]>*.8% %! Not only
does this suggest a similar mode of toxicity for certain rhenium compounds and cisplatin,
but also that certain rhenium compounds could have both chemotherapeutic and therapeutic

radiopharmaceutical applications.8" 8% 91
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The Interaction of the M(CO)s* Core with Peptides

The attachment of the M(CO)s" core to peptides is a desirable route to
radiopharmaceutical development for several reasons. Peptides are involved in more
biological processes than any other class of molecule and can function as neurotransmitters,
neuromodulators, cytokines, hormones and growth/growth inhibition factors.”
Biologically relevant peptides are smaller and more easily prepared than proteins or
monoclonal antibodies, and many have higher receptor affinity.’? High target tissue signal
to background ratios can be achieved with peptide based radiopharmaceuticals because of
their fast clearance from the blood.”> % Peptides tend to have low toxicity because of their
relationship to naturally occurring compounds and are easily eliminated from the body.”*
%. 97 While native peptides are rapidly metabolized by peptidases in the blood, the smaller
size of these species allows for modification by solid phase synthesis to produce peptide,
and binding sequence only, analogs that can better withstand enzymatic breakdown.’2 %97
Labeling of peptides can often occur during synthesis of the peptide with solid phase
synthesis methods.’2 Many peptides are large enough that the addition of the metal or metal
chelate does not significantly affect their distribution.®® In addition, while other ®™Tc cores
can be large, hydrophilic, and react with the cysteine disulfide bonds present in many
peptides, the M(CO)s* core is small, lipophilic, and largely unreactive with cysteine
(relative to other amino acids).®® Thus, the attachment of *™Tc¢(CO)s* and 8¢1%Re(CO)s*
with biologically active peptides is a convenient route to diagnostic and therapeutic

radiopharmaceutical development, respectively.
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There are several examples in the literature of peptide based radiopharmaceuticals
that incorporate the M(CO)s* core. One of the most studied peptides used in
radiopharmaceutical development is somatostatin, which is a 14 amino acid cyclic
neuropeptide with a host of regulatory functions, including the inhibition of human growth
hormone, insulin, glucagon, thyrotropin, and other hormones.’ % In addition, somatostatin
receptors are overexpressed on a variety of tumors, including cancers of the
gastroenteropancreatic system, brain, breast, kidney, lymphatic system and certain lung
tumors.® Imaging the somatostatin receptor with a somatostatin analog was first
accomplished in 1976 and was a research target of increasing interest when somatostatin
was later found to inhibit tumor growth.” The fast degradation of somatostatin in vivo
limited its effective use as an imaging (or treatment) tool until a variety of degradation
resistant analogs were developed, starting in the late 1980°s.7% %

Octreotide is an 8 amino acid, degradation resistant analog of somatostatin that
retains somatostatin’s ability to inhibit tumor growth. These peptides can be seen below in
Figure 1.20. Labeling octreotide with *1In allowed imaging of tumor therapy and led to
the development of In-diethylenetriaminepentaacetic acid (DTPA)-octreotide
(OctreoScan®), mentioned previously, and shown in Figure 1.1.2 11 In-(DTPA)-octreotide
was the first peptide-based imaging agent approved by the FDA, in 1994.%8 % Despite the
success of !In-DTPA-octreotide, the lower cost and greater accessibility of ®™Tc has
motivated the search for ®™Tc labeled somatostatin analogs, which led to the development
and subsequent approval of *™Tc-depreotide, sold under the brand name NeoTect®.%

Rhenium analogs of *™Tc-depreotide, like [**®ReO]P2045 shown below, and other
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somatostatin analogs are also currently being studied for treatment of cancers that

overexpress somatostatin receptors,10%: 102

A

Somatostatin
Ala-Gly-Cys-Lys-Ans-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys

B Depreotide
cyclo-[Tyr-(D)Trp-Lys-Val-Hcy-N(Me)Phe]-C H,CO-b-Dap-Lys-Cys-Lys-amide

Octreotide Tyr3Octreotate
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Figure 1.20: The amino acid sequence of somatostatin and structural diagram of
somatostatin, showing the di-cysteine bond and the receptor binding motif, highlighted in
red (A). Somatostatin analogs (B). ®™Tc-depreotide and ¥8ReQ]P2056 (C).10 101-103
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The ®™T¢(CO)s* core is ideal for labeling somatostatin analogs, since it does not
interact with cysteine disulfide bonds, which are an integral part of the somatostatin
peptides.’® Depreotide, discussed previously, circumvents the tendency of Tc(V) and
Re(V) to break cysteine disulfide bonds by replacing those residues with a cyclic peptide
artificially bound to a linear peptide that chelates the metal.'®® However, this lowers the
binding affinity of depreotide for the somatostatin receptors, narrowing the imaging
efficacy of " Tc-depreotide to only certain tumors, such as small cell lung cancers.10%: 102
A modified version of octreotide, called octreotate and shown in Figure 1.20 B, in which
the 3@ amino acid is exchanged with tyrosine, has also shown to be resistant to enzymatic
breakdown. This somatostatin analog has been labeled with [*™Tc(CO)s]* via bidentate
chelators such as histidine and tridentate chelators such as Na-Ac-His. These functionalized
octreotate analogs can be seen in Figure 1.21 below.l® Specifically, the tridentate
coordination complex, [**™Tc(CO)s-Na-Ac-His-"Tyroctreotate]® showed excellent in vivo

imaging pancreatic tumors in a rat model.°
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Figure 1.21: Octreotate analogs functionalized for **™Tc-complexation (red indicates
proposed metal binding sites).*

Another widely studied peptide that has been a target for M(CO)s* labeling is

neurotensin.  Neurotensin  (pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-lle-Leu,

underlined portion denotes receptor binding motif) is a neuropeptide that acts as a
neurotransmitter and a local hormone.®” It is involved in vasodilation, hypothermia,
intestinal function, and the regulation of dopamine. Neurotensin receptors are
overexpressed on several different types of cancers, including pancreatic tumors, making

neurotensin a viable targeting moiety for the development of M(CO)s*
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radiopharmaceuticals of both the diagnostic and therapeutic variety.®” 1% The binding
motif, consisting of amino acids 8 through 13, abbreviated NT(8-13), is susceptible to
enzymatic degradation at three sites; Arg8-Arg®, Pro0-Tyr!!, and Tyr!-11e!2.%7 Substitution
at one or more of these sites has led to the development of numerous NT(8-13) analogs.*®
97,104,105 Many of these have been functionalized with Na-Ac-His for chelation to the
9MTc(CO)s* core, as shown in Figure 1.22 below.%: %71 The simplest of these analogs,
[**™Tc(CO)s](Na-Ac-His)-Ac-NT(8-13) contains a single substitution, tertiary leucine
(Tle) for isoleucine. However the tumor uptake of this complex is quite low; 0.33% injected
dose per gram of tumor tissue (% iD/g) with a standard deviation of 0.10%.%8 The complex
with the highest amount of tumor uptake is *™Tc(CO)sNT-XI, at 9.1% iD/g.%® This
complex has undergone human testing and did image pancreatic tumors that expressed the
neurotensin receptor, albeit with high kidney and intestinal uptake of the tracer.’®® The
complex®MT¢(CO)sNT-XII also has encouraging tumor uptake in animal models; up to

6.26% iD/g.1%

61



N
H
HO N——(NT analog)-COOH
N
O O
NT Analogue Sequence
NT(8-13) Arg-Arg-Pro-Tyr-Ile-Leu
NT-XI (No-His)Ac-Lys-¥Y(CH,NH)-Arg-Pro-Tyr-Tle-Leu
NT-XII (No-His)Ac-Arg-(N-CHj;)-Arg-Pro-Tyr-Tle-Leu
NT-XIII (Na-His)Ac-p3Arg-Arg-Pro-Tyr-Tle-Leu

NT-XVIII (Na-His)Ac-Lys(3,4,5-trihydroxy-1-cyclohexene-1-carboxylic
acid)-Arg-(N-CH;)-Arg-Pro-Tyr-Tle-Leu

Figure 1.22: Neurotensin analogs functionalized with (Na-Ac-His)-Ac for binding to the
M(CO)." core.%: 97:105

Bombesin is a 14 amino acid peptide with a high affinity for the gastrin-releasing
peptide receptor (GRPR) which is over-expressed on small cell lung cancers, cancers of
the breast, prostate, pancreas, colon, and stomach, and glioblastoma tumors.t%” Labeled
bombesin analogs are especially studied in relation to prostate cancer, as current detection
methods rely on the In tagged antibody '!In-capromab (ProstaScint®) which only
detects these cancers with up to 75% accuracy.'®” Many bombesin analogs have been
developed to resist enzymatic breakdown in the body and functionalized for labeling with
the M(CO)s* core. One such sequence, representing the bombesin sequence from amino
acids 7 through 14, BBN(7-14) was first labeled with the 99mTc(CO)s* core by Schubiger

and co-workers via the No-Ac-His linking moiety dicussed previously and shown below in
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Figure 1.23.1% Despite being relatively susceptible to proteolytic cleavage, a tumor to
blood ratio of 2.7 could be visualized in the mouse model for the [**™Tc(CO)s]Na-Ac-His-

Ac-BBN(7-14) complex.1%

O
o BBN(7-14)
oc” | o \H/BBN(7-14) = Glu-Trp-Ala-Val-Gly-His-Leu-Met-NH,
ocC
0]

Figure 1.23: [**™T¢(CO)s]Na-Ac-His-Ac-BBN(7-14) and BBN(7-14).1%8

Because the Na-Ac-His linking moiety was the source of the in vivo instability of
this complex, a variety of other linkers have been used to chelate Tc(CO)s* to BBN(7-14)
in the search for an ideal radiopharmaceutical. Some of these are shown in Figure 1.24.
PADA-AVA (2-picolylamine-N,N-diacetic acid and an aminovaleric acid spacer),'®®
DTMA  (2-(N,N’-bis(tertbutoxycarbonyl)diethylenetri-amine  acetic  acid),'*® Dpr
(diaminopropionic),'** and pryazolyl linkers,'*? have been used to make M(CO)s-BBN(7-
14) conjugates that are more resistant to enzymatic degredation. The [**™Tc(CO)s]PADA-
AVA-BBN(7-14) complex had a high affinity for the bombesin receptor in the tumor and
pancreas of a mouse model bearing prostate tumors.'® The [*™Tc(CO)s]L-Dpr-Ser-Ser-
Ser-BBN(7-14) (L=H20 or P(CH20H)3) complex has reasonably high tumor uptake and
superior in vitro stability compared to Tc(V) complexes also being studied to image
prostate cancer.!'! The tumor retention of this complex in the mouse model was also the

highest of the complexes shown here, which led the authors to synthesize the *®Re analog.
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Long term retention of this complex in prostate tumor cells in vitro and in the mouse model
suggests its use as a therapeutic radiopharmaceutical.*'! While the [*MTc(CO)s]DTMA-
BAla-BBN(7-14) showed similar uptake characteristics to the complexes formed with
PADA-AVA and Nq-Ac-His-Ac linkers, tumor uptake for this molecule in the mouse
model was very low, which the authors attribute to carbon- nitrogen bond cleavage on the
pendant arm of this purely aliphatic linker or distribution properties arising from the
lipophilic nature of the core and high liver absorption.!® The pyrazolyl linker used in
[*®™Tc(CO)s]pyrazolyl-BAla-BBN(7-14) showed a similar drop in uptake from tissue
culture to the animal model, although the authors comment that results of studies using
animal models for BBN(7-14) receptor binding do not always correlate well to human
biodistribution of these complexes.t*? In summation, the stability and ability to bind to the
bombesin receptor shown by all four of these complexes are promising results in an arena

where no ideal diagnostic or therapeutic radiopharmaceuticals exist,%-112
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The Interaction of the M(CO)s* Core with Proteins

Attachment of the M(CO)s* (M= *"Tc or 8/188Re) core to proteins is an attractive
synthetic goal due to the wide variety of possible applications for these conjugates,
including the use of the Re(CO)s" core as a heavy atom phasing agent,''® protein-
[Re(CO)s(diimine)]* conjugates to study electron transfer,”” 1 and both [*®™Tc(C0O)s]* and
[18¢1%Re(CO)s]* protein complexes as targets in diagnostic and therapeutic
radiopharmaceutical development, respectively!® 65 73 79, 82 115118 = Aqditionally, the
conjugates formed when proteins are incubated with the [M(CO)3(OH2)3]* precursor offer
insight into the biological processing of this metal core. The methods of attaching M(CO)s*
cores to proteins vary and include all of the previously described methods of attaching
these cores to amino acids and peptides, including direct labeling via amino acid side

chains, and linking via BFCAs or functionalized amino acids.

The preferential binding of the M(CO)3" cores to histidine residues, as mentioned
previously, suggests that Re(CO)s* could also be used as a phasing agent to aid in the
structural elucidation of proteins. The Re(CO)s" core fits all the requirements of an ideal
phasing agent.® It is a heavy atom, like the more commonly used iron and lead phasing
agents, but is relatively non-toxic. The Re(CO)s* core is water soluble and is stable in
biological media, as mentioned above. Additionally, the binding of the Re(CO)s" core does
not alter the overall structure or activity of proteins, as will be shown in the examples

below.

The study of electron transfer, using Re(CO)s™-protein conjugates has been

pioneered by Gray and co-workers using copper and zinc azurin proteins with histidines
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expressed at varying positions for metallation with the Re(CO)s* core. These proteins were
all metallated through the histidine imidazole nitrogen with [Re(CO)s(L)]" (L= 1,10-
phenathroline (phen), 4,7-Mezphen, and other phen based ligands) by allowing the protein
and fac-[Re(CO)3(L)(H20)]" to incubate for 3 weeks. The resulting proteins were able to
be crystalized and structurally characterized via X-ray diffraction. The numerous
positioned histidines, and thus the Re(CO)s" units, are designed to study the effect of the
route of the electron transfer, from the copper to the rhenium, among other properties of
electron transfer. Tyrosine and tryptophan residues were also engineered at specific

locations in the azurin proteins studied since they can potentially participate in electron

transfer 74,77,78,114, 119, 120

The direct labeling approach has been used to label single-chain antibody fragments
(scFvs) with the M(CO)s" core. Availability from combinatorial libraries and high tumor
to background ratios are a couple of the reasons that labeled scFvs are attractive starting
points for radiopharmaceutical development. These proteins are especially suitable for
labeling with the M(CO)s* core, since the higher oxidation state **™Tc normally used to
label these proteins can result in unspecific coordination to cysteine residues resulting
interference with disulfide bridges. This interference can cause misfolding and loss of
biological activity in the scFvs. These scFvs can be conveniently labeled with the M(CO)s*
core via the His tags, mentioned previously, and shown in Figure 1.16. Incubation of the
scFvs with [*™T¢(CO)3(OH2)s]* at 37 °C for 15 minutes results in greater than 90% yield
of the radiolabeled scFvs which is especially significant compared to the yield of just 16%

and 25% for scFvs with no His tag or only endogenous histidines, respectively.
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Labeling scFvs and larger antibodies with 18Re(CO)s*, via His-tags or endogenous
histidines can be a convenient route to therapeutic radiopharmaceutical development.
Antibiodies are good candidates for labeling with an isotope that emits therapeutic
radiation because they exhibit slower elimination from the body compared to smaller
proteins and peptides, which is a necessary feature allowing the cytotoxic radiation to
accumulate at the disease site.!® One such antibody is the anti-MUC1 antibody. The
production of MUC1 mucin is increased in bladder cancer.’® Murray and co-workers
compared the labeling efficacy of ®Re(CO)s* for anti-MUC1 antibodies and the
traditional 2-mercaptoethanol reduced and labeled ®8Re(V).11 In vitro results showed 80%
retention of the ¥Re(CO)s" labeled anti-MUC1 antibody at 48 hours compared to 20%
retention of the '%8Re(V) labeled species, suggesting that the 8Re(CO)s* labeled anti-

MUCT1 antibody could be used as a possible therapeutic radiopharmaceutical 1% 116

Stable protein-[**"Tc(CO)s]* conjugates can be accomplished with as few as three
histidine residues in a row, as shown by Tait and co-workers in their work with the protein
Annexin V.18 Annexin V has a high affinity for phosphotidyl serine, which is expressed
on the exterior of the cell membrane in the early stages of apoptosis.’® * Thus, this protein
can be used to detect apoptosis and is used in the clinic to measure cell death during
chemotherapy. Direct labeling of annexin V, which contains 3 endogenous histidine
residues, with [®MTc(CO)s]" gives a radiolabeled product yield of only 40%. Addition of
a Hiss or Hise tag to the N-terminus of these proteins did not alter their bioactivity and
allowed site-specific coordination of the [*™Tc(CO)s]* core.!!8 Alternatively, treatment of
annexin V with commercially available 2-iminothiolane, which reacts with the free amino

group in the lysine amino acid side chain, results in the formation of a mercaptobutyrimidyl
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group, which is then available for complexation to the [*MTc(CO)s]* core.” Biechlin and
co-workers found that, while only 1 of 22 lysine residues in annexin V were available for
functionalization, radiolabeled product yields using this method increased to 55% without

the use of His-tags. This approach is shown below in Figure 1.25.7°

*H,N
[*"Tc(CO)3(OHy)3]"
H Hzo///,, /CO
\”/\/\S :I'c:CO
\\\\
*H,N 10" =0
2

Figure 1.25: Functionalization of lysine side chain of annexin V for labeling with the
[*®™Tc(CO)s]* core.™

A direct labeling approach was exploited to label surfactant protein B, also without
the use of a His-tag. Surfactant protein B has been used in the clinic to treat patients with
acute respiratory distress syndrome with mixed results. In order to study the spreading
properties of this protein and thus its ability to reach and treat all areas of the lung, the

authors of this study labeled this protein with [**™Tc(CO)s]*. This extremely hydrophobic

69



protein is particularly suited to the lipophilic nature of the [**™Tc(CO)s]* core. The mixture
of surfactant protein B and [*™Tc¢(CO)3(OH-)s]* did indeed produce a single, labeled
product with a 50% yield. More importantly, introduction of the metal core had no effect
on the dimeric structure or the properties of the protein. While the authors didn’t
structurally characterize the interaction, they speculate that the [**™Tc¢(CO)s(OH2)s]*
compound could have bound to the imidazole nitrogen in the side chain of the single
histidine residue present in this protein, which would account for the presence of a single
labeled product. The labeled surfactant protein B could be used to study administration

techiques for the introduction of this protein into the lungs.”

1.8 Summary

Since the introduction of ®™Tc¢ Sestamibi in the 1980’s by Davidson and
coworkers,*?! radiopharmaceuticals incorporating ®™Tc have been a mainstay of nuclear
medicine. Yet, the desire to diagnose disease states earlier, with greater accuracy, drives
many groups to continue investigation into new, targeted radiopharmaceuticals. With the
development of the %™Tc(CO)s* and '®¥%6Re(CO)s* cores, a new branch of
radiopharmaceutical research is possible. ®"Tc and ®8Re pharmaceuticals featuring
these cores take advantage of the many favorable characteristics of the parent
[M(CO)3(0OH2)3]" (M= Tc, Re) complex mentioned previously; such as its aqueous
preparation, tightly binding d® coordination environment, and small size.%® Despite the
many advances made in this field, mentioned in this introduction and present in the

literature, to date, no radiopharmaceuticals featuring this complex have made it to clinical
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use. While some of the delay can be attributed to the difficulties of drug development, kit
production, and registration procedures,®® the lag in the development of pharmaceuticals
featuring the M(CO)3" core can also be attributed to the need to better understand the basic
bioorganometallic chemistry of the M(CO)s* cores. The following chapters explore some
basic properties of [Re(CO)3(OH2)3]"; the tightly binding 1,1,1-trisaminomethylethane
ligand and the toxicity of the [Re(CO)3(TAME)]X (X= CI,, Br, NOs, PFg, ClOys)
complexes in cell culture, the interaction of [Re(CO)3(OH2)3]" with the protein lysozyme,
and preliminary investigations of this core with other ligand systems and biomolecules of

interest.
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CHAPTER II
THE TOXICITY OF TRIPODAL TRICARBONYL RHENIUM COMPLEXES AS

RADIOPHARMACEUTICAL MODELS

2.1 Introduction

Non-invasive imaging techniques play an increasing role in the diagnosis of disease
states, and this has spurred the continuing development of new imaging agents.
Radiological techniques, such as SPECT- and PET-based methods, require the use of
radionuclide-based drugs, and the most common nuclide currently used in the clinic is the
9MTc isotope. '8 2223 27 Since the development of Cardiolite® (Sestamibi), new generations
of **™Tc drugs have appeared in the clinic, and current research is focusing on developing
the chemistry of the Tc(CO)s* unit as the nuclide containing moiety.3® 122124 |maging
agents containing this fragment can be readily generated in aqueous solution from the
[Tc(H20)3(CO)s]* ion, which can be synthesized in one step from TcOa4 solutions by use
the IsoLink® kit developed by Mallinkrodt. However, in spite of the potential importance
of this species, much of the fundamental chemistry and biological processing of

[Tc(H20)3(CO)s]" and Tc(CO)s*-based compounds has yet to be elucidated.

One advantage for the development of Tc(CO)s* based drugs is that the chemistry
of this moiety can be readily modeled by using the analogous, non-radioactive Re(CO)s*
fragment.?* Although the chemistry of the two elements do differ slightly, the chemistries
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of both metals in the +1 oxidation state are similar, and this is particularly true for the
M(CO)s* moieties.'?® Both ions form facial octahedral geometries upon complexation, and
the resultant complexes are typically quite inert to substitution. The fundamental chemistry
of the Re(CO)s" fragment has recently been investigated and complexes that exhibit
remarkable stabilities in aqueous solution, even in the presence of competing biological
ligands, such as histidine and cysteine have been developed.®? 126 127 Zjegler et al. has
reported on the structures and stabilities of several tripodal complexes of Re(CO)s*, and
have found that a complex incorporating the 1,1,1-trisaminomethylethane (TAME) ligand,
[Re(TAME)(CO)s]" (Figure 2.1) showed no degradation under biologically relevant

challenge conditions.%’
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Figure 2.1: The structures of the [Re(CO)3(TAME)]|X salts where X = CI” (2, top left),
ClO4 (3, top right), NO3™ (4, bottom left) and PF¢ (5, bottom right) with 35% thermal
ellipsoids. Hydrogen atoms and the solvate waters in 2 have been omitted for clarity.

The chemical inertness of the [Re(TAME)(CO)s]" ion indicates that this complex
should exhibit little or no toxicity. Since the complex is inert to substitution and unreactive
to either histidine or cysteine, we wanted to continue to examine the effect of this complex
on living cells. In general, the toxicity of radionuclide-containing compounds is not as
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important as in other imaging agents.® Typically, the doses of the drug are so low that only
the radioactivity is of concern, and clearly the diagnostic benefit of the imaging technique
outweighs the radiological risk. However, any demonstrable lack of toxicity due to
inertness does bode well for rapid and complete clearance from the patient, which is a

requirement for any radionuclide-based imaging agent.*?

This chapter reports the synthesis, characterization, and in vivo cellular studies of a
series of tri-carbonyl 1,1,1-trisaminomethylethane (TAME) rhenium(l) salts. The salts
incorporate both halide (chloride and bromide) and non-coordinating anions (nitrate,
hexafluorophosphate, and perchlorate). Our characterization of these salts indicate that the
identity of the anions does not affect the structures of the rhenium complex cations. In two
separate cell line studies, no appreciable toxicity was observed, with the exception of the
bromide salt. The bromide salt did increase mortality in the vascular smooth muscle cells,
but we propose that this toxicity resulted from the halide anion rather than the complex

itself.

2.2 Experimental

General Materials/Methods: All reagents and solvents were purchased from
Sigma, Aldrich, Acros Organics or Strem and used without further purification. Compound
1 was prepared as previously described,®’ and as shown in Scheme 2.1, below. Sterile cell
culture materials (i.e. plates, pipettes, media) was obtained from VWR and used without
further sterilization. High resolution mass spectrometry experiments were performed at

the Mass Spectrometry and Proteomics Facility of Ohio State University on a Micromass
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ESI-Tof™ II (Micromass, Wythenshawe, UK) mass spectrometer equipped with an
orthogonal electrospray source (Z-spray) operated in positive ion mode. Sodium iodide
was used for mass calibration for a calibration range of m/z 100-2000. Samples were

prepared in a solution containing acidified methanol and infused into the electrospray

source at a rate of 5-10 pl min-1. Optimal ESI conditions were: capillary voltage 3000 V,
source temperature 110°C and a cone voltage of 55 V. The ESI gas was nitrogen. Data
was acquired in continuum mode until acceptable averaged data was obtained. Elemental
analysis was conducted at the University of Illinois, School of Chemical Sciences
Microanalysis Laboratory. Cells were obtained from ATCC. All media and staining assays
were obtained from Invitrogen. Additional vessels and reagents were obtained from VWR.
Cell viability was visualized using fluorescent microscopy (Axiovert 200, Carl Zeiss) and

imaged with a CCD camera (AxioCam HRm, Carl Zeiss).
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Scheme 2.1: Synthesis and Metathesis of [Re(CO)3(TAME)]X
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Single crystal X-ray diffraction data was collected at 100 K (Bruker KRYO-FLEX)
on a Bruker SMART APEX CCD-based X-ray diffractometer system equipped with a Mo-
target X-ray tube (A = 0.71073 A) operated at 2000 watts power. The detector was placed
at a distance of 5.009 cm from the crystal. Integration and refinement of crystal data was
done using Bruker SAINT software package and Bruker SHELXTL (version 6.1) software
package, respectively.’?® Absorption correction was completed using the SADABS
program. Crystals were placed in Paratone oil upon removal from the mother liquior and
mounted on a plastic loop in the oil. Data collection and refinement parameters for crystals
of 2 through 5 are shown in tables 2.1, 2.2, 2.3, and 2.4, respectively (crystal data for 1 was

previously published.®)
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Table 2.1: Crystal data and structure refinement for 2.

Identification code 2
Empirical formula ReCsH19N30sCl
Formula weight 458.91
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/n
Unit cell dimensions, A a=6.8635 (18)
b =12.951 (3)
¢ =15.970 (4)
B, deg 93.803 (4)
Volume, A® 1416.5 (6)
Z 4
Density (calculated) 2.152 Mg/m?®
Absorption coefficient 8.783 mm*
F(000) 880
Reflections collected 11,742
Independent reflections 3210
Goodness-of-fit on F2 1.074
Final R indices [1>2sigma(l)] R1 =0.0300, wR2 = 0.0658
R indices (all data) R1 =0.0366, wR2 = 0.0677
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Table 2.2: Crystal data and structure refinement for 3.

Identification code 3
Empirical formula ReCgH1sN30-Cl
Formula weight 486.83
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group Cc
Unit cell dimensions, A a=13.579 (4)
b =8.441 (3)
c=11.878 (4)
B, deg 98.193 (4)
Volume, A® 1347.5 (6)
Z 4
Density (calculated) 2.370 Mg/m?®
Absorption coefficient 9.250 mm*
F(000) 904
Reflections collected 5493
Independent reflections 2819
Goodness-of-fit on F2 0.869
Final R indices [1>2sigma(l)] R1 =0.0245, wR2 = 0.0490
R indices (all data) R1=0.0271, wR2 = 0.0571
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Table 2.3: Crystal data and structure refinement for 4.

Identification code 4
Empirical formula ReCsH15N406
Formula weight 449.44
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group Cc
Unit cell dimensions, A a=7.778 (4)
b = 13.745 (6)
c=12.281 (5)
B, deg 92.507 (7)
Volume, A® 131107 (10)
Z 4
Density (calculated) 2.276 Mg/m?®
Absorption coefficient 9.293 mm*
F(000) 856
Reflections collected 5340
Independent reflections 2709
Goodness-of-fit on F2 1.016
Final R indices [1>2sigma(l)] R1 =0.0305, wR2 = 0.0649
R indices (all data) R1 =0.0329, wR2 = 0.0656
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Table 2.4: Crystal data and structure refinement for 5.

Identification code 5
Empirical formula ReCsH15sN303PFs
Formula weight 532.40
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group Cc
Unit cell dimensions, A a=14.396 (7)
b =8.675 (4)
c=11.829 (6)
B, deg 97.877 (8)
Volume, A3 1463.2 (12)
Z 4
Density (calculated) 2.417 Mg/m?®
Absorption coefficient 8.495 mm*
F(000) 1008
Reflections collected 5799
Independent reflections 3060
Goodness-of-fit on F2 0.889
Final R indices [1>2sigma(l)] R1=0.0328, wR2 = 0.0605
R indices (all data) R1 =0.0384, wR2 = 0.0620
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Synthesis of [Re(CO)3(TAME)]CI (2): 100 mg of Re(CO)sCl (2.46 mmol) was
refluxed in approximately 30 mL of methanol until dissolved and then a 1.1 molar
equivalent of the TAME ligand (33 mg) was added. The mixture was allowed to reflux for
5 hours, and then the solvent was allowed to evaporate overnight. The resulting white
crystals were then recrystallized from water. Yield: 86.9 mg (74% yield) High res. ESI MS
(positive ion): 388.0674 M/z (M+) CHN Analysis Calc. for ReCgH19N30sCl: C, 21.23%j;
H, 3.58%; N, 8.85%. Found: C, 21.69%; H, 4.32%; N, 9.49%. IR (CO stretch, cm™): 2023,
1884.

Synthesis of [Re(CO)3(TAME)]X, X= ClO4, NO3 and PFs (3, 4, 5): 50 mg of 1
(1.06 mmol) was added to 25 mL of water and heated with stirring until completely
dissolved. A molar equivalent of a solution of AgX (X = ClO4, NOz and PF¢’) in 10 mL
water was then added and the resultant mixture was stirred for at least 3 hours in the dark
to ensure the reaction went to completion. The resulting AgBr precipitate was removed by
filtration with a 0.2 um syringe filter. The solvent water was then allowed to evaporate
resulting in large white crystals.

3: Yield: 59.6mg (57.2% yield) ESI MS (positive ion): 388.1 M/z (M+) CHN Analysis
Calc. for ReCgH1sN30O7Cl: C, 19.74%; H, 3.11%; N, 8.63%. Found: C, 19.88; H, 2.87%;
N, 8.29%. IR (CO stretch, cm™): 2021, 1875.

4: Yield: 63.2 mg (65.7% yield) ESI MS (positive ion): 388.7 M/z (M+) CHN Analysis
Calc. for ReCgH15N4Os: C, 21.38%; H, 3.36%; N, 12.47%. Found: C, 21.41%; H, 3.03%;

N, 12.51%. IR (CO stretch, cm™): 2015, 1875, 1859
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5: Yield: 84.9mg (74.5% yield) ESI MS (positive ion): 388.1 M/z (M+) CHN Analysis
Calc. for ReCgH1sN3O3PFs: C, 18.05%; H, 2.84%; N, 7.89%. Found: C, 18.25%; H,
2.94%; N, 7.91%. IR (CO stretch, cm™): 2025, 1870

General Biology: Spontaneously Hypertensive Rat vascular smooth muscle
cultures. The vascular smooth muscle cell cultures used were isolated from thoracic aorta
explants from spontaneously hypertensive rats using a modified form of the Ross procedure
for explants.!*® The rats were obtained from the SHR breeding colony that has been
maintained on Standard Purina Laboratory Chow and tap water, ad lib, in the animal
facility at the University of Akron and treated according to NIH guidelines.

The vascular smooth muscle cells were subcultured and plated on 6 well plates in
a 50:50 mixture of Dulbecco’s modified eagle medium (DMEM) and Ham’s F12 medium
supplemented with 10% FBS, 10mM HEPES buffer, 7.5%(w/v) NaHCO3z and 1%
antibiotic/antimycotic mixture. The cells were incubated at 37°C and 5% CO..and were
40% confluent when the compounds were added. The cells were returned to the incubator
for 24 hours before being washed with 0.4% PBS (phosphate buffer solution) and treated
with 0.025% trypan blue for 3 minutes. After being washed again with PBS, the cells were
manually counted, in four fields, from each quadrant of the well, under 20x magnification,
ensuring that over 400 cells total were counted.

Hela Culture: HeLa-S3 cells were obtained from ATCC, grown in Ham’s F12-K
media supplemented with 10% FBS, 10 mM HEPES buffer, 7.5% (w/v) NaHCO3 and 1%
antibiotic/antimycotic mixture on 100mm plates. The cells were subcultured every 72
hours. Cells were seeded onto 24 well plates, after counting in a hemacytometer, to ensure

that approximately 20,000 cells were plated per well. Cells were incubated overnight to
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allow them to adhere to the plates before being treated with the complexes in media. After
treatment cells were incubated for 24 hours before being stained with Invitrogen’s
LIVE/DEAD® Viability Assay. The cells were excited at 488 nm and fluorescence was
observed at 530 and 570 nm. Photos were taken of the wells such that counts of 400 cells

in each well were observed.
2.3 Results and Discussion

Synthesis and characterization: We previously reported the synthesis and in vitro
stability of [Re(CO)3(TAME)]Br (1) in comparison to other tripodal complexes based on
the fac-Re(CO)s* core.®’” Because of the superior stability of 1 in comparison to the other
compounds, we felt that it would be an excellent candidate for an imaging agent model.
Since bromide has been reported to have some genotoxicity,*3! we synthesized the chloride
salt (2). This second complex was generated by refluxing Re(CO)sCl and the TAME ligand
in methanol and then recrystallizing the product in water. Salts with the non-coordinating
anions perchlorate (ClO4’) (3), nitrate (NO3") (4), and hexafluorophosphate (PF¢’) (5) salts
were synthesized via anion methathesis from 1. A molar equivalent of the corresponding
silver salt was added to 1 in aqueous solution, and the resulting precipitate was filtered
away and the solvent was evaporated to give solid crystals of 3, 4, and 5. Each compound
was fully characterized by electrospray MS, elemental analysis, IR spectroscopy and single
crystal X-ray diffraction.

The structures of compounds 2-5 are shown in Figure 2.1. The structure of the
bromide salt (1) was reported previously in a preliminary communication.5” All five
complexes have essentially isostructural cations where the Re(l) ion adopts an octahedral

coordination environment. The carbonyls adopt a facial coordination mode, and the TAME
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ligand binds to the metal in a facial tridentate mode similar to that seen in scorpionate
ligand binding. The Re-C and C-O bond lengths for all of the complexes are identical and
are in agreement with those observed in other Re(CO)s" complexes. The Re-N bonds range
between 2.0 and 2.3 A, with an average value of ~2.22 A. The C-Re-C angles around the
metal are close to the ideal 90° values for an octahedral coordination geometry, but the N-
Re-N angles of the TAME ligand are more acute and closer to 80°. The ligand adopts a
chiral twist in the X-ray structures, resulting in a lower symmetry (Cs) than the expected
Cav. However, we believe this is a product of the solid state packing and not a fundamental
aspect of the molecule’s structure; all of the space groups have inversion centers, indicating
that both enantiomers are present in the unit cell.

The spectroscopies for all three compounds are essentially identical. The IR spectra
for these complexes show two intense C-O stretching frequencies. In chloroform solution,
the three complexes have identical CO stretching frequencies at 2024 and 1902 cm?, but
in the solid state compounds 1-5 show some differences. The CO stretching frequencies
for dried samples of compounds 1-5 are shown in Table 2.5. As in the solution IR spectrum,
due to the Cz axis, these stretches show the expected a; and e symmetries observed at ~2020
cm ™t and ~1880 cm! respectively. Additional shoulder peaks were observed in compounds
1 and 4, which result from carbonyl interactions with the anion in the solid state and from
hydrogen bonding to neighboring NH groups on adjacent rhenium complexes. A similar
interaction is observed in crystals of 2, which exhibit two solvent water molecules per
asymmetric unit. Prior to drying, a peak appears at 1915 cm™ resulting from hydrogen

bonding interactions with these water molecules.
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Table 2.5: Solid state CO stretching frequencies for compounds 1-5.

Compound CO stretching frequency (cm™)
1 2018, 1888, 1853 (sh)
2 2023, 1884
3 2021, 1875
4 2015, 1875, 1859
5 2025, 1870

Partition Coefficient Determination: The partition coefficient of 1 was
determined by using the shake flask method employing water and octanol as the
hydrophilic and hydrophobic phases, respectively.!3 The concentration of 1 in both phases
was determined by ICP elemental analysis and the log P was found to be -1.84. This
partition coefficient is as expected for an ionic species, in spite of the hydrophobic nature
of the organometallic cation. This log P value is less negative than that observed for simple
salts,® and is equivalent to those observed for some nucleotides and amino acids.'*® Due
to the negative value of the log P for 1, this species most likely would not diffuse across
cell membranes and would have to enter the cell through either a channel or via receptor
mediated endocytosis.®®* It is important to note that pH will most likely not affect the log
P value, since the cation of 1 does not engage in acid-base chemistry over the physiological

pH range.

Cellular Toxicity Studies: HeLa-S3 toxicity studies: In addition to being analogs

for technetium chemistry, rhenium complexes incorporating radioactive isotopes of the
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metal can be used to both image and treat cancer cells.**> % For this reason among others,
HeLa-S3 cells were chosen as a robust cell line in which to probe anion toxicity.!3” Data
from the concentration studies are shown in Figure 2.2 through Figure 2.6. The cells were
grown in 24-well plates and incubated for 24 hours before being treated with aqueous
solutions of the complexes in cell media. After treatment, the cells were incubated for
another 24 hours before being stained with a fluorescent live/dead cell assay,
photographed, and counted to determine percent viability. The cells were exposed to 108
M to 10 M concentrations of 1-5. We compared the toxicity of the rhenium complexes to
that of the common OTC analgesics acetaminophen (6) and acetylsalicylic acid (7) by
exposing cells to aqueous solutions of these compounds at similar concentrations. Aqueous
sodium bromide (8) was used to probe bromide toxicity in the same manner. Additional
cells were treated with water or 2 mM hydrogen peroxide to provide a positive and negative
control, respectively. Each study was repeated three times on three separate days. After
the live:dead cell ratio was determined, the results were averaged to determine the percent
viability of the cells. Errors associated with these measurements were calculated to be less
than 4%. No significant toxicity was observed even at the highest concentration of every
complex. Some slight toxicity is observed in compound 2, although even at the highest
concentration of 2 cell viability remains greater than 95%. Attempts were made to increase
the concentration of the complexes in solution, in order to determine an LDsg, but thus far
these experiments have been unsuccessful due to their limited solubility in aqueous

solution.
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Figure 2.2: Toxicity of complex 1 in HeLa-S3 at concentrations of 10 to 10° M. Errors
on these measurements are approximately £3%.
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Figure 2.3: Toxicity of complexes 2-3 in HeLa-S3 at concentrations of 10 to 107 M.
Errors on these measurements are approximately £3%.
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Figure 2.5: Toxicity of complexes 7-8 in HeLa-S3 at concentrations of 10’ to 10 M.
Errors on these measurements are approximately £3%.
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Figure 2.6: Toxicity of complex 8 in HeLa-S3 at concentrations of 10’ to 10 M. Errors
on these measurements are approximately £3%.

Figures 2.7 and 2.8 are micrographs of the positive and negative controls of the S3
HeLa cells as well as cells exposed to 103 M concentrations of compounds 1, 6 and 7. The
positive control shows predominantly healthy squamous cells as indicated by their
morphology and red fluorescence. The negative control was carried out by exposing cell
to 2 mM HxO> for 4 h at 37° C. The cells were fixed to the plate with cold methanol, and
the live/dead® assay exhibits the expected green fluorescence of dead cells resulting from
incorporation of SYTOX® green stain. Cells exposed to 10° M compound 1 are nearly
identical in appearance to the positive control, and exhibit no obvious morphological

changes. Cells exposed to 10° M acetominophen and aspirin also show predominantly
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living cells, but closer inspection of morphology shows a higher concentration of rounded
cells that are detached from the plate surface, indicating some stress induced by these OTC

medications.

Figure 2.7: Micrographs of S3 HeLa cells: positive control (A) and negative control (2
mm M HzO: for 4 h at 37 °C (B)
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Figure 2.8: Micrographs of S3 HeLa cells: 10 M [Re(TAME)(CO)s]Br (1, C), 103 M
acetylsalicylic acid (6, D), and 10 M acetominophen (7, E)
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Rodent cell toxicity studies: Because one of the intended targets of the technetium
analogs of our rhenium complexes is a perfusion imaging agent, we also conducted
preliminary toxicity studies in rat vascular smooth muscle cell cultures, isolated from the
thoracic aorta and donated by Dr. Milsted’s research group.'® The cells were plated and
incubated for 24 hours before being treated with aqueous solutions of 1, 4, and 5 in cell
media. The treated cells were incubated for another 24 hours before being stained with
0.025% trypan blue solution and analyzed to determine the percent of viable cells. Figures
2.9 and 2.10 show the results from this study. Significant cell death was present in the
control cells since these cells were more sensitive to variations in cell concentration versus
the S3 HelLa cell line. A lower percentage of viable cells was found in the cells treated
with 1 at 1 x10“ M, which we attribute to the toxicity of the bromide ion, and not the
complex itself. The number of viable cells did not vary significantly from the control cells
to the treated cells at all other concentrations of 1, 4, and 5 tested. Compound 1 shows
limited toxicity at the highest concentration as compared to the untreated control wells.
Average errors for measurements made for the three compounds were ~+8% for 1, ~+3%

for 4, and ~+4% for 6.
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Figure 2.9: Toxicity results for rat vascular smooth muscle cells exposed to compounds 1
and 4 at concentrations of 10°M - 10°M.
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Figure 2.10: Toxicity results for rat vascular smooth muscle cells exposed to compound 5
at concentrations of 10°M - 10°M.

2.4 Conclusion

In conclusion, we have shown that complexes of the formula the
[Re(TAME)(CO)3]X exhibit little or no toxicity to both an immortalized cell line (HeLa-
S3) and a harvested animal cell line (vascular smooth muscle from spontaneously
hypertensive rats). We believe this lack of biological activity results from the inert nature
of the complex. In marked contrast, the majority of third row transition metal complexes
typically exhibit moderate to high toxicity.?3%-142 The cells examined in this report are able

to tolerate high concentrations of [Re(TAME)(CO)s]X salts with no observable

97



morphological changes and at much higher doses than the OTC drugs acetaminophen and
acetosalicylic acid (aspirin). We are continuing this work with investigations into other
tripodal Re(CO)s complexes as well as bifunctional chelating agents incorporating the

Re(TAME)(CO)s* moiety.
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CHAPTER IlI

SPECIFIC DERIVATIZATION OF LYSOZYME IN AQUEOUS SOLUTION WITH

TRIAQUA TRICARBONYL RHENIUM (1)

3.1 Introduction

The aqueous chemistry of the organometallic cation Re(CO)3(H20)s* has received
much attention over the past decade,®® % due to its relevance to the design of %6/'%8Re
radiopharmaceuticals'® " as well as its ability to act as a surrogate for the chemistry of
9MT¢(CO)s*. 2> 12214 In many cases, these investigations have focused on reactions
between biomolecules and Re(CO)3(H20)s*.>" Although much work has been carried out
investigating interactions between Re(CO)s-based compounds and nucleic acids, 144147
amino acids and oligopeptides,'? 38 148149 [jttle work has been carried out on reactions
between rhenium prodrug or drug model complexes and proteins. Such interactions can be
crucial to the biological processing of Tc/Re-based imaging agents, since proteins, rather
than nucleotides or single amino acids, would be encountered in plasma. Alternatively,
protein—Tc/Re adducts could be novel targets for use as imaging or therapeutic agents. In
order to probe this chemistry, we began to examine the interactions between

Re(CO)3(H20)3" and the readily crystallizable protein, lysozyme.

99



3.2 Experimental

Materials and Methods: Triple re-crystallized, lyophilized hen egg white lysozyme
(HEWL) was obtained from MP Biomedicals. All reagents and solvents were purchased
from Sigma, Aldrich, Acros Organics or Strem and used without further purification.
Solutions of [Re(C0O)s(H20)s]Br were prepared as previously described®® and evaporated
to dryness to produce a solid compound previously identified as
[Re(CO)3(H20)3][Re2(CO)s(u2-Br)s] - 6H20.52 IR spectra were recorded on a Nicolet
NEXUS 870 FT-IR Esp and Perkin Elmer Spectrum One FT-IR spectrometers. Mass
spectrometric analyses were carried out on a Bruker Reflex 111 MALDI-TOF at the Mass
Spectrometry and Proteomics Facility at the Ohio State University in Columbus OH.
Rhenium elemental analysis was carried out via ICP-OES at the University of Illinois at

Urbana Champaign Microanalysis Laboratory.

Mass spectrometry experiments: Lysozyme was dissolved in nanopure water and reacted
with aqueous solutions of [Re(CO)3(H20)3]Br in nanopure water at molar equivalents of 0,
0.1, 0.5, 1, 2, or 3 Re : protein at a final protein concentration of 1 mg/mL. The samples

were incubated at 4-10 °C for 24 h and then analyzed by MALDI- TOF-MS.

Protein-metal complex crystallization: 50 mg of lysozyme were dissolved in 750 pL of
sterile, nanopure water. [Re(CO)3(H20)3]Br was dissolved in water and added to the
lysozyme solution to produce a final lysozyme : Re ratio of 1 : 5. Sterile, nanopure water
was added to a final volume of 1 mL and the resulting solution was incubated at 4-10 °C
overnight. Crystals were obtained via the hanging drop method using a reservoir solution

of 0.05 M MES buffer (pH = 5.5) and 0.8 M NaCl. The drop was composed of 4 uL of the
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reservoir solution and 4 pl of the incubated protein— metal solution. Large, tetragonal
crystals appeared in 72 h. Crystals were cryo-preserved by soaking for a few minutes in

mother liquor plus 30% glycerol and flash cooling in liquid nitrogen.

X-Ray diffraction: X-Ray diffraction data to 1.6 A resolution were collected at 1.54 A
(Oxford Diffraction Gemini R) at 110 K using the 2 kW Enhance Ultra Cu source and was
integrated and scaled using CrysalisPro®.1° Each crystal structure was solved by
molecular replacement (Phaser'®') using PDB 6LYZ and subjected to several cycles of
restrained refinement using Refmac5'® and rebuilding in Coot.*® The refined molecular
replacement solution contained clearly identifiable electron density for Re(CO)s(H20)2*
near Ne2 of His15. A set of refinement restraints were manually created for the Re(CO)3
fragment in which the carbonyl ligands were disposed in a facial arrangement with
orthogonal (90°) C—Re—C bond angles, and Re—C and C-O bond lengths of 1.8 A and 1.2
A, respectively. The protein and rhenium tricarbonyl fragment was further refined in
Refmac5, then solvent molecules and a chloride ion were modeled to account for remaining

electron density. Data collection and refinement statistics are summarized in Table 3.1.
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Table 3.1 Data collection and refinement statistics (PDB 3KAM)

Data collection statistics

Wavelength 1.54 A

Space group P432:2

Cell parameters a=b=7871A c=36.99
Resolution 11.99-1.60 A (1.66-1.60 A)?
Unique reflections 15847 (1591)

Redundancy 22.4 (16.9)

Completeness 99.7 (100)

Reym 0.091 (0.670)

Vsl 32.6 (2.78)

Refinement statistics

Reflections in test set 794
Rwork (%) 181 (258)
Rfree (%) 215 (319)

R.m.s from ideal®

Bond distance (A) 0.015
Bond angle (") 1.55
Ramachandran plot outliers (%)° 0.00

2 parentheses indicate information for highest resolution shell. ® Based on ideal values
from Engh and Huber.?>* ¢ MolProbity analysis.**®

102



Lysozyme-Re(CO)s* IR spectroscopy: HEWL crystals were grown after exposure to
[Re(CO)3(H20)3]Br as described above via the hanging drop method. Crystals were then
harvested, washed, dissolved in methanol, and the resultant solution evaporated to produce

a thin film on the diamond anvil of the FT-IR.

3.3 Results and Discussion

We reacted several stoichiometries of Re(CO)3(H20)s* with hen egg white
lysozyme (MP Biomedicals, 3X crystallized) in pure H20 at 4 °C overnight and carried out
an initial evaluation using MALDI-TOF mass spectrometry to determine whether the
Re(C0)3(H20)s" ion binds to lysozyme. The observed mass spectra are shown in Figure
3.1. Unmodified lysozyme shows a peak at approximately 14,300 m/z, in agreement with
its experimentally determined molecular weight.**® As the ratio of Re(CO)s(H20)s* ion to
protein increases, a peak that corresponds to an increase in mass of approximately 270
appears and increases in intensity. This mass change corresponds to the weight of the
Re(CO)s" unit, a clear indicator that the Re(CO)3(H20)s" ion is interacting with the protein,

possibly via coordination of one or more amino acid side chains.
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Figure 3.1: MALDI mass spectra of (a) native lysozyme, (b) 1:0.1, (c) 1: 0.5, (d) 1: 1,
(e) 1:2and (f) 1 : 3 native lysozyme : Re(CO)3(H20)s"* reaction solution. An asterisk
marks where the mass of the rhenium adduct appears.

We were able to grow crystals from HEWL solutions exposed to Re(CO)3(H20)3"
at 4 °C overnight using the hanging drop method. The concentration of the HEWL was 50
mg mL* protein in 0.05 M MES buffer, pH 5.5, and 0.8 M NaCl. Large tetragonal crystals
suitable for X-ray diffraction structure elucidation formed after 48—72 h. It is important to

note that adduct formation was carried out in solution prior to crystal growth; typically,
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metal ligation is achieved only by soaking crystals in reagent solutions.’> We also
observed that rhenium adducts could be produced via soaking methods; the structural
parameters for these crystals were identical to those grown from solution.

The IR spectra of these rhenium-modified HEWL crystals were investigated to
determine if we could observe the C—O stretching frequencies of the facial Re-tricarbonyl
unit. In the 1800-2200 cm™ region, unmodified lysozyme is transparent, but Re(CO)s*
compounds exhibit bands corresponding the a: and e modes of pseudo-Csy symmetry.
Rhenium modified lysozyme crystals show v(CO) stretching bands that match these modes,
as shown in Figure 3.2. These modes do not correspond to those of free Re(CO)3(H20)3"
ion, which has a; and e bands at 2036 and 1916 cm™.1%® These rhenium-modified lysozyme
crystals exhibit a splitting of the a; band, which we show (vide infra) may result from

multiple rotamers of the Re(CO)s* unit in the solid state.
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Figure 3.2: IR spectra of the carbonyl stretching region of unmodified lysozyme (dashed
line) and Re(CO)3(H20)s* modified lysozyme (solid line).

We collected X-ray data on a crystal grown from the conditions described above to
1.6 A resolution, collected at 1.54 A (Oxford Diffraction Gemini R), and integrated and
scaled using CrysalisPro (99.6% complete, Rint = 0.091, I/o() =47.2, redundancy = 22.4).
The structure was solved by molecular replacement (Phaser) using PDB 6LYZ and
subjected to several cycles of restrained refinement using Refmac5 and rebuilding in
Coot. 151153 158 The final structure (PDB 3KAM, R = 0.181, Rfree = 0.215, rms bonds = 0.015

A, rms angles = 1.6°) contained clearly identifiable electron density for Re(CO)3(H20)2"
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attached to Ne2 of Hisl5, as shown in Figures 3.3 and 3.4. A ribbon diagram of the
structure of the rhenium protein adduct is shown in Figure 3.3 along with a superposition
of both native (PDB code 6LY Z) and rhenium-modified HEWL (Figure 3.4). The rhenium
binds to the His15 imidazole side chain, and as expected, the Re(CO)3(H20)s" ion has lost
a water molecule, forming an imidazole bound Re(CO)3(H20)." fragment. Coordination of
the rhenium to the His15 site does not greatly modify the structure of the protein. The RMS
deviation between the a-carbons of the two protein models is 0.27 A. As can be seen by
superposition (Figure 3.4), the most obvious structural accommodations for the rhenium
complex binding is a flipping of the imidazole of His15 and a slight deviation in backbone

position of this residue.
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Figure 3.3: Ribbon diagram of HEWL with Re(CO)3(H20)2" bound to its unique site at
Ne2 of His15. Hydrogen bond between Asp87 and water W1 of Re(CO)3(H20)." is
depicted as a magenta dashed line.
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Figure 3.4: A superposition of both native (PDB code 6LY Z) and rhenium-modified
HEWL.

Figure 3.5 shows the Fo - Fc omit map of the lysozyme-Re(CO)3(H20)." adduct,
contoured at 2.5¢. The occupancy of the Re(CO)3(H20)." fragment in the model is less
than 1.0 and was modeled at 0.60, consistent with the MALDI-MS data that indicates
partial derivatization of the protein. The refined Re-O bond distance for water W2 is
somewhat long (2.6 A compared to the expected 2.2 A as observed for W1), suggesting
that there are at least two significantly populated rotamers of the Re(CO)3(H20)." adduct,
related by a 90° rotation about the Re—N bond. In the final model, however, only the

principal rotamer was modeled. Partial occupancy of a CO ligand at the W2 position results
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in the Re—O bond having an artificially long Re—O bond distance. The observation that the
electron density of the Re(CO)3(H20)." fragment is well-ordered, rather than averaged,
because of free rotation about the Re—N axis, is possibly due to the stabilizing hydrogen
bond between 052 of Asp87, and a water ligand (W1 in Figure 3.5) on the rhenium. The
Re—N distance of 2.2 A compares well to related small molecule structures.*?” While it is
not possible to definitively rule out partial occupancy of chloride ion at position W2 of the
rhenium tricarbonyl complex to explain the anomalously long Re—water bond length at this
position, we believe the simplest interpretation of the data is the existence of two rotamers
with water coordinated at positions W1 and W2. The Asp87-O&2—water distance (2.5 A)
in the X-ray structure is consistent with this interpretation. In the principal rotamer, Asp87
interacts with W1; in the minor rotamer, Asp87 interacts with W2. The Re—N distance of

2.2 A compares well to related small molecule structures.!?’
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Figure 3.5: Fo - Fc omit map of the lysozyme—Re(CO)3(H20)." adduct, contoured at 2.50.
Argl14 has weak electron density and has alternate conformations, and does not appear to
interact with Re(CO)3(H20)2".

3.4 Conclusion

To the best of our knowledge, the above described work is the first example of a

crystallographically characterized Re(CO)3(H20)."—protein conjugate. There is a
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significant body of work on the ligation of non-natural metal ions to the periphery of
lysozyme, such as the binding of cisplatin to the His15 site.’®® More recently,
organometallic complexes have been attached to this and other proteins, including Fischer-
type metallocarbenes,'®® Mn(CO)s(H20).*,1%! half sandwich Ru(ll) species!®? and most
notably Re(diimine)(CO)s" adducts which were used for long distance electron transfer
studies and also have been crystallographically characterized.”” In addition to the medicinal
relevance of our work, the peripheral modification with Re(CO)s" could be used to further
the fundamental characterization of proteins. With regard to X-ray structural elucidation,
Re(CO)3(H20)3* could be used as a heavy atom reagent to assist crystal phasing, since it
meets all the essential requirements of phasing agents.!® The cation contains a heavy atom,
is water soluble, does not hydrolyze, is relatively non-toxic, has selectivity since it can
readily form a covalent bond with a surface histidine but is not expected to react with other
common groups such as amines and thioethers, and binds to the protein in a way that does
not alter the crystal lattice of the protein. Alternatively, Re(CO)s(H20)s* could be used to
generate the previously mentioned Re(diimine)(CO)s*-type adducts. The ligation of
Re(diimine)-(CO)3X or Re(diimine)(CO)3(H20)" to the periphery of proteins can require
more than three weeks of reaction time at 37 °C.”" In the current work, we observed that
Re(CO)3(H20)s" reacts with the protein at 4 °C in as little as twelve hours. Subsequent
reaction of the conjugate with a diimine would result in the desired electron transfer
conjugate. We are continuing our work in the area of protein— Re(CO)3(H20)."

interactions.
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CHAPTER IV

Re(C0)3(H20)s" BINDING TO LYSOZYME: STRUCTURE AND REACTIVITY

4.1 Introduction

The biological chemistry of organometallic rhenium compounds has received
increasing attention over the past two decades.?* % Although rhenium is not a naturally
occurring biological element, two research areas have sparked interest in the medicinal
chemistry of this element, and specifically the Re(CO)s;™ moiety. First, rhenium is a useful
cold analogue of technetium.?® 122 14 The isotope %™Tc is the most commonly used
radionuclide in clinics, but technetium is a synthetic element with no stable isotopes. A
current focus of researchers is creating new imaging agents from %™T¢(CO)s(H20)s*
because of the ability to convert ®MTcO4 to **™Tc(CO)s(H20)s*, as shown in Figure 4.1,
using a procedure suitable for a clinical setting.l® 122 The chemistry of the analogous
Re(CO)s* group closely resembles that of ®"T¢(CO)s*, and thus its use provides a non-
radioactive method for the design of new radiological imaging agent candidates. To this
end, an extensive and still growing library of rhenium containing compounds has been
established.!®® Second, a nuclide of rhenium is becoming an excellent candidate for the
creation of therapeutic radiopharmaceuticals. A ¥W/'%Re generator elutes carrier-free
188Re04 suitable for use in a hospital setting, with similar ease to the molybdenum

column.'®* 188Re is especially attractive as a therapeutic radiopharmaceutical nuclide as it
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has a relatively short half-life (18 h), a therapeutic beta emission (B~ of 2.1 MeV) and a y
emission of 155 keV that can be used to monitor the therapy with SPECT or PET. Critical
to this effort, a new Kkit,%% 1%° similar to the kit of ®*"TcO4" is commercially available for the
conversion of ¥Re0s to ¥8Re(CO)3(H20)s*, (Fig. 4.1) opening up the possibility of
creating 188Re(CO)s derivatives in a clinical setting. The development of this Kit is strong
reinforcement for the ultimate goal of creating paired **™Tc/'®8Re compounds that target
specific tumor receptors as theranostic radiopharmaceuticals. Such compounds should be
able to simultaneously image tumors with high precision and sensitivity while providing

locally concentrated radiation-based therapeutic options.

OH, +

CO M= Tc(l), Re(l)

CO

Figure 4.1: Structure of the M(CO)3(H20)s" cations.

In addition to the development of diagnostic and therapeutic compounds,
complexes, complexes containing the Re(CO)s* moiety are currently being used to measure
biological electron transfer. Specifically, Re(CO)s(diimine)* derivatives bound to a
specific amino acid residue have been used as photoinduced electron transfer agents. Upon
photoexcitation, the rhenium center undergoes a metal to ligand charge transfer (MLCT)
transition, resulting in a transient Re(i1) species.’®® 17 Most notably, Re(CO)s(diimine)*
fragments have been appended to the periphery of proteins via histidine groups to

investigate the effects of protein structure on electron transfer kinetics.”’
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Accordingly, there has been increasing interest in the coordination chemistry of
rhenium with biological molecules. In part, this chemistry has been driven as a result of
the development of bifunctional chelating agent (BFCA)-based drug design strategies.
Over the past few years, groups have investigated the binding of the Re(CO)s" unit to
nucleic acids and nucleotides,®® 9 144146 amino acids and polypeptides.t? 38 148. 149 |
Ziegler and Herrick’s recent work, for example, Re(CO)3(H20)s* was observed to form
discrete complexes with N-acetyl histidine and histidylhistidine, and the latter complex
was stable in the presence of biological nucleophiles.®® However, there has been little work
on rhenium-protein complexes as models for technetium based imaging agents or rhenium-
based therapeutic agents. Investigations of protein binding would provide useful
information on possible biological processing of rhenium and technetium drugs, assist with
the development of new protein-based drug candidates, and improve the synthesis of
protein-rhenium diimine adducts for electron transfer studies.

Previously, we found that crystals of the protein hen egg white lysozyme (HEWL)
grown from a solution containing Re(CO)3(H20)s" deliver a structure where the cation
binds to a single amino acid side chain at the periphery of the protein via Ne2 of the His15
imidazole ring.”® This imidazole replaces a water in the Re(CO)3(H20)s* cation, affording
a mono-substituted complex. The selective binding can be readily observed by both IR
spectroscopy and mass spectrometry.

In this chapter, we continue our structural study on the interaction between the
Re(C0)3(H20)s" cation and HEWL. In addition to providing more detail from our previous
structural characterization, we were able to generate the complexed protein by using the

standard crystal soaking approach,’®® and a solution study performed by NMR
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spectroscopy; in each case we observe structures identical to the structure previously
reported, demonstrating that the mode of binding is independent of the mode of crystal
growing and of whether the structure is packed in a crystal or dissolved in solution. In each
case, the ligation of Re(CO)3(H20)s" to the periphery of the lysozyme has minimal effect
on the overall structure of the protein. The NMR experiments show that the timescale for
rhenium binding to the periphery of lysozyme generally agrees with the known substitution
kinetics of the Re(CO)3(H20)s" ion.1%%172 Fyrther, we comment on the bonding of the

Re(C0)3(H20)s" ion and note ways it could be enhanced.

4.2 Experimental

Materials and Methods: Triple re-crystallized, lyophilized hen egg white lysozyme
(HEWL) was obtained from MP Biomedicals. All reagents and solvents were purchased
from Sigma, Aldrich, Acros Organics or Strem and used without further purification.
Solutions of [Re(C0O)s(H20)s]Br were prepared as previously described®® and evaporated
to dryness to produce a solid compound previously identified as
[Re(CO)3(H20)3][Re2(CO)s(u2-Br)s] - 6H20.%2 Rhenium elemental analysis was carried out

via ICP-OES at the University of Illinois at Urbana Champaign Microanalysis Laboratory.

Equilibrium dialysis experiments: Lysozyme was dissolved in 0.05 M sodium phosphate
buffer (pH = 5.8) to make solutions with protein concentrations of 1000, 300, 100, 30, 10
and 3 pM. 3 mL of each of the preceding solutions were injected into Slide-A-Lyzers®
dialysis cassettes. The protein solutions were dialyzed for 72 h against 1 uM

[Re(CO)3(H20)3]Br in 500 mL of 0.05 M sodium phosphate buffer (pH = 5.8). The protein
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solutions and samples of the corresponding dialyte were sent for rhenium elemental

analysis.

Re(C0)3(H20)s* soaking experiments: Lysozyme crystals were obtained via the hanging
drop method, using a reservoir solution of 0.05 M MES buffer (pH = 5.5) and a drop
composed of 4 pL lysozyme solution (50 mg ml™Y) and 4 uL reservoir solution. Large,
tetragonal crystals appeared in 24 to 48 h. The crystals were then transferred to a 6 uL drop
containing 0.10 M MES, 1.6 M NaCl, and 5 molar equivalents of [Re(CO)3(H20)s]Br. The
drop was re-suspended over the original reservoir solution and incubated for 5 days at room
temperature. Crystals were cryo-preserved by soaking for a few minutes in mother liquor

plus 30% glycerol and flash cooling in liquid nitrogen.

Glyoxime soaking experiments: Lysozyme (50 mg ml™) and 3 molar equivalents of
aqueous Re(CO)3(OH2)3]Br were allowed to incubate at 4 “C for 12 h. The resulting
solution was crystallized via the hanging drop method. The drop was composed of 6 ul of
the protein solution and 6 pL of the reservoir solution. The reservoir solution was
composed of 0.05 M MES buffer (pH=5.0) with 0.8 M NaCl. Crystals appeared within 48—
72 h. Large, single domain crystals were harvested with a loop and transferred to a 10 pL
drop that contained 10 molar equivalents of glyoxime in 0.1 M MES buffer (pH =5.0) with
1.6 M NaCl. The new drop was then sealed over the original well solution and allowed to
react over a period of 4 days. At that point, the crystals had acquired a yellow to yellow-
brown hue. They were harvested and cryoprotected in a solution of the soaking buffer to

which 30% (w/v) glucose had been added.
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Nuclear magnetic resonance experiments: A solution of 0.05 M sodium phosphate, pH 5.8,
was made using D20, evaporated to dryness and then re-hydrated with D>O to produce the
buffer. This buffer was then used to make solutions of lysozyme and [Re(CO)3(H20)3]Br.
Aliquots of these two solutions were combined to make samples containing 5 mM
lysozyme with 0, 0.4, 1, or 3 molar equivalents of [Re(CO)3(H20)3]Br. Samples were
equilibrated for several hours prior to measurement. Proton 1D spectra and 2D H/*C
HSQC spectral’® were collected on each of these pre-equilibrated solutions. HSQC spectra
were collected with 80 complex pairs, 128 scans, a 1.2 s recycle delay, a 43 ppm carbon
carrier, and sweep widths of 12,000 and 15,000 Hz (*H and *3C, respectively) on a 750
MHz Varian Inova spectrometer equipped with a triple resonance cold-probe. Aromatic
resonances were aliased in the carbon dimension to improve resolution. For the 24 h time-
course experiment, a three molar equivalent ratio of Re(CO)3(H20);" to HEWL was
employed with a sample of both species freshly dissolved in D2O. Immediately after
dissolution, a *H 1D spectrum timecourse was collected as a pseudo-2D dataset on a Varian
Inova 400 MHz spectrometer with 128 scans, 8196 points, and 2 s recycle delays. Initial
time points of 300, 1200, and 2100 s between experiments were used, followed by 18
spectra separated by 3600 s each. Note that for the 1D spectra significant numbers of non-
exchanged indole and backbone amide protons remain in these samples even after one or
two days in D2O. Proton 1D spectra were processed and overlain in iNMR
(http://lwww.inmr.net) while 2D datasets and 24 h pseudo-2D dataset were processed with
NMRPIPE!™ and visualized with SPARKY (T. D. Goddard and D. G. Kneller, SPARKY
3, University of California, San Francisco). Chemical shift values from the 24 h time-

course were fit to an exponential function and plotted using IgorPro (Wavemetric, Inc.).
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4.3 Results and discussion

Since the first report of its synthesis by Alberto in 1994,1* the Re(CO)3(H20)3" ion
has been shown to form stable complexes with a variety of ligand types upon substitution
of one or more of the bound water molecules. The water molecules on Re(CO)3(H20)s" are
labile, and many examples of Re(COs)Ls compounds have been isolated, including
biologically relevant complexes where L includes amines, imidazoles, thiolates, thioethers,
alcohols and carboxylates.® More recently, Ziegler and Herrick have shown that
Re(CO)3(H20)s" will react with amides in peptides to form N-bound deprotonated
chelates.®® Thus, from a coordination chemistry standpoint, the Re(CO)3(H20)s* ion can
potentially react with many amino acid side chains, and could even react and bind to the
peptide backbone in a protein. When considering the protein lysozyme, there are a variety
of potential metal binding sites at the periphery of the protein, and the external lysines have
been an oft-used target. %% 17> However, recent efforts have focused on the single peripheral
imidazole ring at His15.1* Fontecilla-Camps et al. observed the binding of a
Mn(CO)3(H20)2 * unit to the His15 site of lysozyme,®! forming a protein adduct where the
metal adopts an octahedral geometry. The coordination sphere in this protein complex
consists of three facial carbonyl units, two water molecules and the imidazole ring of the
histidine. Sadler et al. have reported an organometallic Ru-lysozyme complex.®> More
recently, Romao et al. presented a communication on the soaking of lysozyme crystals with
fac-Ru(CO)sCl(1?>-H2NCH2CO0).1’® The metal primarily formed an adduct at the His15
site analogous (80% occupancy) to that seen with the Mn(;) chemistry except with two cis

carbonyls instead of three facial carbonyls. Additionally, ruthenium binding is also

119



observed at two carboxylate side chains from amino acids Asp18 and Asp52 with 50% and
40% occupancies, respectively.

The interaction of rhenium with proteins is being investigated by several groups
with the goal of determining the possible fate of rhenium based radiopharmaceuticals in
the bloodstream.’” Such studies have proven valuable in determining the
pharmacokinetics of platinum and ruthenium based anticancer agents.'®® 62 178 Zghj and
Spingler have published a study of the reactivity of the [Re(CO)s(H20)2]"-lysozyme
complex with additional ligands to further elucidate ways in which the binding of rhenium
to a protein might influence the action of a rhenium based drug complex.!’” Compared to
solvated fac-[Re(CO)3(H20)3]", the waters on the [Re(CO)3(H20)2]*-lysozyme complex
are less readily substituted, which the authors demonstrate by incubating the
[Re(CO)3(H20)2]"-lysozyme complex and [Re(CO)s(H20)3]* with imidazole and pyridine.
The [Re(CO)3(H20)2]*-lysozyme complex could be mono-substituted with the imidazole,
forming fac-[Re(CO)3(His15)(im)H20)]*- and no pyridine substitution was observed. The
reaction of the solvated [Re(CO)3(H20)s]* with imidazole gave mono-, bis-, and tris-
substituted complexes and the reaction with pyridine gave the bis-substituted product. The
reaction of [Re(CO)3(H20)2]*-lysozyme with 2-methylaminopyridine (pn) did not yield the
expected fac-[Re(CO)s(His15)(pn)], but instead gave a mixture of unmetallated lysozyme
and free [Re(CO)3(pn)(H20)]*. Similar demetallation of the protein was observed with
other primary amines such as ethylenediamine.”’

We carried out a preliminary investigation into the binding of rhenium to lysozyme
by using equilibrium dialysis. Samples of varying HEWL concentration were dialyzed

against a solution of the Re(CQO)3(H20)s" ion in phosphate buffer at pH 5.8. Total rhenium
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concentrations inside and outside of the dialysis bag were determined by ICP-MS. These
experiments with Re(CO)3(H20)s* revealed a coarsely determined Kg of about 50 pM,
consistent with the NMR-observed fast exchange behavior reported below. There has been
some kinetics studies on simple ligands binding to Re(CO)3(H20)3" and the system most
similar to the histidine side chain is the pyrazine system studied by Alberto et al.}’®
However, the analogous Kq for pyrazine and Re(CO)3(H20)3" (based onthe reported Ka) is
in the range of 102 — 10°. The discrepancy in Kgq can be rationalized several ways. First,
the pyrazine Kawas determined in a higher concentration of electrolyte (I = 1M) than was
used in our protein experiments, where the concentration of phosphate was only 0.05 M.
In addition, the Re(CO)3(H20)s" can readily interact with anionic residues or side chain
heteroatoms on the surface of lysozyme prior to ligation, which could result in an increased
affinity. Lastly, the pyrazine experiments were conducted at low pH, and we would expect
the presence of deprotonated acid residues to increase the affinity of the Re(CO)3(H20)s"
ion. In particular, one acidic residue, Asp87, is within 4 A of the rhenium atom in this
structure (vide infra).

Using NMR we have probed the nature of Re(CO)3(H20)s" interaction with HEWL.
2D H-13C HSCQ spectra were collected on 24 h equilibrated complexes with various
ratios of freshly prepared Re(CO)3(H20)s* solution. For the most part, chemical shifts of
the protein were unchanged from published values.'”® Only residue Hisl5 shows
appreciable chemical shift changes, as shown in Figure 4.2 (insets). Thus only one specific
site in HEWL is metallated by rhenium under these conditions. Additionally, the gradual

chemical shift changes observed as a function of Re(CO)3(H20)s" concentration suggest
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fast chemical exchange between free metal ion and protein bound metal ion with regard to

the NMR chemical shift timescale.
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Figure 4.2: 3C HSQC Spectra collected on 5 mM HEWL titrated with Re(CO)3(H20)s"
at 0 : 1 (black), 0.4 : 1 (green), 1: 1 (blue), and 3 : 1 (red) ratios.

We also collected 'H 1D spectra on these complexes and the aromatic/
exchangeable proton region is shown in Figure 4.3. Slow and incomplete H>O to D20
exchange permitted observation of amide and tryptophan indole resonances that shift upon
metalation. All of the peaks move with apparent fast exchange with regard to chemical
shift, although the peaks shift around surprisingly slowly relative to the timing of rhenium
addition. The two carbon-bound, and hence non-solvent exchangeable, proton resonances

from H15 that shift and broaden upon Re(CO)3(H20)3" addition are also labeled. The
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remaining resonances shift and broaden due to the combined process of slow deuterium
exchange and rhenium binding. Mapping these changes onto the crystal structure of
unmodified HEWL, as shown in Figure 4.4 shows that majority of the changes correlated
to two places, the binding site and two tryptophan indoles nearby. These later changes are
probably a result of slight changes in the H>O to DO exchange properties of these residues.
The sites confirmed by NMR to be high occupancy sodium and chloride, rather than low

occupancy rhenium, binding sites are indicated by the small blue spheres.

H15 HD2 !\
|

H15 HE2 . ]
|
|

10.5 10 9.5 9 8.5 8 7.5 7 6.5 ppm

Figure 4.3: 1D spectra collected at 400 MHz on 4 mM lysozyme freshly dissolved in
100% D20 (red), and the same sample with 2 equivalents of Re(CO)3(H20)s" after 24 h
(black).
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Figure 4.4: Amide chemical shift changes mapped on to the HEWL surface structure.
Tentatively assigned residues that experience amide or indole chemical shift changes
upon metalation are rendered purple. His15 experiences both amide and *3C imidazole
shift changes (the only residue with changes in the ¥*C HSQC) and is colored cyan.
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Figure 4.5: Time dependent chemical shift changes for H15 HE1 show unusually slow
“fast-exchange” behavior, i.e. one peak shifting between starting and ending chemical
shifts. (a) Interferogram of the time dependence of chemical shift changes upon
metalation. (b) Nonlinear fit to y = yo + A*exp @™ of the boxed region in panel A.
yo = 3556.8 + 0.07 Hz, A = 6.15 + 0.23, Tau™ = 1.22 + 0.13 hours.
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To elaborate upon the rate of metalation, we collected a 24 h time-course,
monitoring the chemical shift changes in protein resonances upon immediate introduction
of an excess of Re(C0)3(H20)s* to HEWL, as shown in Figure 4.5 (above). In spite of the
apparently ‘“fast’’ chemical shift changes observed above, changes in the spectra of HEWL
took at least an hour to finish. This was surprising due to the fast exchange behavior and,
as will be discussed below, indicates that Re(CO)3(H20)s" metalation is not a simple on/off
(i.e. bimolecular) mechanism. In addition, the water exchange rates as investigated by
Merbach et al. are clearly relevant to these processes.*5°

In addition to collecting X-ray data on crystals grown from lysozyme-rhenium
reaction solutions, we also investigated the soaking of lysozyme crystals with the
Re(C0)3(H20)s" ion. This reaction is analogous to the soaking experiments carried out by
Fontecilla-Camps and coworkers with Mn(CO)3(H20)s" ion.1%! We were able to collect
data that was identical to that of the solution-based reaction crystals, with rhenium
modification at Hisl15. In addition, we also investigated soaking lysozyme—rhenium
crystals with a chelating diimine, glyoxime. Glyoxime and other dioximes have been
shown to avidly bind to Re(CO)s" centers, and are structurally analogous to the diimine
systems investigated by Gray et al.”” However, exposure of lysozyme—rhenium crystals to
glyoxime leached the rhenium metal center away from the protein, regenerating
unmodified lysozyme, in a similar manner to the demetallation of the [Re(CO)3(H20)2]+-
lysozyme complex by primary amines that was observed by Zobi and Spingler and

mentioned previously.!”’
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4.4 Conclusions

Using both solution methods (NMR) and crystallography, we have characterized
the Re(CO)3(H20)s* complex of hen egg white lysozyme and found that the surface
histidine binding site is the preferred and exclusive site of ligation. The significance of the
consistency of these two methods suggests that this complex is probably relevant to both
in situ and in vivo preparation of rhenium-protein complexes. In particular, the use of
histidine, a nearly ubiquitously surface exposed amino-acid, for metalation suggests that
many targets beyond simply lysozyme are available to rhenium complexation. Thus, the
general nature of this ligation may be invaluable in implementing this species to be a
generic contrast agent probe.

The reversible bonding of Re(CO)s(H20)s" to His15, as indicated by the fact that
soaking the metalated crystal with glyoxime completely removed the bound rhenium,
suggests that vicinal surface-bound histidines might be necessary to create complexes that
might withstand biological conditions. Alternatively, His-tags®®  or the use of
recombinant DNA techniques could produce suitable binding environments. We are
currently looking for suitable candidates.

The time constant (t) for the initial exchange of Re(CO)3(H20)3" onto HEWL is
1.2 h, i.e. with a rate of ~2 - 10 s (Fig. 4.4), whereas fast exchange behavior on the
chemical shift timescale (Fig. 4.1 and 4.2) is usually observed for states with lifetimes of
~100 psec. The eight orders of magnitude difference can only be explained if binding of
rhenium to the protein is not simply a two-state process, but is limited due to a long-lived
initially unreactive species. We hypothesize that it is the dissociative interchange from

Re(CO)3(H20)3* that is the rate limiting since previous work suggested that this process
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has a similar magnitude rate (7.6 - 10 M s1) for the dimethyl sulfide monitored formation
of Re(CO)3(H20)2(DMS)* from the triaqua compound.!8 This is significant because it
suggests that protein metalation is highly dependent upon the residence time of coordinated
waters. Modulation of the residence time of a single water may be achievable by
substitution of the other two waters with different ligands such as 2,2’-bipyridine or similar
diimines.’8! This should suppress dissociation of the remaining water and prolong its
residence time. Modulation of the residence time of the remaining water, and hence speed
of protein metalation, may be important for engineering rhenium to be a viable imaging

probe or antineoplastic agent.
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CHAPTER V
ADDITIONAL INVESTIGATIONS OF THE BIOLOGICAL INTERACTIONS OF

TRIAQUA TRICARBONYL RHENIUM (1)

5.1: Introduction

While the body of this work focuses on the basic chemistry of the M(CO)s* core
(M= Tc, Re), its potential as a SPECT or PET imaging moiety, the synthesis and toxicity
of tripodal Re(CO)s" complexes, and the interaction of the Re(CO)s" moiety with
lysozyme, Re(CO)s* cores have a wide range of potential applications. In this chapter, we
will describe a two part study of the organometallic chemistry of the Re(CO)s* core. We
will explore the use of Re(CO)s" compounds as X-ray contrast agents and explore the
relationship of Re(CO)s* with the protein, insulin. Due to the diverse nature of these

experiments, a brief introduction of each topic is below.

Rhenium as a contrast agent: Introduction

While it is one of the oldest and most widely available diagnostic techniques,
optimizing X-ray procedures for soft tissue is an active area of research.!8 Soft tissue X-
ray procedures require the use of a higher atomic number contrast agent to attenuate the
administered radiation so that tissues of similar density and composition can be
distinguished on a radiograph.'8 Contrast enhancement can be primarily attributed to the

photoelectron effect of higher atomic number elements. The most commonly used contrast
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agents incorporate iodine or barium for this purpose. Barium, in the form of barium sulfate
suspensions, is used solely for imaging of the gastrointestinal tract.'3* Sodium iodide was
the first iodine contrast agent to be administered intravenously in 1923.1%° Most iodine
contrast agents used in modern medicine are based on the covalently bound 1,3,5-
triiodobenzene contrast agent,'8? as covalently bound iodine was found to be associated
with fewer side effects.'® 187 The iodixanol discussed below is a molecule of this type.
However, all iodine contrast agents are associated with risks including cardiovascular
events, nephropathy, and anaphalaxis.8" 188

Barium is by no means the only metal atom suitable for X-ray attenuation. There
are many considerations involved in contrast atom choice. Clinical X-rays are usually
produced from a tungsten X-ray tube, which generates photons with energies ranging from
20-150 keV. An ideal contrast agent must be able to absorb photons in this range. Photons
are more likely to be absorbed when the binding energy of the innermost shell, or K shell,
electrons is just below the energy of the photons. The binding energy of the K shell
electrons is characteristic of the atom and is also referred to as the K edge energy. There is
a large increase in K edge correlated with increased atomic number, as shown in Table 5.1
below.!8* Bearing in mind that the K edge of iodine is 33.2 keV, and barium is 37.4 keV,
these atoms actually attenuate a much smaller percentage of the photons produced than
some of the heavier metal atoms considered. Other considerations, such as patient safety

and low cost, have led to the prevalence of these contrast agents in clinical use.'8®
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Table 5.1: The K shell binding energies (K edge) of some representative heavy metals.*®°

Element Atomic Number K edge energy (in keV)

I 53 33.2
Ba 56 37.4
Gd 64 50.2
Yb 70 61.3
W 74 69.5
Re 75 71.7
Au 79 80.7

Because of the less than ideal efficiency of iodine and barium as X-ray attenuators,
heavy atoms have been, and continue to be, studied for use as contrast agents. The efficacy
of such heavy metal complexes was discovered serendipitously, when a patient treated with
the MRI contrast agent gadopentetate dimegulumine (Magnevist™, structure shown in
Figure 5.1, below) underwent a subsequent CT scan that showed the unexpected contrast
enhancement. This complex is now routinely used as a contrast agent in patients with renal
insufficiency or iodine allergies that would preclude the use of iodinated contrast agents. 84
191 There are several other examples of gadolinium based MRI contrast agents that have
demonstrated efficacy as X-ray contrast agents, such as gadodiamide (Omniscan™)% and

gadoteridol (ProHance™).184
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@ Outer Ligand (L)

(_ Chalcogen (Q)
@ Rhenium (M)

Figure 5.1: Structures of representative metal contrast compounds: (a) Magnavist,'*® (b)
Omniscan,!® (c) ProHance,* (d) W cluster complex,*** (e) Re cluster complex with the

general formula [{MsQsLs]".182
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Metals have also found use as X-ray contrast agents as so-called “cluster
complexes;” compounds that contain two or more metal atoms. Tungsten, bismuth,®
molybdenum, and rhenium examples®? of these cluster complexes that have been
investigated as X-ray contrast agents are also pictured in Figure 5.1 above. The water
solubility of these compounds often limits their exploration and the biological processing
of the metals and complexes has to be better understood in order for these complexes to be
utilized clinically. Many of the rhenium compounds that we have studied have proven to
be robust in biological challenge experiments and with an atomic number of 75, robust
rhenium complexes could serve as X-ray contrast agents. Targeted rhenium complexes
could potentially assist in the diagnosis of smaller tumors or more complex disease
processes, since they would be able to accumulate at the disease site. Additionally, the
same rhenium complex could be used as an X-ray contrast agent and as a chemotherapeutic
with the use of cold rhenium isotopes for the former and the beta emitting ®Re for the
latter. Investigations of the X-ray attenuation of the “parent” molecule of
[Re(CO)3(H20)3]Br could also shed fundamental insight on the biologic processing of this
metal. Herein, we present introductory investigations into the use of [Re(CO)3(H20)3]Br

as a potential X-ray contrast agent.

Insulin binding to the Re(CO)s* core. Introduction:

While the Re(CO)s™ modified lysozyme, discussed in the previous chapters, can
offer insights into the interaction of this core with proteins and possible biological
processing mechanisms, metalating the protein insulin with Re(CO)s" would be a direct

route to a viable radiopharmaceutical. 1> 5% % Insulin is a polypeptide hormone that has a
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regulatory role in glucose uptake and metabolite storage, including lipids and proteins.'®
Abnormalities in insulin regulation are associated with diabetes, hypertension, and
cancer.%197 Thus, diagnostic radiopharmaceuticals based on insulin offer clinicians a non-
invasive means of studying insulin disregulation in a variety of disease states. Molecular
imaging agents derived from human insulin, incorporating nuclides such as 21, 1241, 1%,
18F, and ®’Ga have been reported.>>* Valiant and coworkers have produced an insulin-
9MT¢(CO)s* conjugate via the BFCA approach.® The binding of the cold rhenium analog
of this conjugate to the insulin receptor was near that of native insulin, which further
highlights the potential of Re(CO)s* insulin conjugates as radiopharmaceutical targets.'® In
this chapter our attempt to produce and structurally elucidate an insulin-Re(CO)s*
conjugate through the direct labeling approach is described, along with its crystallization

and MALDI-TOF-MS characterization.

5.2: Experimental

All reagents and solvents were purchased from Sigma, Aldrich, Acros Organics or
Strem and used without further purification. Porcine insulin were obtained from MP
Biomedicals. Solutions of [Re(CO)s(H20)s]Br were prepared as previously described®® and
evaporated to dryness to produce a solid compound previously identified as
[Re(CO)3(H20)3][Re2(CO)s(p2-Br)s] - 6H20.52 IR spectra were recorded on a Nicolet
NEXUS 870 FT-IR Esp and Perkin Elmer Spectrum One FT-IR spectrometers. Mass
spectrometric analyses were carried out on a Bruker Reflex 111 MALDI-TOF at the Mass

Spectrometry and Proteomics Facility at the Ohio State University in Columbus OH.
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5.2.1: Rhenium as an X-ray contrast agent: Experimental

Solid [Re(CO)s(H20)3]Br was prepared as previously described.%® 20% wi/v
ballistics-style gelatin was prepared according to literature conditions using Knox™
gelatin.’® Concentrated solutions of Nal and [Re(CO)3(H20)3]Br in water were made and
added to 500 pl aliquots of room temperature water in a microcentrifuge tube. 500 pl of
the 20% w/v cooled gelatin was added to each tube and the tubes were inverted several
times to mix the sample without introducing air bubbles into the gelatin. Final
concentration of the gelatin in each sample was 10% w/v and the final concentrations of
iodine and rhenium in the samples were 0.016 M, 0.032 M, 0.076 M, 0.13 M, and 0.26 M.
500 pl of distilled water was also added to an aliquot of the 20% w/v gelatin to serve as a
control. The mixed samples were transferred to wells of a 24 well tissue culture plate, as
shown in Figure 5.2 below and allowed to solidify at 4-10 °C overnight. An X-ray

radiograph of the resulting plate was obtained the following day.
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Re(CO)1(H.0):Br

Re(CO)1(H-0)-Br

Control 0.032M 0.13M
Nal Nal
0.016M 0.076M 0.26M
Nal Nal Nal
Control 0.032M 00.13M
Re{CO)1(H:0)5Br Re{CO)1(H:0)5Br
0.016M 0.076M 0.26M

Re(CO)1(H-0)-Br

Figure 5.2: Cell culture plate containing various concentrations of Nal and
[Re(CO)3(H20)3]Br in the indicated positions.

5.2.2 Insulin binding to the Re(CO)s* core. Experimental:

10 mg of porcine insulin was added to 750 pl of nanopure water, dissolved by

adding 20 pL aliquots of 0.5 M NaH2>COz until no more solid insulin could be seen, then

diluted with nanopure water to a final insulin concentration of 10 mg mL™. Crystals were

obtained via the hanging drop method using a reservoir solution of 0.05 M MES buffer (pH

=5.5) and 0.8 M NaCl. The drop was composed of 4 uL of the reservoir solution and 4 pL

of the protein solution. Small to medium sized insulin crystals appeared in 72 hours. The

insulin crystals were collected with a wire loop and transferred to a 8 puL drop containing

3 molar equivalents of [Re(CO)3(H20)3]Br, which was then resealed over the original well

for 72 hours. For mass spectrometry experiments, 10 mg of insulin was added to 500 pL
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of nanopure water. 10 pL aliquots of NaHCO3 were then added to dissolve the protein.
Next, nanopure water was added to produce a final protein concentration of 10 mg mL™,
Aliquots of this protein solution were added to aliquots of [Re(CO)3(H20)3]Br solution to
produce samples with insulin : rhenium concentrations of 1:0, 1:0.1, 1:0.5, 1:1, 1:2, and
1:3. The solutions were incubated for 12 hours at 4 “C then analyzed by MALDI- TOF-

MS.

5.3.1 Rhenium as a contrast agent: Results and discussion

To further explore the use of rhenium as a X-ray contrast agent, we compared the
parent compound [Re(CO)3(H20)3]Br to the contrast provided by ionic iodine. lodixanol,
sold under the brand name Visipaque™, is an intravenous iodine contrast agent widely
used for Contrast Enhanced Computed Tomography (CECT) of head or body.'*®® The
structure of iodixanol can be seen below in Figure 5.3, along with [Re(CO)3(H20)3]Br The
molecular weight of iodixanol is 1550.20 g/mol and it is composed of 49.1% iodine by
weight, which is similar to the 46.1% rhenium by mass of the [Re(CO)3(H20)3]Br. The
lowest effective and maximum recommended doses of iodixanol correspond to an iodine
molarity of 0.032 M and 0.076 M respectively.!® Solutions of sodium iodide and
[Re(CO)3(H20)s]Br corresponding to a range of molarities above and below this range

were prepared in ballistics gelatin to simulate the density of human tissue.
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Figure 5.3: Iodixanol (Visipaque™)!* and [Re(CO)3(H20)3]Br.%2

As can be seen below in Figure 5.4, the rhenium complex did indeed provide X-ray
contrast similar to that of sodium iodide. While the gelatin also attenuated the X-rays to
some extent, visual inspection shows that the gelatin samples containing the sodium iodide
and [Re(CO)3(H20)3]Br had much greater attenuation. Further studies would be needed to
determine the effects of the bromide ion on the attenuation of the [Re(CO)3(H20)s]Br

complex.
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Figure 5.4: Positive (top) and negative (bottom) radiographs of ballistics gelatin samples
containing various amounts of Nal and [Re(CO)3(H20)3]Br.
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5.3.2 Insulin binding to the Re(CO)s* core. Results and Discussion

The labeling of insulin with Re(CO)s* would be a direct approach to
radiopharmaceutical development, while also lending insight into the biological processing
of the Re(CO)s* core and the protein-metal interaction.’® The need to monitor insulin
disregulation is applicable to several disease states.!% 1" There were several challenges to
overcome in our production and characterization of a Re(CO)s" - insulin conjugate. First,
standard protocols for insulin crystallization call for the use of ammonium hydroxide to
fully dissolve the insulin and phosphate buffers for crystallization.®> Ammonium in
particular is an excellent ligand for Re(CO)s" so we replaced these two entities with
NaHCO3 and the non-coordinating MES buffer, to increase the chances of the Re(CO)3*
core binding to an amino acid site on the periphery of the protein, such as histidine. We
were able to grow small cubic insulin crystals under these conditions that were visually
similar to insulin crystals seen in the literature.™> These crystals were cryoprotected as
described previously and we were able to collect X-ray data on these Re(CO)s*-insulin
crystals, although a structure solution has not yet been found.

We exposed insulin solutions (1 mg mL™ protein) in pure water to several
stoichiometries of the Re(CO)3(H20)s* ion, and the observed mass spectra are shown in
Figure 5.5-5.7 below. Unmodified insulin shows a peak at approximately 5806 m/z, in
agreement with its experimentally determined molecular weight.*® As the ratio of
Re(C0)3(H20)s" ion to protein increases, a peak that corresponds to an increase in mass of
approximately 270 appears. This mass change corresponds to the weight of the Re(CO)3s*
unit, a clear indicator that the Re(CO)3(H20)s" ion is interacting with the protein, possibly

via coordination of one or more amino acid side chains.
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Figure 5.5: MALDI-TOF MS of 1:0 (top) and 1:0.1 (bottom) molar equivalents of
insulin:Re(CO)s*.
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Figure 5.6: MALDI-TOF MS of 1:0.5 (top) and 1:1 (bottom) molar equivalents of

insulin:Re(CO)s*.
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Figure 5.7: Mass spectra of 1:2 and 1:3 molar equivalents of insulin to Re(CO)s".
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5.4 Conclusions:

While the Tc(CO)s*™ and Re(CO)s™ cores have been around for some time, many
aspects of the fundamental chemistry of these cores has yet to be explored. In this chapter,
we have explored the use of [Re(CO)3(H20)3]Br as a possible X-ray contrast agent, and
while further studies are needed to determine the extent of the X-ray attenuation provided
by rhenium, the use of Re(CO)s* cores as contrast agents could make !®®Re
radiopharamaceutical treatment available to facilities that do not have access to the more
expensive SPECT and PET instrumentation.

The insulin-Re(CO)3* conjugate was visible in the MALDI-TOF mass spectra but
a suitable structural solution was not obtained through X-ray diffraction. Due to the low
yield of the insulin-Re(CO)s* crystallization experiments, IR spectroscopy was not
performed, but IR experiments might shed light on the interaction between insulin and the

Re(CO)s* core.
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CHAPTER VI

SUMMARY

9MTc is a mainstay of nuclear medicine. This nuclide has ideal clinical isotopic
properties and can be widely available through the use of **Mo-*"Tc generators. The
development of a kit to reduce the pertechnetate eluted from the generator to **™T¢(CO)s*
has sparked interest into radiopharmaceutical development based on the **™T¢(CO)s* core.
The development of an analogous ®¥W-'¥Re generator and a similar reduction kit to
produce ®Re(CO)s* has made the pursuit of radiopharmaceuticals based on the
18Re(CO)s* core a more practical endeavor. Rhenium tricarbonyl complex- based
radiopharmaceuticals can serve as mimics for their *°™Tc- based counterparts, since the
chemistry of these two elements is very similar in their +1 oxidation states. Rhenium
tricarbonyl complexes also have potential uses as therapeutic radiopharmaceuticals,
especially with the incorporation of the beta emitting ®Re isotope.

Herein, the syntheses and toxicity of tripodal tricarboyl rhenium complexes as
radiopharmaceutical models are reported. Complexes of the type [Re(CO)3(TAME)]X
(TAME = 1,1,1-trisaminomethylethane, X= Br, CI, NOs, CIOs, and PFs) were
synthesized. [Re(CO)3(TAME)]CI and [Re(CO)3(TAME)]Br were made by refluxing

Re(CO)sCl and Re(CO)sBr, respectively, in methanol with the TAME ligand. The

remaining three complexes were made via metathesis reactions of [Re(CO)s(TAME)]CI
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with the corresponding silver salt (AgNOs, AgCIO4, and AgPFe). Full characterization,
including X-ray diffraction analysis of the complexes, showed isostructural anions that
differed only in the identity of the non-coordinating anion. The toxicity of these salts was
investigated using two cell lines, the monoclonal HeLa-S3 cell line and a primary cell line
harvested from the vascular smooth muscle cells of mice. None of the complexes were
appreciably toxic in the HelLa-S3 cell line, even at the highest concentrations that the
aqueous solubility limit of these complexes allowed. The common analgesics
acetaminophen, acetylsalicylic acid, and ibuprofen were also tested at identical
concentrations to further underscore the lack of toxicity displayed by these complexes. The
bromide salt exhibited limited toxicity in the vascular smooth muscle cell line, which can
likely be attributed to the cytotoxicity of the anion rather than the complex itself.

We also report the reaction of Re(CQO)3(H20)3" with hen egg white lysozyme in
aqueous solution. Re(CO)3(H20)3" was made according to the literature conditions by
refluxing Re(CO)sBr in water for several days. We combined several stoichometries of
Re(CO)3(H20)s* to lysozyme and observed the coordination of the two species via MALDI
mass spectrometry. A peak corresponding to the mass of the lysozyme- Re(CO)3(H20)s*
conjugate was observed as the concentration of Re(CO)3(H20)s" was increased.
Crystallization of the lysozyme- Re(CO)3(H20)s"conjugate was achieved via the hanging
drop method, using a solution with a 50 mg mL™ lysozyme concentration and a molar
equivalent of lysozyme to Re(CO)3(H20)s* of 1:3. Single crystal X-ray diffraction analysis
showed that the rhenium tricarbonyl cation binds to the His15 site of the lysozyme in two
significantly populated rotamer conformations. The rotamer conformations were supported

by the IR spectra of the lysozyme- Re(CO)3(H20)s" crystals, which showed one e and 2 a;
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v(CO) stretching bands resulting from the pseudo-Csy symmetry of the facial Re(CO)s*
unit and the presence of multiple rotamers of the Re(CO)3* adduct.

We continued our study of the lysozyme- Re(CO)3(H20)3" conjugate by first
studying the binding of Re(CO)s" to lysozyme through equilibrium dialysis and next
through NMR experiments. The results of these experiments agreed with the
crystallography experiments mentioned previously; namely, that the rhenium tricarbonyl
cation binds to His 15 via replacement of one of the coordinated water molecules to result
in a single covalent adduct. We soaked lysozyme- Re(CO)3(H20)s" crystals in a solution
containing glyoxime in an attempt to replace the remaining two waters. The resulting
crystals were also subjected to X-ray crystallographic analysis and no rhenium electron
density was observed. This indicated that the glyoxime had leached the rhenium center
away from the protein and that the bonding of the Re(CO)3(H20)s" complex to His 15 is
reversible.

We further probed the interaction of Re(CO)3(H20)s* with two studies; the study of
Re(CO)3(H20)3Br as a potential X-ray contrast agent, and a study of the interaction of
Re(CO)3(H20)s* and porcine insulin. The X-ray attenuation of Re(CO)3(H20)3Br was
compared to molar equivalents of sodium iodide by examining a radiograph of these
compounds in ballistics gelatin. Re(CO)3(H20)3Br attenuated X-rays at an rate equaling or
exceeding that of sodium iodide, although further studies would be needed to determine
the contribution of the bromide ion. The synthesis of an insulin- Re(CO)s™ was successful
and mass spectra confirmed the formation of insulin-Re(CO)s*. The insulin-Re(CO)s*

conjugate was able to be crystallized via the hanging drop method and a novel buffer
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system, but a structural solution of this conjugate has not been found. Further tests are

needed to more completely probe the insulin-Re(CO)s" interaction.
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CHAPTER VII

ADDENDUM

Research in the area of tricarbonyl rhenium (1) based molecules is ongoing. This
addendum has been prepared to better address the recent advances in this field in the time
period between when this research was done and the publication of this manuscript.
Additionally, this chapter will serve to better connect the author’s work to the larger fields
of Re(CO)s3" complex radiopharmaceutical development and organometallic protein
complexes.

The field of radiopharmaceutical development based on the M(CO)s" core (M= Re,
Tc) continues to expand. In addition to the examples of examples of potential
radiopharmaceuticals discussed in Chapter 1, several excellent reviews of these complexes
have recently been published.® 3443 115.200.201 Many of the synthetic and in vitro testing of
the complexes were carried out in an analogous manner to the [Re(CO)3(TAME)]"
complexes discussed in Chapter 2 of this work and shown in Figure 7.1 (a), below.?%
Specific complexes used as examples to illustrate study commonalities and contrasts within
the field of Re(CO)s* radiopharmaceutical development in this section are also pictured in

Figure 7.1 (b-d).2032%
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Figure 7.1: Novel Re(CO)s* based complexes used to highlight the similarities in
development and study of Re(CO)s* based radiopharmaceuticals: (a) [Re(CO)3(TAME)],
from Chapter 2 of this manuscript,2°? (b) rhenium analog of a potential **™Tc(1)(CO)3
hypoxia imaging agent,?®® (c) rhenium analog of a potential *™Tc(1)(CO)s /
186/188Re(1)(CO)s bone-seeking imaging agent / metastatic bone pain palliative agent,?%*
and (d) rhenium analog of a potential rhenium quinolone complex for infection
imaging.2%®

The studies of the molecules above share many common features. One of the
hallmarks of *"T¢(CO)s based imaging agent development is that the synthesis and
characterization is often accomplished using the non-radioactive Re(CO)s" moiety. In
addition to the standard characterizations, most potential rhenium tricarbonyl

radiopharmaceuticals are characterized by their lipophilicity via a distribution coefficient

or partition coefficient calculation. These can be determined using the shake flask method
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containing two layers; an aqueous layer and an octanol layer, as described in Chapter 2.
The differences in the distribution studies of these compounds arises from the detection
method used to determine the concentration of the potential radiopharmaceutical in each
layer. If the ®™T¢(CO)s analog of the compound was made, generally the determination is
made using a gamma counter, as was the case with molecules (b) and (c) above.?%® 204 The
partition coefficient of complex (d) was notable for its omission. However, in this case,
distribution was actually determined by injecting the ®*™Tc analog into a mouse model and
imaging the result.2%

Another common thread in the studies of potential tricarbonyl rhenium (1)
radiopharmaceuticals is the biological challenge study. The potential radiopharmaceutical
is incubated in conditions simulating its target environment and then tested for degredation.
The Re(CO)3(TAME)" cation that was the basis of Chapter 2 was tested for stability via
incubation in the presence of the competing biological ligands cysteine and histidine,
mimicking the human serum environment, by Herrick et al.®’ In the Herrick study, the
degredation of the complexes was monitored by *H NMR.®" In the case of the tricarbonyl
rhenium (1) bisphosphonate complex, (c), above, the **™Tc¢ analog of the molecule was
incubated with cysteine or histidine, separately, and degredation was monitored via HPLC.
The stability of the resulting molecule was expressed as the percent of radiochemical
purity.2®* The challenge study of the **™Tc analogs of (b) and (e) were also measured by
HPLC, but the complexes were incubated in human blood serum?® and standard phosphate
buffer solution,?*® respectively.

The greatest variance in the studies of potential tricarbonyl rhenium (1)

radiopharmaceuticals is in the cell proliferation, viability, and toxicity studies. One
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possible explanation for these differences is that these studies are tailored to the target
tissue of each potential radiopharmaceutical, with varying protocols based on the study
goals and conditions required by each tissue culture. The toxicity of the complexes
described in Chapter 2 were studied in an immortal cell line, human cervical cancer (He-
La), and a primary cell culture (spontaneously hypertensive mouse vascular tissue). The
primary cell culture was chosen because of the proposed use of the molecules as cardiac
perfusion imaging agents and toxicity in the primary cell line was probed through trypan
blue staining and direct counting. HeLa was chosen as a robust immortal cell line
commonly used in the study of potential radiopharmaceutials and toxicity data from the
HeLa line was obtained through the use of Invitrogen’s LIVE/DEAD® Viability Assay.?%’
In this assay, Ciz-resazurin is reduced to red-fluorescent C12-resorufin by metabolically
active cells while the cell impermeant SYTOX® Green stains cells with compromised
plasma membranes. The resulting cells can then be directly counted or analyzed by flow
cytometry. Complex (c) above was studied using a similarly designed cell study, in which
toxicity was probed using the trypan blue staining / direct cell counting method and the
MTT assay (Trevigen®) in the immortal PC-3 cell culture (human prostate
adenocarcinoma derived from a metastatic bone site), which fits the target tissue of the
potential bone imaging agents in this study.?%

The MTT assay used in this study is certainly more commonly used than the
LIVE/DEAD assay described previously.?* The MTT assay measures cell proliferation
rate by spectroscopically determining the amount of tetrazolium salt being reduced by
metabolically active cells.?®® However, the authors of this study note that the reduction of

the MTT measures cell proliferation indirectly, via the metabolism of the MTT, and thus
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felt that a direct counting method was warranted to confirm the cell growth and toxicity of
their complexes.?®* While it would be interesting to study the complexes in Chapter 2 with
the MTT assay to see if there are any differences compared to the LIVE/DEAD assay, the
inclusion of the direct counting typan blue staining method likely confirms their non-toxic
nature.

The HeLa studies from Donnelly’s group (molecule (b), above) were not designed
to study toxicity, but instead to take advantage of the luminescent properties of some of
their complexes to determine where the molecule would localize in the cell.?®® Further
studies of the more stable complexes, including the one in Figure 7.1 (b), were carried out
in a human neuroblastoma cell line. Instead of a staining technique to determine toxicity,
ICP-MS was used to determine the concentration of the complexes inside the cytosol of
the cell and was reported as a ratio to the amount of intracellular proteins.2®® In addition to
the Re(CO)s" complexes investigated by Donnelly’s group, ICP-MS has been used to
determine cellular uptake of platinum complexes?® and ruthenium complexes?®® in the
literature and could likely further the toxicity studies on the [Re(CO)3(TAME)]* complexes
described in Chapter 2. Since the complexes studied in Chapter 2 were largely non-toxic,
an ICP-MS study of the intracellular matrix could provide evidence that these molecules
could accumulate in the cytosol of the target tissue. The ™Tc version of complex (b) was
subsequently studied in an animal model and the complex did indeed localize in the
hypoxic tumor tissue of 1 of the 3 animals tested.?%

The Re(CO)s - quinolone conjugate (d) developed by Psomas et al. was studied in
a human erythroleukemia cell line (K-562).2% Simlarly to Donnelly’s study, cell culture

was used to determine processing instead of toxicity of the complexes. In this case, the
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9mT¢ analog of complex (d) was prepared and incubated with the K-562 cells. The cultures
were then lyzed, sonicated, and centrifuged with a variety of buffers designed to separate
cells into cytosol, nuclear, membrane, and mitochondria fractions. Each fraction was then
analyzed with a y-counter to determine the concentration of ™Tc.2% An interesting follow
up experiment to probe the processing of the molecules in Chapter 2 would be to combine
the fractionation technique used by the Psomas group with the ICP-MS protocol in
Donnelly’s study to probe the location and concentration of the cold rhenium analogs in
cell culture and to gain fundamental knowledge of the biological processing of these
potential rhenium radiopharmaceuticals.

Biological processing of [Re(CO)3(H20)3]" is one of the focuses of Chapters 3-5 of
this work; elucidating the interaction of this rhenium radiopharmaceutical precursor with
proteins.”™ ® As the above examples demonstrate, there are many tricarbonyl rhenium (1)
and technetium (I) complexes with clinical potential, yet their specific interactions with
their target biomolecules have yet to be characterized. The work described in Chapters 3
and 4 of this text describes the interaction of [Re(CO)3(H20)3]" with lysozyme as a model
of Re(CO)s" - protein interations. Part of Chapter 5 of this text describes preliminary studies
of a Re(CO)s" - insulin adduct as well.

This work builds upon the success of several groups who previously elucidated the
structure of an organometallic protein adduct. The first Re(CO)s* protein adduct was
synthezised and structurally elucidated by Gray and coworkers to study the electron
transfer properties of blue copper azurin.”* 2! Gray and coworkers compared the electron
transfer of Cu (1) to Ru (I11), Os (I11) or Re (I)*, complexes that were all bound to the His

83 position of azurin. Wild-type azurin has histidine residues at the above position and at
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His 35, 46, and 117. With site directed mutagenesis, Gray and coworkers were able to
introduce histidine residues at a variety of other positions, while eliminating native
residues, to direct the metalation of their proteins.”” 8 114 119 Strategic introduction of
tryptophan and tyrosine residues demonstrated the importance of these residues in the

multi-step electron transfers, termed “hopping,” in proteins.?!?
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Figure 7.2: Coordination of organometallic complexes to proteins: (a)
Re(CO)s(phenanthroline)(His 83)* in the blue copper protein, azurin.?*! (b) (n®-p-
cymene)RuUClz(H20)(His 15) lysozyme,*®? (c) Mn(CO)3(OHz)2(His 15) lysozyme,*6? (d)
Re(CO)3(0OH2)2(His 15) lysozyme,’® and (€) Ru(CO)2(OH.)s(His 15) lysozyme.{{190
Santos-Silva, Teresa 2011}}
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The work in Chapters 3-5 focuses more on achieving a fundamental understanding
of the Re(CO)3*-protein adduct. Thus, lysozyme was chosen as a well-characterized, easily
crystallizable model protein for Re(CO)s*-protein interactions. Additionally, the structure
of lysozyme with ruthenium®® and manganese'® complexes had previously been
elucidated. In both cases, significant metalation was only observed at the His 15 residue.
The structure of the bound ruthenium and manganese complexes are shown in Figure 7.2
(b) and (c) above.

The manganese tricarbonyl species, elucidated by Artero and coworkers is
especially relevant to the work described in this manuscript. The synthesis, structural
characterization, and study of Re(CO)3(OHz)2-lysozyme described herein (Figure 7.2, (d))
was modeled in part after this work. Artero and coworkers attempted metalation with iron
and ruthenium carbonyls in addition to the Mn(CO)s species described above, but were
only able to observe the Mn(CO)s species in the crystallized lysozyme. The Mn(CO)s-
lysozyme adduct was characterized by IR spectroscopy, which exhibited pseudo-Cay
carbonyl stretches similar to those used to demonstrate metalation of lysozyme by
Re(CO)s* in the work described here. Additional similarities between these two studies
were the less than 100% occupancy of the His 15 site and the lability of the metal carbonyl
species. In the study described by Artero and co-workers, the Mn(CO)s fragment of the
Mn(CO)s-lysozyme complex was demetallated upon exposure to the nickel complex,
[Ni(xbsms)] (H2xbsms = 1,2-bis(4-mercapto-3,3-dimethyl-2-thiabutyl)benzene) to give
[Ni(xbsms)Mn(CO)3(OH2)]* shown in Scheme 7.1 below.!! Similar demetallation of

Re(CO)s*-lysozyme was observed in the presence of glyoxime.”™
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Scheme 7.1: Synthesis of [Ni(xbsms)Mn(CO)3(OH2)]" through reaction of Mn(CO)z-
lysozyme with [Ni(xbsms)].26!

Zobi and Springler built upon the work described in Chapters 2 and 3 with a
subsequently published study of the reaction of Re(CO)3(OHz)s" with lysozyme.l’” By
increasing the concentration of the cation, a Re(CO)3(OH>)2(His 15)-lysozyme adduct,
identical to the one shown in Figure 7.1 (d) was structurally characterized with 100%
occupancy at the His 15 site. In subsequent reactions with imidazole (im), pyridine-2-
carboxylic acid (pa), and L-serine (L-ser), the corresponding Re(CO)3(OH)(im)(His 15)
Re(CO)s(pa)(His 15) and Re(CO)s(L-ser)2(His 15)-lysozyme adducts were observed. The
(im) and (L-ser) versions were able to be structurally characterized by x-ray diffraction
while the (pa) version was confirmed by LC-MS. Conversely, reactions of the
Re(CO)3(OH2)2(His 15)-lysozyme adduct with pyridine, 2-methylaminopyridine, and
ethylenediamine demetallated the lysozyme.1’” This result is analogous to demetallation of
Re(CO)3(OH)2(His 15)-lysozyme with glyoxime that we describe in the previous
chapters.”

Lysozyme has also recently proved to be an excellent system for studying the
interaction of carbon monoxide releasing molecules (CORMS) with proteins. Roméo, et al

reacted CORM-3 with horse myglobin, hen egg white lysozyme, and human hemoglobin,
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albumin, and transferrin, and were able to structurally elucidate a Ru-lyzozyme adduct.!’®
Lysozyme crystals were soaked with CORM-3, [fac-Ru(CO)sCl(x2-H.NCH,CO,)], and the
adduct Ru(CO)2(OH>)3(His 15) was elucidated via X-ray diffraction with the metal
modeled at 80% occupancy, as shown in Scheme 7.2 below. Two other sites, Asp 18 and
Asp 52 contained metal density at lower occupancies. The same authors investigated the
interaction  of  additional CORMs, Ru(CO)sCly(1,3-thiazole)?®* and fac-
[Mo(CO)s(histidinate)]Na,?* with proteins, also shown in the figure below, but were only
able to crystallize one additional covalent complex, the His 15, Asp 18 and Asp 119 adducts
with Ru(CO)(OH2)s from Ru(CO)s3Cly(1,3-thiazole). The molybdenum complex
decomposed into a polyoxomolybdate cluster, [PMo01,04]%, that was hydrogen bonded to

Arg 45 of lysozyme.
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Scheme 7.2: The reaction of CORM-3 with lysozyme.'’®

In addition to the follow up work on the Re(CO)3(OH2)2-(His 15) lysozyme adduct,
another study from the University of Zurich, from Alberto and coworkers, was able to
structurally elucidate a rhenium metallated carbonic anhydrase, specifically, human
carbonic anhydrase 1X.2> Over expression of carbonic anhyrases are found in some
hypoxic tumors, making them an attractive imaging target. Crystals of the carbonic
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anhydrase protein were soaked in solutions containing an excess of
Re(CO)scyclopentadienyl-based inhibitors of carbonic anhydrase like the one shown
below in Figure 7.3. In the resulting crystal structure, the deprotonated amine terminus of
the molecule was coordinated to a Zinc metal in the protein active site. The
cyclopentadienyl moiety extended into a hydrophobic pocket. It would be interesting to see
if zinc coordination could be exploited structurally elucidate a Re(CO)s*-insulin conjugate,
like the ones described in Chapter 5, by X-ray diffraction. Insulin is traditionally
crystallized with Zn?*," and previous labeling attempts have taken place at the amine
terminus.® Conversely, initial investigations of the Re(CO)s* and Tc(CO)s* interaction
with metallothioeins show that the [M(CO)3(OH2)3]" species replace the bound zinc metals,
which could potentially be another route to a Re(CO)s-protein conjugate, though no X-ray
diffraction experiments were discussed in the metallothioein study.?®

0]

s N
H
I
Re. (0]
oc/ {NCO S/
(e]6) ”\NH2
0

Figure 7.3: A Re(CO)scyclopentadienyl-based inhibitor of carbonic anhydrase.?'®

In conclusion, there are many connections between the work described in this
manuscript and the work being done in the larger field. The [Re(CO)3(TAME)]* complexes
described in Chapter 2 of this manuscript were characterized and tested in vitro using

methods that are paralleled in studies of other Re(CO)s* potential radiopharmaceuticals.
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The study of the Re(CO)s;(OH2)-(His15) lysozyme conjugate, synthesized and
characterized in Chapters 3 and 4, was modeled after previously published studies of
organometallic protein conjugates and has since been expanded on by others using different
metals and protein systems. Despite the numerous studies of these M(CO)s* (M=Tc, Re)
complexes and their potential radiopharmaceutical applications, there are currently no
M(CO)s - based radiopharmaceuticals in clinical use.?* Hopefully, this will change with
continued exploration of the fundamental chemistry of these complexes and their

biomolecule conjugates.
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