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ABSTRACT

Imidazolium trans-[tetrachloro (dimethyl sulfoxide)(imidazalghenate(ll)],
NAMI-A, is an experimental metastasis inhibitor whose specifiechanism of
activation and action remains to be elucidated. In the nucleophilic eshating
physiological environment; it is anticipated that the most rekevand available
reductants upon introduction of NAMI-A as a therapeutic agent withédiologically-
relevant free thiols. The kinetics and mechanisms of interactioNAdI-A with
biologically-active thiols cysteamine, glutathione, cysteine aad popular
chemoprotectant, 2-mercaptoethane sulfonate (MESNA) have been studied
spectrophotometrically under physiologically-relevant conditions.

The reactions are characterized by initial reduction of NAMIwAth
simultaneous formation of dimeric thiol and subsequent ligand exchatigevater to
various degrees as evidenced by Electospray lonization Mass Spacyrom
Stoichiometry of reactions shows that one molecule of NAMI-Atezhwith one mole
of thiol to form corresponding disulfide cystamine, dimeric MESNA, dized
glutathione and cystine. Observed rate constéptdor the reaction of NAMI-A with
cysteamine, MESNA, GSH and cysteine were deduced to be ®&5x+10", 9.4 +0.5
x 10%,7.42 +0.4 x 10° and 3.63 9.3 x 107 s* respectively.

Activation parameters determined from Arrhenius plots are indecabf
formation of associative intermediates prior to formation ajdpcts. A negative

correlation was obtained from the Bragnsted plot derived from obsenedaastants
[



and the pKa of the different thiols demonstrating significant contoibudf thiolate
species towards the rate. In conclusion, interactions of NAMI-A wiblogically-
active thiols are kinetically and thermodynamically favored dnudilsl play significant

roles inin vivo metabolism of NAMI-A.
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CHAPTER ONE

1.0 Introduction
1.1 Metalsin nature

The existence and importance of metal ions in the physiologistdra is well
established® Nature utilizes metal ions for functions such as oxygen transport
synthesis of vitamin A, fatty acids and cholesterol; formationre&,udetoxification,
bone development, and normal functioning of the nervous sy&tammansition metal
ions are of particular interest because, even though they octriacenamounts, their
excess or deficiency may result in deleterious conditions su@mersia’ liver and
oxidative damage, among othérslron, for instance, supports fundamental biological
functions involved in the handling and transport of oxygen, detoxificationyardesis
of DNA,*® but is potentially toxic to cel(5:*? It has been implicated in events that lead
to liver and heart diseas¥s, neurodegenerative disordérsdiabeteg, cancet®and
catalytic production of free radicalsTransition metals are mostly found complexed in
the active sites of metalloenzymes such as nickel in dfeaseiron in tyrosine
hydroxylase, carbonic anhydrase dioxygenases, and isopenicillin N-sytithase.

Today there is increased understanding of the activities of ticananetal ions
and complexes in biological systefsEnlightenment in areas such as metalloprotein
functions, models of metal ion active sites, how metal ions areededi to the active
sites?®®! and involvement of transition metals in some disease Statesave
stimulated the use of metal ions and complexes for therapengieges. One area of

global application of metal-based therapeutics is in the treatment of éancer.



1.2  Cancer and cancer statistics

According to the American Cancer Society, cancer is a groudissgfases
characterized by uncontrolled growth and spread of abnormal cellsethdt from
sequential acquisition of mutations in genes that control cell gralfterentiation, and
death?® A recent report from Centers for Disease Control and Preventiatisnal
Center for Health Statistics names cancer as the seconddezmiise of death in the
United States, solely accounting for 559,888 (23%) of the 2.42 millionrexadtered
deaths in 20068° It is second only to heart disease which accounts for twenty six
percent of registered deatfi€’ Although overall cancer incidence rates have been on
the decline, 1,638,910 new cases and 577,190 cancer deaths are prediated ito oc
20122%% Considerable treatment success has been achieved with thé teesesition
metal complexes, especially in the case of testicular cawdbr the use of cis-
diamminedichloroplatinum(ll) (Cisplatinf. The structure is shown in Figure 1.
Cisplatin is able to damage DNA by binding to N-7 of adjacent giaeaesidues
which effects distortions that make DNA function and repair impasSi@isplatin has
up to a 90% cure rate for testicular cancer and, in combinatibnother drugs, has a

very high activity against ovarian, cervical and bladder carcindfitas.

HaN Cl
~p

~—
H3N/ Cl

Figure 1-1: cis-diamminedichloroplatinum(ll), (Cisplatin)



This success is, however, marred by neurotoxicity, nephrotpxadpecia and a lack
of selectivity towards cancer ceff§*’ Drug resistance, metastasis and activity over a
small range of cancer types are other limiting factors.ldgues of cisplatin, two of
which are shown in Figures 1.2a-b, have been synthesized, in antefértumvent
the aforementioned problems. These complexes are also in cliri€édland have

demonstrated similar mechanism of action to that of Cispfatin.

0
/ HsN O 0
\ ~, t/
\
H3N/ H3N/ ~
o)
() (b)

Figure 1-2: (a) cis-Diammine(1,1-cyclobutanedicarboxylato)platinum(ll),
(Carboplatin)

(b)cis-Diammine(glycolato)platinum(ll), (Nedaplatin)

Carboplatin and Nedaplatin are less toxic. Cisplatin and its aredpgowever,
are almost inactive against several malignancies withihtlence rates such as colon
and rectum, lung, breast and prostate carcindfig#lso, a commonly occurring side
effect of platinum anticancer drugs is ototoxiéityReports have indicated elevation of
hearing threshold in greater than 50% of patients treatedcigipfatin®® and 84% of

children treated with both cisplatin and carboplatin experience kyelass** Otoxicity



has been labeled as a commonly occurring toxicity that miiyence academic and
social developmerit.
1.3 Metastasis

Metastasis describes the ability of cancer cells to peaadatrto lymphatic and
blood vessels, circulate through the bloodstream, and then invade ndssuast
elsewhere in the body. Metastasis, rather than primary tumdngisnajor cause of
death for cancer patients with solid tum8tghis is reflected by 5-year-survival rates
which are higher than 90% for patients in early stages, whagh tdr 65% for patients
initially diagnosed with regional lymph node metastases and tisefureduced to less
than 10% in patients with distant metastd$é$Metastasis involves a series of events
through which cancer cells separate from the parent tumor andtkeaterrculatory
system, float elsewhere, continue proliferation and form a segptwtars of tumor?
This process is grossly inefficient in that only few of roills of cells released into
circulation are able to colonize a secondary>itéAlarming failure rate of the process
might be due to hostility of normal healthy tisstiesMetastatic cells acquire
characteristics making them adaptable to their new microenvir@nnibese
characteristics differentiate them from the primary tumor emdsequently present
differing chemical sensitivity to cytotoxic agenfs’ Figure 1-3 highlights the
selectivity of metastatic cells for their preferred $de colonization in comparison to
primary tumor. Tumor cells can survive in their new microenvironnoery if they

meet certain cellular preconditions which explain organ-specific raéitasehavior?



These cells flourish in new tissue habitats and ultimately cargsen dysfunction and
death. No effective therapeutic option is currently availablerfetastasis® neither is

there an anticancer drug with activity over a wide rangeaoicer and metastasis.
Hence, the intense research efforts towards finding therapeaitiasmore desirable

profile.

Primary tumor

> ~ l;dj? Circulating tumor

cells

Bone-marrow Lung-capillary Blood-brain

homing and extravasation barrier

survival ? disruption
Lung microen-

Osteoclast vironment Glial

activating chemokines interactions

factors and cytokines

Figure1-3: Organ specific colonization demonstrated by metastatic cells. Secondary

organs place certain demands on invading tumor c8lls.

1.4  Anticancer prodrugs
Prodrugs are chemicals with little or no pharmacological agtiiefore
undergoing biotransformation to a therapeutically active meta3dlitedrug research

and development, several possible improvements on the pharmacologidal qirafi



drug may be achieved by exploring the prodrug con@®pteral improvements have

been achieved with this concept. Figure 1-4 summarizes the possible effects.

Overlaps Bharmaceutical (PH) objectives

Improved solubility

improved chemical stability

Improved taste, odor

decreased irritation and pain

Incorporation into innovative pharmaceutical forms

Pharmacokinetic (PK) objectives

improved oral absorption

decreased presystemic metabolism

improved absorption by non-oral routes
improved time profile

organ/tissue-selective delivery of active agent

i | ic (PD) obiecti

decreased toxicity - improved therapeutic index
= activation to a reactive agent
codrugs (single chemical entities combining two drugs)

Current Opinion in Chemical Biclogy

Figure1-4: Classification of prodrug research objectives. [Adapted fiasta, B.

2009.%9

Several non-platinum transition metal complexes have been synthdeize
possible reduction or elimination of the undesired effects associathdplatinum
anticancer drugs presently in clinical §8& Of special interest are ruthenium
complexes that have shown activity against platinum resistantercasatl lines,
colorectal cancer and metastasis Figure 1.5f8-ddazolium trans-bis(indazole)-
tetrachlororuthenate(lll), IndICR, is active against colancimomas and a variety of
primary explanted human tumd¥&’ It is noteworthy that 83% of patients with solid
tumors who were treated with IndICR present stable di€8asadium trans-

[tetrachloro (dimethyl sulfoxide)(imidazole) ruthenate(lll)],lled by the acronym
6



NAMI (Figure 1-5c) also shows low host toxicity in active es%'’® The observed
reactivities of these complexes can be considered peculiarrsithemium to date has

no known biological function.
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Figure1-5: Ruthenium anticancer prodrugs



1.5  Antitumor Metastasis Inhibitor

Imidazolium trans-[tetrachloro (dimethyl sulfoxide)(imidazalhenate(lll)],
NAMI-A (Figure 1-5 a), is a ruthenium complex that shows low hosicity with
marked efficacy against metasta8&€. It has successfully completed phase | of clinical
trials and is currently undergoing phase Il studfe®Results of Phase | and
pharmacological study of this prodrug demonstrate no severe Held €ormal
common toxicity criteria (CTC) grade 3) was developed fromuds. Formation of
painful blister was considered dose limitifigNAMI-A has demonstrated up to 100 %
metastasis reduction on preclinical models of solid metastagizingrs such as Lewis
lung carcinoma, TS/A mammary adenocarcindmilCa mammary carcinonfa,B16
melanomd? and up to 90 % on H460M2 human NSCLC xenodfdft.

One of the initial stages in metastasis progression is iedusft cell adherence
leading to detachment from a primary Sté&yAMI-A has been found to increase cell
adherence thereby interfering with other processes leadirfgllt colonization’®"®
NAMI-A has very high selectivity towards metastases &htill having some effect on
the primary tumor. Figure 1-6 illustrates the effect of NAMI® NAMI-A has been
shown to be effective, irrespective of the origin or the stageosfthy of metastasi& A

critical observation of Figure 1-6 also reveals the inconsequefffieat of NAMI-A on

primary tumor.



1. . NAMI-A affects Metastasis
o Ul (everywhere they are)
g

@ Tumour Metastatlc (f Basal Endathalial
cell - call mambrana cell
Figure1-6: Selective metastatic removal by NAMI-A. It shows weak reduction of

primary tumor while removing close to 100% of metastatic €&lls.

Cancer cells are constantly proliferating and an important cieaistic of tumor
growth is the doubling time. Usually a tumor is undetected urtdstdoubled 30 times
(10° cells). A tumor mass is sufficient to kill its host after 86ublings which
corresponds to 10 cells® Figure 1-7 illustrates the relationship between tumor cell
count, number of doublings and tumor detection. This indicates that aicsighif
portion of tumor growth is completed by the time of detection, althamgithods such
as ultrasonography and Magnetic Resonance Imaging offersidetetttumors less
than 1 cnf! A chemotherapy regimen that focuses solely on elimination tdstasis
will spare the primary tumor which continues its growth cycle madlym It is then
rational to suggest that a regimen that will maximize NAMieAfull potential should

contain another anticancer drug that is effective towards primary tumor.
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Figure 1-7: Hypothetical tumor growth curv8.

Research efforts directed at understanding the mechanismiar att NAMI-A are
still in their infancy, with recent efforts focused on finding thieas of chemical
stability, photostability, interaction with human serum albumi and cosga of

treatment outcomes employing different routes of application, among 6tH&f8.

1.6  Activation by reduction hypothesis

Transition metal complexes readily undergo ligand substitution and redox
reactions. The roles of these reactions and the biological gabivih metal complex
depend both on thermodynamics and kinetics. Activation by reduction é&s b
proposed for this prodrug, NAMI-A>82878\yhich may be a factor in its preferential

toxicity towards hypoxic tumor and metastatic cancer ¢&llm support of this
10



“activation-by-reduction” hypothesis, ligand exchange and ardistetic activity of
NAMI-A is enhanced upon addition of biological reductants suchsasrhkic acid,
cysteine, or glutathion®:®

The major difference between solid tumors and healthy tissube nutritional
and metabolic environment. The vasculature of tumors is often inaddquaupply the
nutritional needs of constantly growing tumor cells leading to axydeficiency
(hypoxia). Tumor cells produce lactic acid due to their high depeeden aerobic
glycolysis, resulting in low pH° Low pH environment and low oxygen favor reduction
and this contributes towards the specificity of reduction-activatedrugs. Ruthenium
is able to mimic iron by binding to certain biological molecutegh as serum
transferrin and albumin since ruthenium and iron are in the same Grdwamsferrin
and albumin are proteins used by mammals to solubilise and tramspgrthereby
reducing its toxicity. Preferential selective deliverytbé prodrug to tumor cells by
transferrin transport has been suggedte®apidly dividing cancer cells have higher
demand for iron and thus have an increased number of transferrin receptors compared to
normal cells, resulting in selective deposition of the pro&tigFigure 1-8 illustrates
the low host toxicity of the ruthenium complex. Binding of NAMI-A datbumin and
tranferrin were reported not to be particularly beneficial datimetastatic activity
although may extends biological half Iité.

Ruthenium complexes in the +3 state are kinetically inert cordgar¢he +2
complexes. This kinetic inertness offers an advantage in thgirtdteug gets to its

target before transformation or activity. Electrons needed licg teduction are

11



physiologically accessible and may be provided by biological radtstsuch as

glutathione, ascorbic acid and cysteine residue of protéins.

W - L

Cancer cell Healthy cell

J o 4

@  Ruthenium loaded transferrin

—==  Transferrinreceptor

Figure 1-8: Selective uptake of ruthenium loaded transferrin by cancer®%ells.

1.7  Thiols

Thiols are sulfhydryl compounds. The presence of thiol functionality in
compounds makes them susceptible to various transformations due to mgeeofa
accessible oxidation states of sulfur, -2 to +6. Endogenous thiols engluththione
(GSH), cysteine, cysteamine and homocysteine. GSH, a tripeptitie, nsost abundant
and occurs in virtually all mammalian celfsThiols are involved in many redox
processes especially in maintaining the intracellular redag #teough thiol-disulfide

exchang€® Extracellular cysteine/cystine redox status has been irtedici cell

12



growth and apoptosi¥. Also, inadequate sulfur amino acid intake results in oxidized
thiol/disulfide redox status which is associated with oxidativesstrand onset or
progression of diseas&s’® An interesting illustration of the importance of redox status
is that the reduction potential of a cell with 1.0 mM intracell@8H concentration
changes from -250 mV to -190 mV if 18 pM of the GSH is oxidiZeEhis change in
reduction potential is adequate to change the functional state otethefrom
proliferation (multiplication of epithelial cells) to differerti@n (specialization or
maturation)’’ %1% |nvolvement of thiols in several important cell functions makes i
impossible to exclude their interaction with most drugs in estabfjsa detailed
mechanism of drug biotransformation and action.

There are biologically-active thiols that may be introduced asv@wauticals.
For example, N-acetyl cysteine is used as an adjuvant in agspirconditions with
excessive mucus production and has been shown to prevent metastasisnal
models'®* Sodium-2-mercaptoethanesulfonate, MESNA, prevents
ischemia/reperfusion-induced renal damage, and is also usedessxdying agent to
inhibit the hemorrhagic cystitis induced by chemotherapy dftigs®® 2-
mercaptopropionyl glycine, also known as thiopronin, prevents hepatoyoxitit
Isoniazid used in tuberculosis treatment by inhibiting and scavgfigie radicals™ It
reduces cisplatin-induced nephrotoxittfyand is also used in treatment of rheumatoid
arthritis and cystinuria-***3 Thiol protection may not necessarily be desirable in some
cases since this may result in drug resistance as obsarveduiced anticancer activity

of cisplatin in the presence of homocysteine and N-acetyl ngstéilt has been

13



reported that a possible pathway for regulation of human immunodeficianes

1(HIV-1) protease activity involves modification of the cysteiasidue of HIV-1:*°
The highly nucleophilic sulfur center is critical to the functgnof thiol-based

drugs as radioprotective agents and in DNA repair. The chenistoyved in DNA

repair by thiols is represented by R 1.1 — R'1°4.

DNA* + RSH ——> DNA + RS +*H R11
DNA*+RS ——> DNA + RS R12
RS + RSH RSSR + H R1.3
RSSR- + DNA —— DNA + RSSR R14

1.7.1 Thiol oxidation

Most biological processes involving the thiol moiety occur through drigat
some of which were mentioned earfiéf!’ Non-radical oxidants of potential relevance
to oxidative stress include,B,, HOCI and ONOOH®**?° and these can react with
cysteine or methionine residues of proteins. Oxidation of thiolsprageed through a
variety of pathways resulting in series of different metabsliand products#
Studies from our lab have demonstrated exotic dynamics in aadatilow molecular
weight organosulfur compounds involving some of these oxid&dht® Scheme 1-1
shows possible oxidation pathways for a thiol ranging from a ow&@beoxidation to

disulfide all the way to eight-electron oxidation to form sulfate.
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Scheme 1-1: Possible oxidation pathways for a tHidl

Enzymatic oxidation of thiols by peroxidase; mainly by horsehnapéoxidase,
lactoperoxidase, and myeloperoxidase, have been shown to yield thisdlsadi=2
Thiols can also be oxidized to disulfide by metal ions or compléXas. oxidation
generally proceeds through thiyl radical formation (R1.5 and 1.6)e @orened, the
thiyl radical can undergo several other reactions depending on \pkaies are
immediately available. Two thiyl radical molecules can ragacform the disulfide
(R1.6), a thiyl radical can react with the parent thiol (R1.7) aiate anion (R1.8) to
form disulfide radical anioft>***Thiyl radicals have also been shown to form sulfenic

acid and other oxygen containing producfs->>*%
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RSH + M — RS+ M1 + H R1.5

RS + RS —> RSSR R1.6
RS + RSH— RSSR+ H R1.7
RS + RS — RSSR R1.8

RSSR + M — » RSSR + M1 R1.9
RS + M + HO — > RSOH + M + H R1.10

Scheme 1-2: Reactions involved in thiol oxidation by a metal ion or compt&k®

1.7.2 Metal binding

Thiols can form complexes with metals ions or transition mesahplexes
where the sulfur atom of the SH group acts as the bindind*$it&.For instance, D-
penicillamine has been shown to form variable complexes; a purpéenggnetic
complex and a yellow diamagnetic complex with copper; dependintheomatio of
copper to penicillamin&® The ability of thiols to form complexes with metals is being
utilized in medicine for treatment of diseases involving excestalm in the
physiological environment such as Alzheimer's, Parkinson’s and Huoisgt
diseases? Thiols can effectively remove excess metal by competinghie metal ion
with biological binding sites. This type of treatment requiresctiity of the thiol
towards certain metals in order to avoid possible depletion of edsemdtals. D-
penicillamine, a disubstituted cysteine, chelates excess copgdeerdances copper
excretion in Wilson’s diseagé**?A process involving thiol-disulfide exchange in zinc

fingers has been used to release complexed zinc. This procds=eha®und to inhibit

16



both laboratory strains and clinical isolates of HIV*I** Dimercaptosuccinic acid
and dimercaptopropionic sulfonate have gained general acceptance inndgemant

of many human metal intoxications which include lead, arsenic, andurge
compounds?®**® Metal binding properties of thiols have also been explored in
modulating the functions of proteins containing the thiol mdiety.

In platinum cancer therapy, the metal binding charactemdétihiols may be
beneficial®* but more often is undesirable since this interaction leads to egduc
availability and deactivation of the platinum comptekReports have shown this to
play a significant role in drug resistance and inactivatiori’ Scheme 1-3 describes
interactions of cisplatin with L-cysteine that results inutavailability for its desired
function>31°8

It is interesting that interactions of NAMI-A with biologicaeductants such as
thiols have been proposed to play a significant role in its activaisoopposed to
deactivation in the case of platinum drdg$->®It has also been shown that NAMI-A is
rapidly reduced under physiological conditiBhsvith ambiguity as to whether its
reduced form or hydrolytic derivative react with human serum albiand ascorbic
acid in acidic medium®® There have been several reports of hydrolysis pathways for
the promising prodruf®*®! the mechanism of action and the nature of chemical
species responsible for the pharmacological properties of thisugra@de yet to be
unraveled and kinetics studies directed at elucidating the mechahigsninteraction

with biologically-relevant thiols is simply nonexistent.
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1.8  ThisStudy

Metastases, due to their inadequate responsiveness towards m@ogllyli
available cancer drug heighten the need for drugs that &ciedf against metastases.
Development of NAMI-A, a compound that is 1,053 times less toxic ¢isiatin, *°?
is a step towards achieving the long desired activity agaiesastasis. Reports have
excluded DNA binding as the major target for antimetastatiigy of NAMI-A 16316

suggesting that its interaction with biomolecules other than nudesbaay represent
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the molecular basis for its peculiar biological activity. An understgnairthe chemical

transformations of NAMI-A upon interaction with endogenous molecules and

xenobiotics is of prime importance for its pharmaceutical and biomedical ampigca
Absorption, distribution, metabolism, excretion and toxicity (ADMETE a

important concepts in drug therapy and depend on kinetics and thermack/refm

interactions of the drug with biomolecules. Even after 40 yearslimtal use of

Cisplatin (world’s most widely used anticancer drug), the mecmaofsaction of the

drug is yet to be completely unravef@8Recognizing this fact and understanding that

interaction of NAMI-A with xenobiotics are of potential biologigatportance, the
work reported in this dissertation therefore focused on:

(2) Investigating molecular transformations involved in the interacbodMAMI-A
with select thiols (GSH, cysteine, cysteamine and MESNW)identification of
observable species. The choice of these thiols examinesoreaofi NAMI-A
with cellular thiols and clinical chemoprotectant, MESNA, wipleviding a
model for NAMI-A interaction with proteins and enzymes with thiol residues.

(2)  Studying and determining the kinetics and thermodynamics of thiesadtions.

3) Deduction of plausible mechanism of interaction from experimeeisults.
Plausible reaction mechanisms will be proposed for the studietiors based
on experimental results obtained.

This is information necessary for any xenobiotic, especially an expetahdrug with a

desirable pharmacological profile whose cellular target rentairkge determined. An

understanding of these interactions on a molecular level may gressato control of
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drug activity, refinement of structures for more desirablect$fand, most importantly,

ensure that treatment/drug metabolism proceeds in a predictable manner.

20



CHAPTER TWO
20 Instrumentation, Materialsand Methods
21  Introduction

Kinetics deal with the study of reaction rates in an efforuniderstand the
guantities that influence the rates, describe the series otrfam steps involved in
reaction systems (the mechanism) and deduce rate parametemsiggsuch reactions.
Knowledge of reaction rates has many practical applicatratsding, but not limited
to, designing an industrial process, understanding complex dynamicsatitbgphere,
optimizing synthetic processes, establishing the best admimstraiode for a drug,
deducing metabolic pathways and improving specificity of thergggeutinetics can
also be employed in establishing indices responsible for drugarmestsand elucidating
pathways to such drug resistance. In order to achieve thesea#pphb¢ reaction
dynamics require a series of information on the progress ofiaeadithe necessary
information includes dynamical variables such as temperatureupregd, reactant
concentrations, solvent and ionic strength.

The reaction to be studied dictates the set of conditions requirezfulGaroice
of analytical technigues and instrumentation, therefore, is requrectliable kinetic
outcomes. The stoichiometry of reaction is the first step iabkshing an overall
equation for a reaction. Specialized analytical methods such dsanuunagnetic
resonance spectroscopy, electron paramagnetic resonancesugnt, infrared and
Raman spectroscopy, ultraviolet and visible spectrophotometry, mpassranetry,

stopped flow spectrophotometry, etc. are tools used for monitoringae@ctgress via
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determination of reactants or intermediate concentrations as aeellproduct

identification.

2.2 I nstrumentation
221 Conventional UV/Vis Spectrophotometry

UV-visible spectroscopy measures absorption of the electromagadtation
caused by electronic transitions from the ground state to thte@xstate of bonding
and non-bonding electrons of ions or molecules. For this study, a f#nkér Lambda
25 UV-VIS spectrophotometer featuring a double beam, all-refectystem with a
spectral range of 200 nm to 700 nm was used. For this instrumemnisiibie region
uses a halogen lamp and the UV region uses a deuterium *9amfhe
spectrophotometer is interfaced to a computer with Perkin-EImér WinLab
software®’ for data acquisition, storage and analyses. The instrumettached to a
thermostated water bath for maintenance of constant temperatuctraGpkeanges of
reaction mixtures were recorded over the wavelength rangestablish suitable

wavelength for kinetics observations.

2.2.2 Stopped-flow Spectrophotometry

Stopped-flow spectrophotometry has the advantage of using smalhtnaju
reactants, and providing rapid and efficient mixing that comes witharalytical
response that has good time resolution. It allows for changes icaloptoperties of

solutions (in this case absorbance) to be monitored using UV-VéStabet. It offers an
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advantage in the study of fast reactions which might have been sibjgosvith
conventional UV/Vis spectrophotometric techniques. A Hi-Tech S&er8F61-DX2
double mixing stopped-flow spectrophotometer was used for all kinatidiest
Amplification and digitization of detector signal from the spgahotometer was done
via an Omega Engineering DAS-50/1 16-bit A/D board interfaced ¢onaputer for
storage and data analysis. A dead time of 1.0 ms will ensurevabeerof the crucial
initial parts of rapid and even complex reactions which otherwiggtnihave been
impossible. The light source is a 75W super quiet Xenon arc largpreFR.1 is a
schematic diagram for the sample handling unit that separm@tgsactments for up to
three reactants allowing for different mixing sequences in optgi experiment
procedure.

The double mixing mode enables transient species formed by meastants
in A and B to be subsequently mixed with a third reactant, C, aftklay period if
needed (refer to Figure 2-1). Reactant reservoir D can be rdgentbe buffer and this
pushes the premixed solutions A and B (from mixer 1) to a second (nmeer 2)
where it reacts further with reactant C. The resultant mextpasses through a
measurement flow cell and into a stopping syringe where the $ietopped. Just prior

to stopping, a steady state flow is achieved.
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Figure 2-1: Sample Handling Unit (SHU) flow circuit diagram for the SF-61DX2 Hi-
Tech KinetAsyst stopped-flow spectromdteourtesy of Hi-Tech Scientific operator’s

Manual]

2.2.3 Electrospray-lonization Mass Spectrometry (ESI-MS):

Mass spectrometry, MS, is an analytical technique that sods measures
ionized molecules based on their mass-to-charge ratios. The ptyseitibserving the
fragmentation pattern of a molecule makes MS an invaluable teehmor structural
elucidation. This spectrometric method works on the basic prinoipkeparation of
ions of a compound on the basis of their mass-to-charge ratiodndzhe number of
ions representing each m/z unit when a compound is ionized. lonizatithodnis
dictated by the nature of analyte. Electrospray ionization metftudh has the

advantage possible molecular determination of intact analytes is a mettiamoef.
24



Figure 2-2 describes the mechanism of ion formation using ESlamalyte,
usually dissolved in a polar volatile solvent, is introduced and pdksasgh the
electrospray needle to which a high potential difference has Ippdieda(typically 2.5
to 4 kV). This potential difference forces the spraying of drepheth a surface charge
of the same polarity as the needle. Solvent evaporation occure akarged droplets
are repelled towards the counter electrode (shown in blue). The ram#irsg of the
droplets by evaporation of solvent increased charge density orstinice, a critical
point (Rayleigh Stability limit) is reached when the charge densityeodroplet and the
attraction of the positive ions to the counter electrode overcomesutfece tension
holding the droplet together, leading to fission (coulombic explosior) thé release

of smaller droplets containing charged analyte molecdfe§?
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(counterelectrode)
Taylor
Spray needle ti cone
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® s *
.. +++f'"+
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Figure 2-2: Schematic for ion formation in ESP
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The mass spectral analysis for product identification in this/stiad performed
using a Thermo LTQ Orbitrap Discovery hybrid mass spectran{8&n Jose, CA),
equipped with an lon Max ESI source. This combines a soft ioniziobmique, large
mass range of (50 - 2000 m/z), mass accuracy of <2 ppm rootsgeare (r.m.s) and
up to 30,000 resolving power with a detect time of 400'1¥? (LTQ Orbitrap

Discovery Hardware Manual 1-5 ThermoFisher Scientific)

2.2.4 Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear Magnetic Resonance spectroscopy is an essentidi@latol used in
chemical analysis and fundamental research. Its versatiliyedefrom the atomic
nature of the information it provides. In principle, nuclei that containnodsls numbers
(such as'H, *C, %F, and®P) or odd atomic number (such ¥8! and?H) absorb
electromagnetic radiation at a frequency characteristtbeohuclei in the presence of
an external magnetic fiefd® The signal in NMR spectroscopy is due to the disparities
in the energy absorbed by the nuclei as they are excited fi®thower energy state to
the higher energy state, and the energy emitted by the rascliey relax from the
higher energy state to the lower energy state. The NMR tpolirwas used in this
study for confirming the structure of NAMI-A, where a compan was made to

literature.
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2.2.5 Electron Paramagnetic Resonance Spectroscopy (EPR)

EPR is a technique for measuring absorption of electromagaeéiation by an
electron spin systerti> EPR has evolved to be a nondestructive, noninvasive analytical
technique for structural and dynamical information. It has very regisisvity with a
detection limit in the nanomolar range. EPR has been applied inghsurement of
bothin vitro andin vivo free radical intermediates from drugs and oxidative processes.
Pharmacokinetic information of paramagnetic compounds in mice lheesm obtained
in mice just by placing the tail of the animal directly fre £PR resonatdf? EPR has
proven useful in evaluation of oxidative stability of vegetable'dils.

Free radicals have been implicated in metabolism of sulfhydrgieties
especially in oxidative disease stat&sSince reactions in this study involve electron
transfer, the possibility therefore arises for involvement o fiedical mechanisms.
EPR measurements were carried out for detection and possible igaaafif of free
radicals on a Bruker™ Biospin e-scan spectrometer designed to peH®®
measurements in the X-band-range. However, our reactions did not dext®ns
involvement of free radicals as indicated by EPR silent @@actolutions in the
presence of DMPO spin trap. This gave an indication that at feastnetal centered
radical (sulfur, oxygen or carbon) were not involved, since the 300G sweep width of our

instrument is not sufficient for a most metal based radicals.
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23 Materials

Glutathione, cysteamine, L-cysteine, 2-mercaptoethane sulfVESNA),
sodium hydroxide, sodium chloride, sodium perchlorate, perchloric acid,usdsol
ethanol, acetone, diethyl ether, hydrochloric acid, imidazole, dimethljoxide,
deuterium chloride, deuterium oxide (all from Sigma-Aldrich), monosodiihasphate,
monohydrate, disodium phosphate heptahydrate (from Fisher SciemtiftCyuthenium
chloride (from GFS chemicals) were of analytical grade aed as obtained. Aqueous
solutions of reactants and buffers were prepared in distilled detbmiater obtained
from a Barnstead Sybron Corporation water purification unit tistetises water with
resistance of at least 1&M

pH of the solutions was measured with a 720 A+, Thermo Orion pHr.mete
Phosphate or acetate buffer was used to adjust the pH of thensapi@ii solutions.
Reactions were carried out at 25.0 + 0.1°C (except for when splte effect of
temperature) and at a constant ionic strength of 1.0 M usingQyaZINaCl (except

when isolating the effect of ionic strength).

24  Experimental Methods
24.1 Synthesis of hydrogen trans-bis(dimethyl sulfoxide)tetrachlororuthenate-
(1)
NAMI-A precursor, Hydrogen transBis(dimethyl sulfoxide) tetrachloro-
ruthenate(l1l), was synthesized using published methdBriefly, 1.0 g of RuG.3H,0

was dissolved in 30 mL of ethanol and refluxed for 3 hours. The filsskdion was
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concentrated to about 3 mL and a mixture of 1 mL of 37 % HCI and 2fr dMSO

was added. The resulting solution was kept at@ér 15 minutes and a bright orange
solution was obtained. The solution was cooled to room temperature and & 10 m
aliquot of acetone was added and then four drops of ethyl ether. |Ewyste filtered,
washed with cold acetone and ethyl ether and dried in a diesicdde obtained
crystals were characterized using X-ray crystallograplsing a Siemens P4
diffractometer equipped with a graphite monochromator, a monocap awtina Mo

Ka radiation source\(= 0.71073 A), and a SMART CCD detector.

2.4.2 Synthesis of NAMI-A: NAMI-A was synthesized from this precur$or0.49 g
of imidazole was added to 1.0 g of precursor suspended in 20 mL of aaétmuen
temperature. This mixture was stirred for 4 hours. The ptatgpiobtained in this
manner was washed with cold acetone and ethyl ether. Charatoberiaf this complex
was done using FTIR, UV/VIS, NMR and electrospray ionizationsnsg&ctrometry
(ESI-MS). Spectral data are in good agreement with those reported in rémeiet ®

Stock solution of NAMI-A was freshly prepared for each expeamime
Proctection from light was not necessary due to reported evidendetufstability of
NAMI-A solutions'”®and more importantly, it maintained pharmacological efficacy

even after aging up to 8 hodfs.

2.4.3 Stoichiometric Determinations; Different ratios of NAMI-A to thiol

concentrations were prepared from freshly prepared stock solutien®.2b to 4.
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Residual absorbance at 390 nm of the solutions were measured and maited a
corresponding oxidant to reductant ratio. The stoichiometry was obtaméike ratio

beyond which no more NAMI-A was consumed.

2.4.4 Product ldentification: Possible detection and identification of intermediates
and product would be performed utilizing UV/VIS, NMR, ESI-MS or Beghniques
as the reactions require. For ESI-MS, aqueous reactant solutioespwepared in

distilled deionized water with resistance of at least @8M

245 Reaction Dynamics: Kinetics measurements were performed on the Hi-Tech
Scientific single mixing (SF-61SX2) and double mixing (SF-61DX®deis stopped-
flow spectrophotometers. Stock solutions of thiols and metal compleswes freshly
prepared for each set of experiments. The biologically-activesth¢d in this work
lack distinct absorption in the 200 — 700 nm region. This necessitated nmaibbr
reaction progress at the absorption wavelength of NAMI-A whiels a distinct
absorption in the visible regiohynax 390 nm. All kinetics experiments were carried out
at 25.0 + 0.1 °C except when the effect of temperature was monitoredhich case
temperature range was 0 - 37°C. A constant ionic strength of 1.0 M was maintained
using sodium chloride or sodium perchlorate except when the efféahiofstrength
was explored. For evaluation of reaction dependence on ionic strength¢skiokt
reactions were examined using varying amounts of NaGGontributions from all

charged species (buffer, NAMI-A and sometimes the thiots@mt in solution were
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taken into consideration for these measurements using the standatdtica for ionic
strength.

To evaluate effect of oxygen, argon was bubbled into freshpaped solutions,
and since reaction rate and profile did not change significantly feactions run in
ambient air. Similar results have been reported for the osacti Indazolium trans-
bis(indazole)tetrachlororuthenate(l1l) with glutathidf®All reactions were as such run
in ambient air. In an attempt to simulate the physiologicalrenment, experiments
were carried out using bicarbornate buffer. The results, howes@gristrated that the
pH was not adequately maintained. Phosphate buffer was thereforeousattain a
pH of 7.4. For reactions of NAMI-A with MESNA, reaction profile wa®nitored at
four other pHs: 3, 4, 5, 6. Phase | clinical trials reported that NAMBn be safely
administered at 300 mgffday for 5 days every 3 week&,corresponding to 6.55 x 10
* mol/nf/day, therefore, < 1.50 x TOM of NAMI-A was used. Pseudo-first-order
condition of excess thiol was adhered to.

Chloride is found in most body fluids, including blood, plasma, serum, urine
and saliva. Plasma chloride concentrations approximate to 100 mMrimainbuman
blood. Kinetics experiments with this chloride concentration were dered initially,
however, kinetics traces containing 0.1 and 1.0 M NaCl were indistinglesha
Therefore, chloride concentrations greater than 0.5 M were useslisTparticularly
advantageous for ensured stability of NAMI-A, since inhibition of ¢tioand DMSO

hydrolysis of NAMI-A at high chloride concentrations have been repdited.
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CHAPTER THREE

3.0 Kineticsand Mechanism of Interaction of NAMI-A with Cysteamine
3.1  Introduction

One of the most devastating facts about cancer treatmeatkiof specificity
for cancerous cells such that an effective drug candidate haspeqestial of harming
(normal) healthy cells. According to the National Cancer bnstitcancer treatment
options include surgery, chemotherapy, radiation therapy, biologital targeted
therapies, all with an endless list of side effects thasaneetimes lethdf? Up to 30%
of patients undergoing radiation-therapy for lung cancer, breasecdymphoma, or
thymoma present radiation-related symptdfis®® Incidences of acute adverse effects
of chemotherapy such as bone marrow suppression, renal failure, cacitygtox
mutagenicity and emesis are well documented®®

Cancer treatment options attempt to strike a balance betheresficial and
adverse effects, necessitating the use of agents that pnetthby cells from toxic
effects of these treatment typ&s:°* Aminothiols have been successful as chemo and
radio protectant§’®'%® Prevention of immediate and delayed effects of therapy is
expected of an ideal protectant. A Phase Il clinical trigggrt has proven Amifostine,
an FDA approved aminothiol, as the only effective cytoprotectannstgaisplatin-
induced cumulative renal toxicity*'*> Amifostine was originally selected as a
radioprotective agent by the Antiradiation Drug Development Progrhitine U.S.
Army Medical Research and Development Command after synthedigeating of

4,400 compound®® The range of applications of Amifostine is on the increase (
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Table 3.1). Studies have demonstrated selective chemo and radio pratécteomal

cells by Amifostine-?’

Agent Adver se Effect

Cisplatin Nephrotoxicity
Neurotoxicity
Renal toxicity

Peripheral nerve damage

Cyclophosphamide Pulmonary toxicity
Fotemustine Mutagenicity
Doxorubicin Cardiotoxicity
Mitomycin C Hematological toxicity
Radiation therapy Hematological toxicity
Mutagenicity

Carcinogenicity
Mucosa, skin and salivary gland

damage

Table 3.1: Summary of selected anticancer agents and corresponding effects against

which Amifostine offers protectidt %%

In vivo, Aminofostine is dephosphorylated by alkaline phosphatase enzyme to

the free thiol, WR-1065, which is the active metabolite (see Seh®ih). Alkaline
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phosphatase is expressed more in normal cells compared &rascells leading to
higher contents of WR-1065 in normal céfl§?°* WR-1065 is structurally related to

cysteamine, a cellular thiol (Figure 3-1).

H H
HoN N
2 W \/\SPO3H2 + H20 Ss HZN\/\/N\/\SH + H3PO4

Amifostine WR-1065

Scheme 3-1. Hydrolysis of amifostine to form its active metabolite, WR-1065

HzN\/\
SH

Figure 3-1: 2-aminoethanethiol also called cysteamine. Structurally related to the

active metabolite of amifostine, WR-1065.

Cysteamine modulates cellular levels of glutathf8hend is an important intermediate
in the alternative pathway of taurine biosynthesis (i.e coenzymegtadation}*® The
discovery of cysteamine dioxygenase emphasizes biological impertdirtbis simple
thiol. Cysteamine dioxygenase adds two atoms of oxygen to fréeanyise to form
hypotaurine which is further oxidized to taurfi&2°° Cysteamine has been approved
by the FDA for treating nephropathic cystinosis, a rare lysosetoeage disease that
might result in kidney failure or death if unattend&*? Applications of cysteamine
are on the increase with recent studies demonstrating itsfispactivity against
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Plasmodium malaria parasit? and potentiation of antimalaria activity of
artemisinin?*4#

Reports on effectiveness of cysteamine in radioprotection and cheteximn
are extensivé'®?? Documented effectiveness of cysteamine in cystinosis treatme
radio and chemo protection and its structural similarity to anm@smakes its
interaction with NAMI-A a possibility in a combination-regiménwolving NAMI-A

and any cancer treatment against which protection is negefsdhis chapter, results

are presented for such an interaction.

3.2 Results

3.2.1 Stoichiometry and Product Identification: Stoichiometric determinations
employing measurement of residual absorbance at 390 nm of solebotaning
varying ratios of NAMI-A and cysteamine are shown in FiggH2 Absorbances were

recorded within 2 minutes of solution preparation.
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[NAMI-AJ/[Cysteamine]
Figure 3-2: Plot of Residual absorbance of NAMI-A against [NAMI-A]/[cysteamine]
ratio revealing stoichiometric ratio beyond which residual absorbance perfiiéAMI-

Al/[cysteine] = 0.25, 0.33, 0.5, 1.0, 2.0, 3.0 and 4.0.

A full ESI-MS spectrum of equimolar concentrations of NAMI-A anygteamine was
taken within the first minute of the reaction in order to idgmtifolecular species and
possible intermediates involved in the reaction progress (seeeFs-3). An ESI-MS
peak corresponding to NAMI-A was observed at 389 m/z. The smallvesdiundance
of this peak is expected since the reaction occurs in the orelet efas recorded on the
stopped-flow. The reaction is essentially complete on comparingniieescale of the
reaction with that of ESI-MS experiment, although the sampke rnwa with as short a

time-lapse as possible from mixing time. Other peaks observ#t inegative mode
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spectrum demonstrate hydrolysis of NAMI-A involving two of theabkxchloride
ligands, 352 m/z, and loss of one or both of the apical ligands 274 and 209 m/
respectively. The peak at 180 m/z cannot be identified at this aitheugh its profile

may suggest a non ruthenium-containing species.
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Figure 3-3: Full ESI-MS (negative mode) spectrum of 1:1 ratio of NAMI-A to

cysteamine taken within the first minute of the reaction in 50% methanol.
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Spectrum of the same reaction in the positive mode (Figure 8atyrés
cystamine, disulfide of cysteamine at 153 m/z. This conforntset@expected result of a

one-electron oxidation of cysteamine which should result in cystamine.
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Figure 3-4: Full ESI-MS (positive mode) spectrum of equimolar concentrations of
NAMI-A and cysteamine taken within the first minute of the @adi 50 % methanol.

Spectrum shows cystamine as the product.
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3.2.2 Kinetics

3.2.2.1 NAMI-A dependence: Effect of varying initial concentrations of NAMI-A on
the reaction in 0.05 M phosphate buffer at pH 7.4 was examined, (see &iga). The
rate of consumption of NAMI-A increased with increasing initiBlAMI-A
concentrations. Rate measurements were confined to the initiaf 2Be reaction
where determination of contributing species is fairly accurdm@deontributions from

intermediates.

0.4

0.3 \d\\

0.2 1 ¢ \\\

Absorbance at 390 nm
4
7,
yd

0.1 1 ~ N

OO T T T

Time (s)
Figure 3-5a: Kinetic traces of reaction in 0.05M phosphate buffer (pH 7.4) showing
dependence on [NAMI-At its Amax [Cysteamine] = 1.0 x 10°M; [NAMI-A], = (a) 5.0

x 10°M (b) 6.0 x 1GM (c) 7.0 x 10M (d) 6.0 x 1IGM (e) 9.0 x 18M (f) 1.0 x 10'M
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Plots of initial rates against initial NAMI-A concentratiorggave straight lines,
indicating a linear dependence on NAMI-A (Figure 3-5b). Singstgamine] is much
greater than [NAMI-A],, cysteamine concentration effectively remained unchanged

during the reaction. The observed pseudo rate constant was then determined to be 6.85 x

10' +0.03 §.

8e-5

7e-5

6e-5

Rate (s'l)

5e-5

4e-5

(J
3e-5 T T T T T T
4.0e-5 5.0e-5 6.0e-5 7.0e-5 8.0e-5 9.0e-5 1.0e4 1l.1le4

[NAMIA] (M)

Figure 3-5b: Initial rate plot derived from Figure 3-5a, showing linear dependence on

NAMI-A. [Cys], = 1.0 x 10°M; [NAMI-A], = 5.0 x 10° M to 1.0 x 1d M

3.2.2.2 Cysteamine dependence: Dependence of the reaction on initial concentrations
of cysteamine (all other reaction conditions fixed) was monitate200 nm. Reaction

rate increased with increasing concentrations of cysteamimgurér 3-6a). The
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sigmoidal-type traces, more pronounced at low cysteamine concamdratid later also
observed at high temperatures, might suggest autocatalysis. fat@aplots deduced
from this plot are nonlinear (see Figure 3-6b) which might suggghict formation.
Similar effects were observed at various temperatures-vis-d5, 20, 30 and 37C

(Figure 3-6¢) and are summarized in Figure 3-6d.
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Figure 3-6a: Effect of cysteamine variation on the consumption of NAMI-A at 390 nm.
[INAMI-A], = 1.0 x 10* M; [cysteamine} = (a) 2.0 x 10°M (b) 3.0 x 1G M (c) 4.0 x
10°M (d) 6.0 x 1G M (e) 8.0 x 13 M (f) 1.0 x 1G M. Reaction rate increased with

cysteamine concentration.
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Figure 3-6b: Initial rate plot derived from data shown in Figure 4a, showing nonlinear

dependence on NAMI-A concentrations. [NAME-AJL.0 x 10*M; [cysteamine} = 2.0

x 103M to 1.0 x 1G M.,
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Figure 3-6¢: Effect of cysteamine variation at temperatures 15, 20, 30 afi@ #bm a

through d respectively.
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Figure 3-6d: Summary of rate dependence on cysteamine at various temperatures.

[NAMI-A], = 1.0 10*M: [cysteamine] = 2.0y 10°M 7o 1.0y 10% M.

3.2.2.3Effect of ionic strength: The response of this reaction to changes in
concentration of an inert salt (NaG)D at constant temperature and reactants
concentrations, was monitored at pH 7.4 without a buffering environmeneagicg
ionic strength slowed down the reaction rate in both cases as showhe in
representative plot, Figure 3-7 (no buffer). This suggests that teededermining
step(s) involve species of different charges. Although, from pKaysteamine,
appreciable amount of zwitterionic cysteamine exists in solutlom,net positively

charged species should be predominant in the rate determining step.
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Figure 3-7: lonic strength dependence of cysteamine-NAMI-A readt@ysteamine}
=1.0 x 10° M; [NAMI-A], = 1.0 x 10" M; [I] nacios= (@) 1.00 x 1 M (b) 0.15 M (c)

0.30 M (d) 0.45 M (e) 0.90 M

3.2.2.4 Effect of chloride ion: The dependence of this reaction to changes in chloride
ion concentrations at constant temperature and other reaction con(fifthn®actants
concentrations and ionic strength) was examined. Chosen chloride catioestwere
corresponded to concentrations in the cytoplasmic matrix (~2 mibd/extracellular
fluids (up to 100 mM) and in some experiments higher concentratioreswsed. The
presence of small amounts of chloride ions retarded the reasti®eea in Figure 3-8,

but increasing chloride ion concentrationsfurther, however, did noffisartly affect
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the overall rate of reaction. No observable difference was obsirtled kinetics traces

of solutions containing chloride concentrations of 0.02, 0.1, 1.0 M and higher.
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Figure 3-8: Effect of varying initial chloride concentration.[cysteamine]1.0 x 10?

M; [NAMI-A] o = 1.0 x 10" M; [4] nacios= 1.0 M; [CI-] = 0.00 M to 0.10 M

3.2.2.5 Thermodynamics and activation parameters. At fixed concentrations of
substrate, oxidant and ionic strength, the effect of temperaturthe reaction was
evaluated. Reaction rate increased proportionally with increasimgetatures as
expected (see Figure 3-9a). The data obtained were used to coastArchenius plot
(see Figure 3-9b).
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Figure 3-9a: Temperature dependence of cysteamine-NAMI-A reaction. [NAMEA]
1.0 x 10°'M; [cysteamine} = 1.0 x 10° M, Temperature = (a) 15C (b) 20°C (c) 25°C

(d) 30°C (e) 37°C, pH 7.4; lonic strength maintained at 1.0 M using NaCl

The Arrhenius plot afforded these activation parameters: entbpgtivation,
AS = -117 J K* mol?, enthalpy of activationAH” = 41.5 kJ mét and free energy of
activation asAG” = 76 kJ mof (at 25 °C). Low positive enthalpy and distinctly
negative entropy of activation suggests some degree of moleculaingraethe rate

determining step. These parameters are indicative of an associativenis@cha

a7



3.8

3.6

3.4 4

3.2 A

3.0 A

Lnk

2.8

2.6

2.4 -
L)

2. 2 T T T T T
0.00320 0.00325 0.00330 0.00335 0.00340 0.00345 0.00¢

UT (K™Y
Figure 3-9b: Temperature dependence of cysteamine-NAMI-A reaction. [NAM-A]

1.0 x 10°'M; [cysteamine} = 1.0 x 10° M.

3.3  Mechanism

3.3.1 Electron Transfer: Reactions were carried out at pH 7.4. At this pH, the amine
functional group of cysteamine should be predominantly protonated sindeahand

amine pKa’'sare 8.27 and 10.53 respectivély.

H,NCH,CH,SH = H;N*CH,CH,SH + H* Ky, R1
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Although cysteamine exists predominantly in the protonated form uhege reaction
conditions, appreciable amounts of zwitter-ionic form (see R2)lsoepaesent at 13 %

of total cysteamine after using the Henderson-Hasselbach equation.

HsN*CH,CH,SH - H;N*CH,CH,S™ + H* Kaz R2

These species react with anionic NAMI-A to form an activatethplex derived from
reactions R3 and R4. The activated complex, sitting at thenmiaxienergy point along
the reaction coordinate, may, however, rearrange to form productsll back to
reactants. Activation parameters obtained are suggestiveasBaniative mechanism in

which the activated complex is more ordered in comparison to the reactants.

H,N*CH,CH,SH + [ImRuCl,DMSO]~

— [H3N*CH,CH,SH ... [I[mRuCl,DMSO]~]* k, R3

HsN*CH,CH,S™ + [ImRuCl,DMSO]~

- [HsN*CH,CH,S™ ... [ImRuCl,DMSO]"]* k, R4

R3 and R4 estimate the nature of the activated complex in terowrgfosition only,
specific molecular arrangement of the species cannot berile¢el at this time. R5 and
R6 demonstrate formation of products: the reduced NAMI-A and cystafrom the

activated complex.
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2[H5N*CH,CH,SH ... [ImRuCl,DMSO]"]* —» H,NCH,CH,SSCH,CH,NH,

+ 2[ImRuCl,DMSO]>~ + 4H* ks R5

2[HsN*CH,CH,S™ ... [ImRuCl,DMSO]"]* —» H;N*CH,CH,SSCH,CH,N*H,

+ 2[ImRuCl,DMSO]2~ + 2H* K, R6

Redox interactions between reduced NAMI-A and cystamine werapatéed.
The labile nature of the reduced complex however, with a ifalbt ~14 §% implies
that reaction is effectively irreversible. This short hakt lidken together with reaction
duration of ~4 s for electron transfer (measured by disappeacdra®arge transfer
band of NAMI-A at 390 nm) might explain obvious absence of reduced NAIfb#

ESI-MS spectrum.

3.3.2 Ligand Exchange: Following electron transfer process, is a series of ligand
exchange processes involving two chloride ligands and the apicatsiganidazole

and dimethyl sulfoxide as described by R7- R13.

[ImRuCl,DMSO]?~ + H,0 — [ImRuCl;(H,0)DMSO]~ + CI~ R7

[ImRuCl;(H,0) DMSO]~ + H,0 — [ImRuCl,(H,0),DMSO] + CI~ RS

[ImRuCl,(H,0),DMSO] - [ImRuCl,(H,0)(OH)]” + H* + DMSO R9
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[ImRuCl,(H,0),DMSO] - [ImRuCl,(OH),DMSO]~ + H* R10

[ImRuCl,(H,0),DMSO] + H,0 - [ImRuCl,(H,0);] + DMSO R11

[ImRuCl,(H,0)s] + H3N*CH,CH,S™

- [ImRuCl,(H,0); “SCH,CH,N*H;] + H,0 R12

[ImRuCl,(H,0)s] - [RuCl,(H,0),] + H,0 + Im R13

Results of influence of chloride ions on the reaction as seen ineF3gBrsuggest that
the chloride exchange reactions, R7 and R8) could be reversible. Hibesetions
have been summarized graphically into Scheme 3-2. Structuresdl&baled G were
not observed on the ESI-MS spectra (refer to Figure 3.3), howeveardbence of K
and the 352 m/z with such high relative abundance strongly suggestitor of these
species. The 352 m/z might be due to either J or L. Formation if réquire loss of
acidic protons from coordinated water. Availability of protons (r&deR5 and R6) in
the reaction mixture however, might make formation of J lesseviddbre so, the
nonlinear dependence of reaction on cysteamine concentration migiht afduct
formation as was the case with respect to L.

Reaction scheme 3-2 exemplifies labilization and subsequent ligahéree
reactions that have been observed for metal-based anticancer prodrayssyirdICR
and platinum (IV) complexé&'®° Consequently, reduction of NAMI-A by cysteamine

should enhance reactivity of NAMI-A with biomolecules, this is greement with
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reports ofincreased antimetastactic activity of NAMI-A and adduct fation with

transferrin, human serum and albumin in the presence of cysteine andfGSH.
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Scheme 3-2: Proposed mechanism for the reduction of NAMI-A by cysteamine and

subsequent ligand exchange process.
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CHAPTER FOUR
4.0 Kinetics and Mechanistic Investigation into the Possible Activation of

NAMI-A by 2-Mer captoethane sulfonate
4.1  Introduction

Cancer still poses a significant health threat mostly due tontdality of
individual drugs to cure cancer at clinically tolerable d6&§€€>The two exceptions to
these are choriocarcinoma and Burtitt’s lymphdfialhese factors have necessitated
combination chemotherapy.

Imidazolium trans-[tetrachloro (dimethyl sulfoxide)(imidazalgenate(lll)],
NAMI-A, is an experimental prodrug that shows low host toxi@tyd selectively
targets metastatic celf§’"*8522’NAMI-A, while being very active against metastases
has relatively limited activity towards primary tunfé¥?*° This suggests that
administration of NAMI-A in combination with drug(s) active agaipsmary tumor
might present more desirable chemotherapy outcome. Likely optorthi§ purpose
are widely used anticancer drugs shown in Table 1. These fdragsn integral part of
chemotherapy regimens used in cancer treatment, for instaggktiai is used in 50-
70% of all cancer patients most often in combination with other Jgrtij(sA notable
disadvantage with these and other drugs is their induction of nephrotd¥icfty?2°
Most anticancer drugs and their metabolites are eliminated thrthiegkidneys, thus,

making the kidneys susceptible to injdfy.
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Alkylating Agents Antimetabolites Miscellaneous
Cisplatin Azacitidine Diaziquone
Carboplatin Methotrexate Clofarabine
Carmustine 6-Thioguanine Mitomycin
Streptozocin Pentostatin Temsirolimus
Ifosfamise

Cyclophosphamide

Chloroethylnitrosoureas

Table 4- 1: Widely used chemotherapy drugs with inherent nephrotoxfeit§®:188:226
Antimetabolite: drug that interferes wittormal metabolic processes within célfs

Alkylating agent: drug that causes DNA damage by addition of alkyl groupsdificpe

bases>?

A combination, therefore, of NAMI-A and any of the above mentioned sdxuidj
require a concurrent use of a chemoprotectant to prevent nephrotoxicity.
Chemoprotection aims at prevention, mitigation or delay of toxidigretby increasing
therapeutic index of chemotherapy without interfering with efficafcapplied drug>
These are all expected to improve patients’ quality of lifdufeato provide adequate
chemoprotection during therapy may mandate withdrawal or postponentesataient

and consequently lowers the probability of treatment success. S@dium-

mercaptoethanesulfonate, MESNA, is a low molecular weight thiolimical use as a
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chemoprotectant which inhibits the hemorrhagic cystitis and prevdatkler and
kidney toxicities induced by cisplatin, ifosfamide and cyclophosphafiifdé’
Chemoprotection by simultaneous administration of 100 mg/kg MESNA didffeat
survival times observed with vincristine, 5-fluorouracil, doxorubicin, hoteéxate,
cisplatin, or cyclophosphamid&’?® This current clinical utility of MESNA suggests
that an encounter with NAMI-A should be inevitable should NAMI-A bedwsepart of
a combination regimen involving any nephrotoxic cancer drug. Inieghs the
disulfide of MENSA, BNP7787, is currently undergoing Phase Il dinicials for
chemoprotection. Reports have revealed the involvement of MESNA mehkanism
of protection of cisplatin-induced nephrotoxicity as illustrated gufg 4-12°2*! This
further emphasizes the potential for interaction of MESNA withM\HA when

administered in combination with cisplatin.

MESNA HaN cl H.N
S
or + >Pt< — \Pt/ -
BNP7787 H3N cl HaN—" ~¢ SO,

MESNA-Cisplatin Adduct

|

No Nephrotoxicity

Figure 4-1: Nephroprotection by BNP7787 showing involvement of MESNA.
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A recent study reports cure of cancer in about 60% of the amnimested for
lung metastasis using a combination of cisplatin and NAMI-A in mousdels**? This
represents the most successful treatment reported for asi$aStPresented here is a
first report on kinetics and mechanism of interaction of NAMI-AMMESNA under
physiologically-relevant conditions. An understanding of this intevacis important

for optimizing clinical use of NAMI-A with high-dose nephrotoxic agents.

4.2  Results
4.2.1 Stoichiometry and Product ldentification: Stoichiometry of reaction was
found to be 1:1 with NAMI-A reacting with MESNA to give dimefarm of MESNA

and reduced NAMI-A as represented in S1

2HSCH,CH,S03; + 2[ImRuCl,DMSO]"

— ~03SCH,CH,SSCH,CH,S03 + 2[ImRuCl,DMS0O]*~ + 2H* S1
3 2uHz 2LHz0U3 4

Figure 4-1shows the spectral changes observed from a solution of MESNA and
NAMI-A scanned at 30 second intervals. The charge transfer baNaMi-A at 390
nm decreased as the reaction progressed showing one electronoredtidiAMI-A.
The shoulder at 345 nm initially increased and then decreased tothardsnd of
reaction. Absence of an isosbestic point indicates involvement of etisarbing

species.
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Figure 4-1: Rapid spectral scan of aqueous solution of MESNA and NAMI-A taken at

30 s interval. [MESNA]= 1.5 x 10*M; [NAMI-A], = 5.0 x 10° M.

Reduced form of NAMI-A, [ImRuGHmsof’, has been reported to have a half
life of approximately 14 & Upon formation, it is expected that this labile species will
be rapidly hydrolyzed in these aqueous reaction conditions. A fultrespcay
ionization mass spectrum of the stoichiometric solution was takdreinegative mode
within the first minute of reaction (Figure 4-2a). The spectfeatures NAMI-A at m/z

= 389 and MESNA at m/z = 140 being the most abundant. A small peakzat
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139.96 represents the already formed disulfide of MESNA. No peak wassetidor

the reduced NAMI-A at m/z = 194 since it is extremely labile.
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Figure 4-2a: Negative ESI-MS spectrum of a stoichiometric solution of MESNA and

NAMI-A within the first minute of start of reaction.

Other crucial features of this spectrum are the group of akéz ~ 208, 243

and 321. The 208 m/z peaks might seem insignificant (5 % relative abupdbance

evidence from other studies in this dissertation (Chapters 3 augj§est these are ions
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formed from reduced NAMI-A with a basic structure, [RBLO) ;). Figure 4-2a

displays [RuCJ(H20) »+H] and [RuC}(H20) »-H] with the same relative abundance.

243 and 321 m/z are due to ionization since NAMI-A without reductant shioese

peaks®® Spectrum in Figure 4-2b, taken five minutes after Figure 4-2a stiesvsase

in both NAMI-A and MESNA peaks with simultaneous growth of the didalfof

MESNA.
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Figure 4-2b: Negative ESI-MS spectrum of the same solution in Figure 4-2a taken five

minutes later showing the depletion of both NAMI-A peak at 389.8300 m/z and MESNA

peak at 140.9684 m/z with simultaneous growth of disulfide of MESNA at 139.9612 m/z

and decay of MESNA.
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Figure 4-2c, taken at 5 minutes shows the disulfide as most abuddaminstrating

progress of the reaction towards completion, according to stoichiometrione@it

09222010 100923175034 #3-18 RT: 0.10-0.24 AV: 16 NL:1.05E7
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Figure 4-2c: Negative ESI-MS spectrum of solution in Figure 3-2a taken ten minutes

later showing disulfide of MESNA as the major peak.

Of note is the nature of the product, dimeric form of MESNA (reteto as

BNP7787)?° and its relevance to cancer chemotherapy. BNP7787 has demonstrated

chemoprotection that surpasses that of MESNA and may pragadhst cisplatin-
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induced nephrotoxicity without interfering with efficacy, thus ssjmg a more

improved quality of life for patientg’:2*2%

4.3  Kinetics
4.3.1 NAMI-A Dependence

Effect of varying initial concentrations of NAMI-A on the react in 0.1 M
phosphate buffer at pH 7.4 was examined (see Figure 4-3a). Tloé catesumption of
NAMI-A increased with increasing initial NAMI-A concentratis. Absorbance traces
at 390 nm in Figure 4-3a (and all other subsequent traces which monitor consumption of
NAMI-A) show what might appear, erroneously, as mild autocsitaly This peak at
390 nm is not entirely isolated and is influenced by contribution frgea& at 345 nm,
which appears as a shoulder to the 390 nm peak. Since the peakrah 3diially
increases, one expects a positive contribution, measured at 390 nnhisqeak. As
the reaction proceeds, however, the peak at 345 nm starts toifalla woncomitant
decrease in its contribution at 390 nm. Thus the observed rate of decrease of the peak at
390 nm will be enhanced, without necessarily an increased deaneage of loss of
NAMI-A. There is no stoichiometric link between NAMI-A and theeimhediate that
absorbs at 345 nm, thus initial rates for all our kinetics detetimnsawere confined to

a very short initial part of the reaction before establishment of intermgdiate
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Time (S)
Figure 4-3a: Kinetic traces of reaction in 0.1M phosphate buffer (pH7.4) showing
dependence on [NAMI-At its Amax [MESNA] = 5.0 x 10°M; [NAMI-A], = (a) 5.0 x

10°M (b) 6.0 x 10M (c) 7.0 x 10M (d) 6.0 x 1M (e) 9.0 x 1GM (f) 1.0 x 10'M

Plot of initial rates against initial NAMI-A concentratiogs/es a straight line, with an
intercept kinetically indistinguishable from zero, suggestingneat dependence on
NAMI-A (Figure 4-3b). A bimolecular rate constant of 7.07 x*100.06 M's* was

deduced from the data shown in Figures 4-3a and b.
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Figure 4-3b: Initial rate plot derived from Figure 4-3a, showing linear dependence on

NAMI-A. [MESNA] = 2.0 x 10°M; [NAMI-A], = 5.0 x 10° M to 9.0 x 10M

4.3.2 MESNA Dependence.

Effect of variation of initial concentrations of MESNA wasaalsionitored at
390 nm. The reaction rate monotonically increased with increasimgentrations of
MESNA with no apparent saturation but with an apparent slight ireiaasite at high
MESNA concentrations (Figure 4-4a). Initial rate plots deduced ftosplot, Figure
4-4b, again show a linear dependence on MESNA concentrations. sknareaate
observed at the tail end of the traces is due to the aforementaivstbance
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contribution at 345 nm which magnifies rate of decrease in obsepgedoance at 390
nm. Sigmoidal-type traces are much more pronounced at higher MESNA

concentrations, and hence the expected deviations at high MESNA concentrations.
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Figure 4-4a: Effect of MESNA variation on the consumption of NAMI-A at 390 nm.
[INAMI-A], = 1.0 x 10" M; [MESNA], = (a) 1.0 x 1 M (b) 2.0 x 1G M (c) 3.0 x 1¢

M (d) 4.0 x 1G M (e) 5.0 x 18 M (f) 6.0 x 1G M (g) 7.0 x 1G M.
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Figure 4-4b: Initial rate plot derived from Figure 4-4a, showing linear dependence on

[MESNAJ,

4.3.3 Buffer and pH Effects.

In the absence of buffer ions, varying initial concentration of SME
influenced the reaction in similar manner as were obtained wd@amion was carried
out at pH 7.4, compare Figures 4-4a and c. The slower rate in thiecabsf buffer
might be due to reported stability of NAMI-A at lower pf3.At much lower pH
values of 5 through 3, lower rates were observed and sigmoidal tehestazs on the

traces became more pronounced as pH decreased, see Figure 4-4d.
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Figure 4-4c: Effect of MESNA variation on the consumption of NAMI-A at 390 nm.
Reaction not buffered. [NAMI-AE 1.0 x 10 M; [MESNA] = (a) 1.0 x 1F M (b) 2.0
X 10° M (c) 3.0 x 1G M (d) 4.0 x 1G M (e) 5.0 x 18 M (f) 6.0 x 1G M (g) 7.0 x 1G

M. Reaction is slower than observed at pH 7.4, compare Figure 4-4a.

66



0.5
0.4 -
£
c
o
& 03
©
(¢}
(6]
g
92 024
o
(72}
0
<
0.1 1
H3.0
PH5.0 pH 4.0
00 T T T T T T T
0 20 40 60 80 100 120 140 160
Time (S)

Figure 4-4d: Influence pH on reaction rate. Reaction in 0.1 M phosphate buffered at
pH 3.0 proceeded slowly compared to pH 4.0 and 5.0. [NAMIFAL.O x 10*°M;

[MESNA] = 5.0 x 10° M

4.3.4 Temperature dependence.

At constant ionic strength, concentrations of NAMI-A and MESNA, dffect
of temperature on the reaction was evaluated. Reaction rat@asadr@roportionally
with increasing temperatures as would be expected from standdrednfus kinetics
(see Figure 4-5a), suggesting the existence of a single domatardetermining step.

The data obtained were used to construct an Arrhenius plot (see Hgibyg
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Activation parameters deduced using information obtained from the Arrheniusu@ots
entropy of activationAS” = -178.12_+0.28J K'mol*, enthalpy of activationAH” =

20.64 +0.082 kJ mot and free energy of activation A&” = 75.89 +1.76 kJ mof at

37 +0.1°C and pH 7.4. The distinctly negative entropy of activation suggests some
degree of molecular ordering in the rate determining step. Thesengars are

indicative of an associative mechanism.
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Figure 4-5a: Temperature dependence of the reaction between NAMI-A and MESNA
(0.1 M phosphate buffer, pH 7.4). Reaction rate increased with temperature increase.
[MESNAJ = 5.0 x 10°M; [NAMI-A], = 1.0 x 10°M; Temp = (a) 16C (b) 15 C (c) 26
C (d) 25C (e) 36C (f) 37C.
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Figure 4-5b: Arrhenius plot extracted from study of effect of temperature variation on

the reaction for determination of activation parameters.

435 Effect of ionic strength:

The response of the present reaction to changes in concentratiomeftasalt,
at constant temperature and reactants concentrations, was exaffRigere 4-6).
Increasing ionic strength increased the rate of reaction.mliigist suggest that the rate

determining step(s) contain species of similar charges.
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Figure 4-6: Influence of ionic strength on reaction rate. lonic strength increase from
(a) to (e) increased the reaction rate as shown. [NAMI=AL.0 x 10'M; [MESNA], =

5.0 x 1 M; [I] nacioa= (2) 0.05 M (b) 0.10 M (c) 0.20 M (d) 0.30 M (e) 0.40M.

44  Mechanism

lonization of MESNA in aqueous solution is represented in R1. Undetiora
conditions of pH 7.4, predominant species is the monoanionic as sdes fadction.
Dianionic form (see R2) is expected to be present in quantifaabtaints based on the

Henderson-Hasselbach equation.
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HSCH,CH,SO;Na —  HSCH,CH,SO, +  Na* R1

HSCH,CH, S0, - ~SCH,CH,SO,~ + HY K, R2

These species react with anionic NAMI-A to form associatv@plexes (see R3; R4)
as indicated by deduced activation parameters. The activated gesfilen proceed to

form BNP7787 and reduced NAMI-A as products as shown in R5 and R6.

HSCH,CH,S0;~ + [ImRuCl,DMS0]~

— [HSCH,CH,SO5™ ... [ImRuCl,DMSO]~]* k, R3

~SCH,CH,SO0;™ + [ImRuCl,DMSO]"

— ["SCH,CH,SO;™ ... [ImRuCl,DMSO]~]* k, R4

2[HSCH,CH,S05™ ... [ImRuCl,DMS0]~]*

- -+ mRu -
03SCH,CH,SSCH,CH,S0, 2[ImR C14DMSO]2 2H* R5

2[~SCH,CH,S05™ ... [ImRuCl,DMSO]~]*

—  ~0,SCH,CH,SSCH,CH,S0;,~ + 2[ImRuCl,DMS0]% R6

Results of the ESI-MS experiments (Figure 4-2a-c) suggedeaa conversion
of NAMI-A to the reduced dianion form. The absence of an isosbpstit on the
multiple UV/Vis spectra suggests involvement of multiple absorimecies. Redox
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interaction between the products was anticipated, however, the oétilmese species
in terms of charge strongly indicate prevention of such interactioego electrostatic
repulsions.

Reaction rate measured as the rate of disappearancenBLUQLDMSO],

NAMI-A is defined as:

Rate = k,[RSH][ImRuCl,DMSO]~ + k,[RS™][ImRuCl,DMSO]" E1

where RSH and RSepresent protonated and deprotonated MESNA respectively as

shown in R1 and R2. Results obtained from ionic strength effects deatertbtt the

reaction of RSis rate limiting thus indicating th&t >> k, and E1 reduces to

Rate = k;[RS7][ImRuCl,DMSO]~ E2

E2 can be expressed in terms of initial MESNA concentration hwisicdistributed

between RSH and RSrom mass balance,

[RSH], = [RSH] + [RS7] E3

Combining E3 with Henderson-Hasselbach equation, a ratio of {RERSH] can be

derived. Substitution for [RSH] using R2 results in the rate law;
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Kak,[RSH],[ImRuCl,DMSO]~
Rate = E4
[H*](1 + 10PH-PKa)

which in conditions of overwhelming excess of MESNA can be written as

Rate = k,[ImRuCl,DMSO]~ E5
where

Kak,[RSH],
k, = . E6
[H*](1 + 10PH-PKa)
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CHAPTER FIVE
5.0 Kineticsand Mechanism of interaction of NAMI-A with Glutathione
5.1 Introduction

Intracellular thiols are essential for maintenance of celh@ddox homeostasis in
living systems*® Glutathione (GSH) is the most abundant and most important cellular
antioxidant in animal cells with concentrations up to 10 mM in theptgsm and 2 —
20 pM in extracellular fluidé*"**®It performs cytoprotectivity against reactive oxygen
and nitrogen species vis: hydrogen peroxide, peroxynitrite, lipidxgerhydroxyl,
nitric oxide and superoxide radic&fS.These reactive species have been implicated in
the pathogenesis of various disease states including atherascldrgsertension,
ischemia/reperfusion injury, cardiovascular  disease, diabetes itusiell
neurodegenerative diseases (Alzheimer's and Parkinson’s diseakesmatoid
arthritis, cancer and ageirf¢®*°%*!Participation of GSH in various metabolism and
regulatory processes such as synthesis of prostaglandins, cell piiolifewrad apoptosis
is well documented'®%%2*|ts direct and indirect involvement in various important
biochemical processes is further illustrated in Figuré’S-ivhere it is shown to act as a
center wheel influencing all featured processes.

Interactions of a drug with biomolecules and other xenobiotics influgace
absorption, distribution, metabolism, excretion and toxicity (ADMET)pprties and
ultimately its activity. These properties are determinani afug’s clinical relevance.
Drugs are metabolised either to active or inactive metabobte interaction with

proteins and non-protein biomolecules. Such interactions impact drucacgffic
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positively or otherwise. Interaction of any xenobiotic with GSH imaldy translates to

potential for modulation of processes involving GSH.
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Figure 5-1: A representation of the GSH involvement in important cellular processes
(Modified figure adapted from Mitchell, J.B. & Russo, A. 1987 Br. J. CaSoppl.

8:96-104§>°

Decrease in GSH levels impairs a cell's ability to protégself thereby
increasing sensitivity to effects of toxic substances. thes not surprising that higher
levels of GSH in cancer cells are associated with observetstaice to
chemotherapeutic agerfté:*°This is in agreement with mounting evidence that tumor

cells have higher levels of GSH compared to normal healthy?€&f&
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There is great potential for interaction between NAMI-A andH@&8nsidering
the extent of GSH involvement in many processes of biologigaif&iance. In view of
the above, this chapter reports on the investigation conducted on theitsead
NAMI-A with GSH in hopes of better understanding of mechanism tbraof this

promising prodrug.

5.2  Resultsand Discussion

5.21 Stoichiometry and Product Identification: Absorbance measurement at 390
nm of varying ratios of NAMI-A to GSH afforded determination o#action
stoichiometry. A 1:1 ratio represented by R1 was obtained (GS8@ssfor oxidized

glutathione).

2GSH + 2[ImRuCl,DMSO]~ - GSSG + 2[ImRuCl,DMSO0]?~ + 2H* R1

An absorption profile of a solution containing about 1:3 ratio of GSHAMNA was
recorded at 30 s intervals. Consumption of NAMI-A was observedhageaction
progressed as demonstrated by reduction at 390 nm (Figure 5-2ajs@ppearance of
this band occurred with concomitant formation of a new band at ~339 noh whi
progressively shifted to lower wavelength. Growth of the new pegitesents
conversion of reduced NAMI-A to a new absorbing form, supposedly throgghdli
exchange. Kinetic observation at ~339 nm could unveil some informatgandieg the

species present. Several attempts to study reaction kiaéties wavelength however,
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demonstrated that consistent results could not be obtained under thelenrea

conditions. Contributions from multiple species might be responsible.
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Figure 5-2a: Multiple spectral scans showing absorption profile as reaction progressed
of a GSH- NAMI-A reaction mixture. Spectral interval was 30 s. [NAMEAL5 x 10°

M; [GSH], = 5.0 x 10* M.

A continuous spectral scan of the same solution as shown in Figure 5-2a
revealed a decrease in the shifting 339 nm peak followed by aaggcin absorption
over the entire visible wavelength (Figure 5-2b). Blue shift in absorbandenomaxand

absence of well-defined isosbestic points might be suggestive afepsogf reaction
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towards product formation through various intermediates. Similar \cdigmrs had

been reported for GSH oxidation by chromium acetate cltfSter.
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Figure 5-2b: Multiple spectral scans of same solutions observed in Figure 5-2a. The
new peak grew to a maximum and later decreased. Absorption over entitreispisc

observed with the disappearance of this peak.

Identification of all observable molecular species present in a dynaaution
mixture and after completion of reaction is key to establishing pathway faactitar
of reactants to form products. A full ESI-MS spectrum of solution containing a
stoichiometric ratio of NAMI-A and GSH was taken in the negative mode witlin t
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first minute of the reaction in order to identify molecular species involvedrg-3).

Observed ions were monoanionic NAMI-A, [RyBMSOT, [GSH-H] and RuC/ at

389, 321 and 243 m/z respectively. One electron oxidation of GSH should result in

formation of dimeric GSH and dianionic NAMI-A.
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Figure 5-3: Full ESI-MS spectrum of stoichiometric solution of NAMI-A and

glutathione within the first minute of the reaction. (50% methanol, negative mode)
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An ESI-MS spectrum of the same solution taken in the negative anodeute
later is shown in Figure 5-4. Same peaks as the ones observed in Bgunere

present with the appearance of a new peak at 611 m/z dispfaymation of dimeric

GSH, GSSG.
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Figure 5-4: Full ESI-MS spectrum of solution in Figure 5-1 taken a minute later.

Formation of GSSG was observed. (50% methanol, negative mode)
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Dianionic NAMI-A was not observed, its obvious absence could be atulildatéts
short half life. No ions indicating aquation of any of the apicataal ligands were
observed. In the positive mode (Figure 5-5), only ions corresponding to GSH and GSSG

were observed in significant relative abundances.
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Figure 5-5: Full ESI-MS spectrum of equimolar concentrations of NAMI-A and
glutathione ran in the positive mode, showing formation of product, GSSG. (solvent-

50% methanol)
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5.2.2 Kinetics

5.2.2.1 NAMI-A dependence: The peak serum concentration, of NAMI-A
following administration of recommended safe dose of 300 Aiday ranged on the
average between 1.58 x4 and 4.00 x 19 M for day 1 and day 5 respectively. Sets
of initial NAMI-A concentrations were chosen such that highestentration used is at
least bioavailable. Under pseudo first-order conditions of excebls(B3 — 200 fold),
effect of varying initial concentrations of NAMI-A on the ragant at pH 7.4 was

examined, see Figure 5-6a.

0.40

0.35 1

0.30 A

0.25 A

0.20 A

0.15 A

Absorbance at 390 nm

0.10 A

0.05 A

o. oo T T T T T T T
0 20 40 60 80 100 120 140

Time (s)
Figure 5-6a: Kinetic traces of reaction in 0.1M phosphate buffer (pH 7.4) showing
dependence on [NAMI-At itS Amax [GSH]o = 1.0 x 10°M; [NAMI-A], = (a) 5.0 x 10

M through (f) 1.0 x 1M
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The rate of consumption of NAMI-A increased with increasing ahitNAMI-A
concentrations. Initial rates deduced from these data wereogaapto give Figure 5-
6b, plot of initial rates against NAMI-A concentrations indicatdsiear dependence on

NAMI-A. Pseudo first-order rate constant was then deduced to be 7.2 % 0.0004

S—l

le-6

8e-7 A

6e-7

de-7 A

Initial Rate (Ms'l)

2e-7 A

4e-5 6e-5 8e-5 le-¢
INAMEA] (M)

Figure 5-6b: Initial rate plot derived from Figure 3.5a, showing linear dependence on

NAMI-A. [GSH], = 1.0 x 10°M; [NAMI-A], = 5.0 x 10° M to 1.0 x 1dM

5.2.2.2 GSH Dependence: Dependence of the reaction on initial concentrations of GSH
(all other reaction conditions fixed) was monitored at 390 nm. Sewelegpendent runs
of this experiment were performed to confirm the observed trendpresentative plot

of the results, Figure 5-7, demonstrates independence of reactioonratiial GSH
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concentrations. The zero-order dependence of this reaction on GSHhtcatoe thus

renders the pseudo-first-order rate constant equivalent to overall reacticomatant.

0.4 K
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@ — 20x10°M
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<C — -3

00 T T T
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Time (s)
Figure 5-7: Effect of increasing initial GSH concentration on the consumption of
NAMI-A at 390 nm. [NAMI-A]= 1.0 x 10°M:; [I] = 1.0 M, [GSH], varies from 2.0 x

10°Mt08.0x 10 M

This suggests that GSH is not involved in the rate-determinipgasie does not affect
the transition state. This observation might be suggestive of decfalaation process.
GSH possesses multiple potential binding sites: carboxylic aomiho, amide and

sulfhydryl groups, all of which cannot be coordinated simultaneoudlyetouthenium
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center. Species demonstrating the formation of coordinated GSHwaeobserved on

the ESI-MS.

5.2.2.3 Effect of ionic strength: Under unbuffered conditions of constant temperature,
oxidant and reductant concentrations, the influence of varying coatiens of an inert
salt (NaClQ) was evaluated to establish effect of ionic strength on thetioa.
Increasing ionic strength slowed down the reaction rate suggesitat the rate

determining step contain species of opposite charges.

5.2.2.4 Thermodynamic and activation parameters. Temperature dependence of the
reaction was isolated with all other reaction conditions wexedfi Reaction rate
increased proportionally with increasing temperature (see Fiy8a). Rate constants
for individual temperature conditions were obtained using initial pades shown in
Figure 5-8b. The derived rate constants were used to constrathe@mius plot, Figure
5-8c, resulting in the following activation parameters: entropyctif/ation, AS’ = -
100.6 J K' mol™, enthalpy of activationAH” = 55.1 kJ mét and free energy of
activation asAG” = 85 kJ mol(25 °C). The distinctly negative entropy of activation
suggests a more ordered activated transition state compared teathaents and is

indicative of an associative mechanism.
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Figure 5-8a: [NAMI-A], = 1.0 x 10°M; [GSH], = 5.0 x 10° M , Temperature = (a) 15
°C (b) 20°C (c) 25°C (d) 30°C ; pH 7.4; lonic strength maintained at 1.0 M using

NacCl
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Figure 5-8b: Rate plot from data shown in Figure 5-8a. All reaction conditions same as

shown for Figure 5-8a.
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Figure5-8c: Arrhenius plot extracted from study of effect of temperature (Figure 5-8a)

for determination of activation parameters.
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53  Mechanism

GSH has four pKa values: 2.12, 3.59, 8.75 and 9.65 for its carboxylic, thiol and
amine functional groups. At pH 7.4, at which reactions were perthrbwh carboxylic
groups are expectedly deprotonated while thiol and amine groups ciomaied>*
These dissociations are represented by R1-R3, whergCEI(NH,)(SH)RCQH

represents GSH.

HO,CCH(NH,)(SH)RCO,H - ~0,CCH(NH,)(SH)RCO,H + H* K, R1
~0,CCH(NH,)(SH)RCO,H = ~0,CCH(NH,)(SH)RCO,~ + H* K,, R2
~0,CCH(NH,)(SH)RCO,” + H* = ~0,CCH(*NH;)(SH)RCO,” K, R3

GSH will have a predominant net charge of -1. All of the different GSH fortthseact

with NAMI-A to form more ordered transition state, see R4 — R6.

~0,CCH(NH,)(SH)RCO,H + [ImRuCl,DMSO]"

g [_OzccH(NHz)(SH)RCOZH e [ImRuCl4DMSO]_]¢ kl R4

[~0,CCH(NH,)(SH)RCO, ... [ImRuCl,DMSO]"]* k, RS

~0,CCH(*NH,)(SH)RCO,~ + [ImRuCl,DMSO0]~
N [~0,CCH(*NH,)(SH)RCO, ... [ImRuCl,DMSO]]* k; R6
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Representing all associative complexes by X and all diftedieems of glutathione by

GSH, the reaction can be written as R7

[ImRuCl,DMSO] + GSH; - X K, R7

X - Products ks R8

where products are oxidized GSSG and [ImMRD®ISOJ*. Rate of product formation

can then be written as

Rate = k5[X] E4
From R7,
[ImRuCl,DMSO][GSH]
K71 = E5
! [X]
From mass balance,
[ImRuCl,DMSO~] = [ImRuCl,DMSO7], — [X] E6

substituting for [IMRuUGDMSQO] in E5 implies

_ ([ImRuCl,DMSO], — [X])[GSH]r

] E7

and

X [ImRuCl,DMSO~],[GSH] og
K, + [GSH]1
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Substituting for [X] in the rate expression, E5,

ks[ImRuCl,DMSO~],[GSH
rate _ KslImRUCL,DMSO~o[GSH]x oo
K, + [GSH]r

The reaction shows a complex dependence on glutathione concentratemm as E9.
At low [GSH], where [GSH] << K4, the rate becomes first order in [GSH] but at high
[GSH], when [GSH] >> K, rate becomes zero order in [GSH]. At high [GSH] under

which reaction was performed,

k<[ImRuCl, DMSO~
Rate = sl K‘* lo E10
4

which can be written as

Rate = k,[ImRuCl,DMSO], E11

wherek, is ks/K4. This is in agreement with experimental observation as demtaustra

by Figure 5.7.

Ligand substitution reactions are expected to occur especialbyfoly formation of
the reduced form of NAMI-A. Evidence is lacking however, on suggesf possible
structures.
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In conclusion, independence of NAMI-A reaction with GSH on initialHGS
concentrations might suggest that administration of NAMI-A wit adversely affect
cellular detoxification (those dependent on GSH), in agreemehtitsi reported low

host toxicity'®?
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CHAPTER SIX
6.0 Kineticsand M echanism of interaction of NAMI-A by L-Cysteine
6.1 Introduction

Cysteine is a non-essential amino acid that exists in vamoossin vivo due to
the different accessible oxidation states of sulfur, -2 to +6s Ithe only sulfur
contributor and the rate-limiting substrate in the biosynthesi$’s®H, the most
abundant non-protein antioxiddft. The ability of cysteine to undergo redox cycling is
involved in many protein functions and redox-reactions in biologicaésystCysteine
has been reported to be one of the few biological thiols that havetanpibffects on
direct acting and indirect-acting mutagéfrs.

Cysteine is a component responsible for many protein/enzymeuséuand
functions by modifications to the sulfhydryl functional gréfpThe most abundant
protein found in plasma is Human serum albumin (HSA) which transpous Bblutes
to target organs and maintain pH and osmotic pressure. HSA contaiogstgine
residues in the form of 17 pairs of intramolecular disulfides andreeehiol, Cys-34.

It is noteworthy that this lone free thiol in HSA accounts fonadt 80 % of plasma
thiol and most of its antioxidant capacty:?*°

Mutation of tumor suppressor gene, p53, is a common characteristiwidea
variety of human cancef>?"*This is not surprising since p53 plays significant role in
a wide range of biochemical processes including: cell cygealagon, DNA repair,
programmed cell death among oth&fsp53 protein contains 393 amino acids,

modifications of cysteine residues in its central core (see Figureritally affects its
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functions. This is largely due to occurrence of most p53 interactidhdavget proteins
in the central coré’”*?’® Report has also shown involvement of cysteine residues in

suppression of transactivation and transformation functions of'p53.

N-terminal Central core C-terminal
| ] | 1
1-42 63-97 102-292 324-355 363-393
Transactato su3/  DNA-binding domain " i ot
omain
Inner.orientation
éﬁ!cﬂl Ccs8 éﬂ!

%

Orientation of Cysteine Residues

ci?l- Ci?s C‘IH! C?H C:d: CZTT
suﬁnceic-ritwmﬁon

Figure 6-1: Functional domains of p53. The DNA-binding domain contains 10 cysteine

residues that affect its functions. (Adapted from Kim, D. €t

Also of importance is the role of cysteine in the activity nedcrophage
migration inhibitory factor, MIF, a protein involved in cell-mediatedmunity,
immuno-regulation, and inflammation. It effectively modulates p53vidies. It has
been reported that a specific cysteine residue, 81, (Cys-81)gkaitgcal role in MIF-
induced inhibition of p53 activit§’®

Studying interaction of a drug candidate with cysteine caregarded in one
part, as investigating the reaction of the potential drug with aam@eo acid and in

another model the interaction of such drug candidate with all elluéer peptides,
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proteins and enzymes containing cysteine residues. An investigatioae kdactivity of
NAMI-A with cysteine is therefore of high biological relewan Results are thus

presented in this chapter for the reactivity of NAMI-A with cysteine.

6.2 Resultsand Discussions

6.2.1 Stoichiometry and Product Identification: Reaction stoichiometry was
determined using residual absorbance measurements of diffeieataaNAMI-A to
cysteine recorded within 10 minutes of solution preparation. The ploesadual
absorbance at 390 nm against NAMI-A : cysteine ratio, Figure @2tlgldemonstrate
significant residual NAMI-A in solution at ratios above the staaometry. Therefore,
one mole of cysteine reacts with one mole of NAMI-A torfocystine (disulfide of
cysteine) and reduced form of NAMI-A as shown in reaction R1. RBESR,
[IMRUCLDMSO] and [ImRuCIDMSOF represent cysteine, cystine, NAMI-A and

reduced NAMI-A respectively.

2RSH + 2[ImRuCl,DMSO]~ - RSSR + 2[ImRuCl,DMSO]?~ + 2H* R1

Figure 6-3shows the spectral changes observed from a solution of cyataine

NAMI-A scanned at 30 second intervals. The characterissorgtion of NAMI-A at

390 nm decreased as the reaction progressed indicating conversion oC[JDIRSO]

to [IMRUCLDMSOJ.
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Figure 6-2: Plot of Residual absorbance of NAMI-A against NAMI-A/cysteine revealing

stoichiometric ratio beyond which residual absorbance persists. [NAN¢ySkeine] =

0.25, 0.33,0.5, 1.0, 2.0, 3.0 and 4.0.
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Figure6-3: Rapid spectral scan of solution of cysteine and NAM&ken at 5 s

interval. [cysteine} = 4.0 x 10°M; [NAMI-A] , = 1.0 x 10* M; no added buffer.
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Absence of clearly defined isobestic points might suggest involvemmient
intermediates of kinetic significance during this reductiorctien. A full electrospray
ionization mass spectrum of stoichiometric solution was taken imegative mode
(Figure 6-4a) within the 60 s of mixing. lons representing [IMEDEISOT,
[RuCI,DMSOJ, [RuCl]” and [Cys-H] were observed at 390, 322, 244 and 120 m/z
respectively. One electron oxidation of GSH should result in foomatdf cystine and
dianionic NAMI-A. An ESI-MS spectrum of the same solution takenha negative
mode a minute later, Figure 6-4b, demonstrates cystine formatigstifle-H] with 239
m/z). The peak at 209 m/z was not stable; compare Figure 6-4a@nd m/z changed
between scans, this could mean multiple ions with about the samén¥zhowing
most abundance at this m/z have a basic structure, J®130l) ;], switching between
[RuCl(H20) »+H] and [RuC}(H20) »-H]. These could arise from: loss of both apical
ligands from reduced NAMI-A with exchange of two of the foF aquo ligands; or
electron transfer to the Rucenter of 243 and 321 m/z from cysteine followed by
appropriate ligand exchange. However, the lack of correspondingasecie relative
abundance of the 209 peak with consumption of 243 and 321 m/z strongly support
formation from reduced NAMI-A. In the positive mode, formation of eystvith 241

m/z is confirmed, Figure 6-4c.
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Figure 6-4a: Full ESI-MS (negative mode) spectrum of 1:1 ratio of NAMI-A to Cysteine

taken within the first minute of the reaction in 50% methanol.
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Figure 6-4c: Full ESI-MS (positive mode) spectrum of product solution of 1:1 ratio of

NAMI-A to Cysteine showing formation of cystine (t = 3 mins).

6.2.2 Kinetics

6.2.2.1 NAMI-A Dependence: Under pseudo-first order conditions of excess cysteine,
dependence of the present reaction on NAMI-A concentration wasreednReaction
rate increased with increase in initial NAMI-A concentrati@assseen in Figure 6-7.

Initial rate plot deduced from this confers a linear dependencesteirgy, see Figure 6-
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7 inset. Under these reaction conditions, cysteine concentratiotivetfie remained
unchanged during the reaction leading to deduction of an obsereezbretant of 9.40
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Figure 6-7: Kinetic traces of reaction in phosphate buffer (pH 7.4) showing
dependence on [NAMI-Adt itS Amax, 390 nm. [cysteing]= 5.0 x 10°M; [NAMI-A] , =
(@) 5.0 x 1¢ M (b) 6.0 x 10M (c) 7.0 x 1GM (d) 6.0 x 1M (e) 9.0 x 1M (f) 1.0

x 10*M. Inset: Initial rate plot showing linear dependence on NAMI-A.
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6.2.2.2 Cysteine Dependence: Influence of varying initial concentration of cysteine
was examined under pH 7.4 and in condition of no added buffer. Rate obmeacti
increased with increasing initial cysteine concentration as e Figures 6-8a and b.

Reactions rates were faster at pH 7.4 than no added buffer conditions.
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Figure 6-8a: Effect of changing initial concentrations of cysteine on NAMI-A-mysste
reaction at pH 7.4. [NAMI-A]= 1.0 x 10" M; [Cysteine], = (a) 4.0 x 10 M (b) 6.0 x
10° M (c)8.0 x 1G M (d) 1.0 x 1F M (e) 1.2 x 10° M. Inset: Plot of initial rate

deduced from cysteine dependence conferring a linear dependence on cysteine.
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Documented stability of NAMI-A at lower pH should be consideredaesible for this

observatiorf*?*° Difference is only expected in rates under the two conditions.
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Figure 6-8b: Effect of changing initial concentrations of cysteine on NAMI-A-mysste
reaction under same reaction conditions with Figure 6-8a except for thenad s

buffer.

6.2.2.3 Effect of ionic strength: Reaction rate is often affected by ions of reactants.
This is corrected for by maintaining constant ionic strength, howtheseffect of ionic
strength can be isolated by varying amounts of an added idertW&eh reactant
concentrations and other reaction conditions maintained constant, respogsteioie-
NAMI-A reaction was evaluated. A positive salt effect was olesg see Figure 6-9.

This is suggestive of involvement of similarly charged ions in the raterigrstep.
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Figure 6-9: Effect of changing ionic strength on NAMI-A-cysteine reaction. [NAMI-A]
= 1.0 x 10* M; [Cysteine], = 4.0 x 10° M; lonic strength maintained by addition of
NaClO,= (a) no added NaCl®(b) 0.1 M (c) 0.2 M (d) 0.3 M (e) 0.4 M (f) 0.5 M (g) 0.6

M (h) 0.7 M. Reaction rate increased with increasing ionic strength.

6.2.2.4 Thermodynamic and activation parameters. Effect of varying temperature
was evaluated under conditions of constant ionic strength, substrdteoxadant
concentrations and pH of 7.4 (phosphate). Reaction rate increased wéhsing
temperatures as expected (see Figure 6-10a). The data ohtairedsed to construct
an Arrhenius plot (see Figure 6-10b). Activation parameters eddchifrom this

Arrhenius plot at 25C are: entropy of activatiomS’ = -200.6 J K mol*, enthalpy of
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activation,AH” = 19.0 kJ mot and free energy of activation A&” = 78.8 kJ mot.

These parameters are indicative of an associative mechanism.
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Figure 6-10a: Temperature dependence of cysteine-NAMI-A reaction. Increase in rate
observed with temperature increase. [Cystejmeb.0 x 10°M; [NAMI-A], = 1.0 x 10

“M: Temp = (a) 16C (b) 15C (c) 26 C (d) 25 C (e) 37C
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Figure 6-10b: Arrhenius plot extracted from study of effect of temperature (Figure 5-

8a) for determination of activation parameters.

6.3  Mechanism

6.3.1 Electron Transfer: Considering the pKas for cysteine ionizatféha solution
buffered at pH 7.4 will have cysteine ionized as represented in RRamdhere
H,OC(NH,)CHCH,SH is cysteine. Some thiolate form will also exist in 8ofu

although in low concentration compared to the zwitter ionic form as represen®t by

HO,C(NH,)CHCH,SH - ~0,C(NH,)CHCH,SH + H* K., R2

~0,C(NH,)CHCH,SH + H* = ~0,C(*NH;)CHCH,SH K, R3
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~“0,C(*NH3)CHCH,SH <« ~0,C(*NH3)CHCH,S- + HT K., R4
Zwitter ionic cysteine is expected to be the predominant specgsution. All of the
different cysteine forms will react with NAMI-A to formroducts through a more

ordered transition state, see R5 — R10.

~0,C(NH,)CHCH,SH + [ImRuCl,DMSO]~ -

[~0,C(NH,)CHCH,SH. .. [ImRuCl,DMSO0]"]* k, RS

~0,C(*NH;)CHCH,SH + [ImRuCl,DMSO]~ -

[~0,C(*NH;)CHCH,SH. .. [ImRuCl,DMSO]"]* k, R6

~0,C(*NH3)CHCH,S™ + [ImRuCl,DMSO]~ -

[~0,C(*NH3)CHCH,S™... [ImRuCl,DMSO]"]* ks R7

2[~0,C(NH,)CHCH,SH... [ImRuCl,DMSO]"]* -

HO,C(NH,)CHCH,SSCH,CH(NH,)CO,H + 2[ImRuCl,DMSO]?~ K, RS

2[~0,C(*NH;)CHCH,SH... [ImRuCl,DMSO]"]* -

HO,C(NH,)CHCH,SSCH,CH(NH,)CO,H + 2[ImRuCl,DMSO]?>~ + 2H* ks R9
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2[~0,C(*NH;)CHCH,S"... [ImRuCl,DMSO]"]* -

HO,C(NH,)CHCH,SSCH,CH(NH,)CO,H + 2[ImRuCl,DMSO0]?~ ks R10
Describing the reaction rate, in terms of disappearance of NAMI-A,;

v = [ImRuCl,DMSO0]" (k,[~0,C(NH,)CHCH,SH] + k,[0,C(*NH;)CHCH,SH] +

k3-02C +NH3CHCHZS- E1l

Results obtained from ionic strength effects demonstratespleaies of similar charges
are involved in the rate limiting step, thus indicating tainvolving the zwitter ionic
cysteine does not contribute significantly to the rides$ ki, ks). Includingk, anyway,
results in a rate that is linearly dependent ofi] [Which contradicts observation of

reduced rate at lower pH. E1, therefore, reduces to
v = [ImRuCl,DMS0]~ (k,[~0,C(NH,)CHCH,SH] + k3[~0,C(*NH3)CHCH,S™] E2

E2 can be expressed in terms of initial cysteine concentrfilg®@C(NH,) CHCH,SH],
which is distributed betweend@,C(NH,)CHCH,SH], [O>C('NH3)CHCH,SH] and |

OzCCNHg)CHCHzS];

Kak
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which in conditions of overwhelming excess of MESNA can be written as

Rate = k,[ImRuCl,DMSO]™ E4
where
Kak,
k, = [HO,C(NH,)CHCH,SH ], ( ] + Kaszk3) E5

6.3.2 Ligand Exchange: Series of ligand substitution reactions are expected to occur
especially following formation of the labile NAMI-A dianion, [RuCldmsof.
Reactions R11 and R12 describe ligand exchange for supported bME8&isults
(Figures 6-4a and b) for the loss of imidazole and dimetuljbxdde ligands with

exchange of two chloride ligands.

[ImRuCl,DMSO]?~ + 2H,0 - [ImRuCl,(H,0),DMSO] + 2CI- R11

[ImRuCl, (H,0),DMSO0] - [RuCl,(H,0),] + Im + DMSO R12

Greater reactivity of [ImRuGtimsof is an indication that R11 and R12 are fast and
would not influence the rate determining step. The overall readisurmmarized in
Figure 6-11. H, [RuG(H20),], attempts structural arrangement of the aquated product.
Substitution could be on any two of the @ands, depending on activation enthalpy

and free energy of the different configurations. Higher caledl&nergy values have
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been reported for second aquation step of NAMI-A leading to a tamfguration.

279;280
Im S
CI/////, | \\\\\\Cl
2 'R“"\ +  2nN >
a” | W, 0
S-dmso -
A °© B

NH
Cl Cl ////// \\\\\\Cl Ho 2 .
D, N 2 Ru s OH
Lo Tu\ a” | M, J XH,
Cl O}b S-dmso
S-dmso X:&O D E
J
Cly, WO 2H,0
“Ru™
Cl/ \CI 2C1
o
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[§]
z N Hy0,, | (OH:
1 Nz
S N~ a” | N
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Ru”
d
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q ,
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Scheme 6-1. Proposed mechanism for the reduction of NAMI-A by cysteine and

subsequent hydrolysis.
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Orders of magnitude lower rate constants than obtained in thistsaudybeen reported
for experimental and theoretical hydrolysis of NAMER 221282 This is in support of

our proposed formation of aquated product through reduced NAMI-A.
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CHAPTER SEVEN

7.0 Summary and Conclusions

Decline in cancer mortality rates acknowledges improvementadvahces in
cancer treatment. For instance, surgical removal of primary tummdyecoming highly
successful, however, afore-mentioned characteristics of netastaarrant
chemotherapy. Lack of effective therapeutics towards meimstdequately maintain
interest in drug candidates with antimetastatic potential sudAdsl-A. Studies of
interactions of NAMI-A with bio-relevant molecules are of consatyé interest due to
the promising pharmacological benefits of this experimental drug in cancapyher

Solution chemistry of NAMI-A is quite interesting and this stutgs
demonstrated that its interaction with biologically-relevant shz@n be as interesting
and complex especially past the electron transfer process. Stoethy for the overall
electron transfer reactions obtained in this study demonstrdtdsratio of oxidant to
reductant which culminates in ligand exchange with water as dedan chapters 3, 4
and 6. Initial reactions were centered on sulfur atoms of tmelsstigated, there was
no evidence for interactions on the nitrogen or oxygen atomd! trases, reactions
were dependent on NAMI-A to the first order. There was no eeidence for binding
of thiol to NAMI-A or any of the aquated species observed, thowgh, results
demonstrate complex interactions with respect to cysteamin&8hid Formation and
identification of such species could be determined using time depediighiand LC-
MS. Further clarification of origin of [Ru@H,0) ;] species could be done using a Q-

band EPR which will show some signal for’Rbut would be EPR silent for Ru
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Results of kinetics analysis of reactions of NAMI-A withesglthiols yields

effective rate constantk,, which are reported in Table 7-1 for the purpose of

comparison.
Pseudo fir st-
order rate
Thiol Structure SHpKa | constant, ky/s*
Cysteamine NG N 8.27 6.85 +0.3 x 10
(0]
Cysteine HS/\H‘\OH 8.7 9.40 +0.5 x 10°
NH,
(0] (0] SH (0]
GSH H 8.758" 7.42 +0.4 x 10°
Howﬁ N\)I\OH
NH,» (0]
HS /O
MESNA N 9.2 3.63.+0.3 x 10°
O// \O'

Table 7-1: Comparison of observed rate constants in relation to thiol fk&H pKa
adapted from Handbook of Chemistry and Phy&its. P 283284
GSH exhibits the lowest rate determined, an explanation might dendirom its

molecular structure where the thiol might not be necessardgsaible due to steric
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hindrance compared to other thiols studied. Also, the simple moleculatusé of
cysteamine might account for the observed high reactivity. $hiet surprising since
similar trends have been observed for kinetics analysis of reacid@SH, MESNA

and WR-1065 with metabolites of cyclophosphamide (4-hydroperoxycyclophosphamide
and acroleinf®® 4-hydroperoxycyclophosphamide and acrolein have high reactivity
towards MESNA and GSH than NAMI-A on the basis of reported ratetants™
which are orders of magnitude higher than those obtained in this dudinical
indication of comparing our results with those obtained for 4-
hydroperoxycyclophosphamide and acrolein is that NAMI-A could not ctampih
these metabolites for the studied thiols provided rate constanssnatar within and
outside the cell.

A negative correlation ofk, with thiol pKa was observed. HigherKa
corresponds to lower reaction rate with NAMI-A except for MBSNhiol with the
lowest Ka should have higher amount of deprotonated sulfhydryl group (thiolate
anion) and thus reacts faster at physiological pH 7.4. A Brgnstedguloed from data
presented in Table 7-1 shows linearity as seen in Figure 7-1. Bdggtgiation is 10§,
= -1.4pKa + 11. The plot demonstrates a positive slope when molecudgntsvef the
thiols were factored in i.e. plot of log (MW}) vs Ka linear with positive slope. This
correlation is indicative of significant contribution of thiolate aniafighe different
thiols in their reactivity with NAMI-A. Similar observations e been made in the
reactions of thiols with Cytochrome c, a heme prot@iVR-1065 has a lower pKa for

thiol ionization of 7.7 and should have thiolate species up to 22 % at pbné.4puld
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predict that WR-1065 will have a higher rate compared to cystéiBESNA and GSH.
In all, our results suggest that NAMI-A interactions with afyhe thiols investigated
should not interfere with the protective effect of amifostine &IMA when used in a
therapy regimen combining NAMI-A with any anticancer drug forhich

chemoprotection is necessary.

0.0 4 € Cysteamine
¢ € Cysteine
¢ GSH
-0.5 7 & MESNA
-1.0 A @
xO
> 15 - ©
o
-2.0
@
-2.5
-3.0 1
T T T T T
8.2 8.4 8.6 8.8 9.0 9.2
pKa

Figure 7-1: Brgnsted relationship for the reactivities of thiols towards NAMI-

Linearity of this plot demonstrates significance of thiolate species in the reactions.

All the reactions studied show positive temperature dependencayvé tmiv
enthalpy of activation and distinctly negative entropy of activa{sme Table 7-2)
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determined in all of the reactions are indicative of organizediti@nstate prior to

product formation.

Thiol AS 1 K™ mol™ AH? [ kImol ™ AG”  kImol™
Cysteamine -117 +41 +76
Cysteine -200 +19 +79
MESNA -175 +21 +73
GSH -100 +55 +85

Table 7-2: Activation parameters (at 28C) deduced from Arrhenius plot of Lg k

against 1/T for thiols studied.

Order of increasing free energy of activation of NAMI-Aacgon with thiols in this
study is MESNA < cysteamine < cysteine < GSH. This migtglain the low rate
constant obtained for GSH reaction. Higher than expdctedf 3.63 +0.3 x 107 s*
obtained for the MESNA reaction (refer to Table 7-1) in congparto others might be
due to occupation of a lower energy space by its transition state complex.

Our results could help to understand the mechanism of interactioAMf-N
with cellular thiols, proteins and enzymes containing cysteineduesiin their active
sites and thiol containing chemoprotectants. AntimetastaticteftddNAMI-A appear
independent of route of administration but dependent on amount adminf&fevitie

of drug administration determines possible first contact. IntrawenNAMI-A
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administration suggests interactions with biomolecules (espetidihe plasma) might
occur before interaction with DNA or other cellular targetstgdie identified and may
proceed through similar mechanisms as those derived in this stuelys€ of MESNA
should be particularly advantageous as interactions which precedd Bgastitution
should produce a more effective chemoprotectant, dimeric MESNAGHt&NAMI-
A reaction is relatively slow compared to other thiols studied hvinmght suggest
minimal impact on cellular GSH especially in the presencehwratancer drugs which
deplete GSH.

Reports attest to preferential binding of HSA to reduced NAMf®Aand
reduced antimetastatic activity of NAMI-A upon binding to albumin &ransferrir>
Table 7-2 features results in literature of experimentalthedretical calculations for

physiologically relevant interactions of NAMI-A.

Ko/s™ AH? / kImol™ AG? [ kdmol™ Ref.
Aquation 2.56 x 102 i i 281
5.17 x 10°° - - 289
1st 3.96 x 16" +101.% +103.F 279
2nd - +118.7 +125.0 279
Transferrin 1.07 x 18° ; _ 289
Albumin 2.77 x 10°° . ] 289

Table 7-3: Observed rate constants and activation parameters reported by others for
first/second aquation processes, transferrin and albumin binding const®fitssphate

buffer pH 7.4,% at 25°C, ® at 37°C, * from density functional theory calculations.
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Results reported in this dissertation demonstrate that interactifioNsAMI-A with
biologically-active thiols are kinetically and thermodynamicd#lyored and therefore

might play significant roles im vivo metabolism of NAMI-A.
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CHAPTER EIGHT: SUPPLEMENTARY RESULTS

8.0 Kinetics and Mechanism of One-electron Oxidation of L-Cysteine by
Tris(1,10-phenanthroline)iron(l11) complex
8.1 Introduction: L-cysteine is the only sulfur contributor and the rate-limiting
substrate in the biosynthesis of G&#11,10-Phenanthroline ligand disturbs the proper
functioning of a wide range of biological systems. In its Ivie¢e state, it has been
shown to have high inhibitory activity agaimstndida albicaansnd induced apoptosis
in a yeast and mammalian cell line obtained from poorly diffeaxtadticarcinoma when
complexed with metal§*?*Metal complexes are used to model biomoleétfés*and
iron complexes in particular, have been used to model iron-porphyrinnzfdtéi°and
active site of ribonucleotide reduct£$é Some metal complexes of substituted 1,10-
phenathroline have also shown antineoplastic activity with up to 50%tlgrmhibition
of human cancer cells at concentrations of 10 to 100 times lower isglatio?*®
Structure-activity relationships have been established for nwaiplexes with
anticancer activitie&® In this study, tris(1,10-phenanthroline)iron(lll) (see structure
shown in Figure 8-1is usedas a model that offers a familiar metal to the physiokdgic

system and the octahedral structure of the antimetastatiaugrotiinterest in an effort

to establish mechanisms of interactions of the prodrug with biologicallyeabiols.
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Figure8-1: Tris(1,10-phenanthroline)iron(lll)

8.2 Materials

L-cysteine, sodium perchlorate (NaG)@nd 1,10-phenanthroline monohydrate
all with 99+% assays were purchased from Acros. Chlorine gdsi¢l), sulfuric acid,
perchloric acid (Fisher) and ferrous ammonium sulfate (Fe&D,). (GFS) were all
used without further purification. Solutions were prepared in kddtdleionized water
obtained from a Barnstead Corporation Nanopure water system.

Tris(1,10-phenanthroline)iron(lll) perchlorate was prepared accorting
published metho&” A solution containing 0.3 g of Fe(NH(SQ,)..6H,0 (0.76
mmol), 0.6 g of 1,10-phenanthroline monohydrate and 0.2 mL of concentr8€¥ iH
100 mL of water affords tris(1,10-phenathroline)iron(ll) perchlordtee iron(lll)
complex was prepared by oxidation of the iron(Il) complex with amogas. Chlorine

gas was bubbled into this solution until the color changed from deep tddet 30%

NaClO, was added to the mixture and then cooled in ice bath. Blue crystalline

Fe(pheny(ClO,4); was isolated by filtration and washed 3x with cold water. K then

dried in a desiccator. The blue iron(lll) complex was rechyzta from aqueous
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perchlorate solution and characterized spectrophotometrically. Sthutkoss of the

iron(lll) complexes were freshly made in 2.0 M3D;.

8.3  Resultsand discussion
8.3.1 Stoichiometry and product identification

The stoichiometry of the reaction was found to be 1:1 with one malgstdine
reacting with one mole of tris(1,10-phenanthroline)iron(lll), Fe(pf&nko form
cystine (disulfide of cysteine) and tris(1,10-phenanthroline)iran@®(pheny”, as

shown in stoichiometric reaction R1:

2RSH + 2Fephen);® — s  RSSR + 2Fe(phen)s?* + 2H' R1

Figure 3.3shows the spectral changes observed from a solution of cysteine and
Fe(pheny®* scanned at 30 second intervals. The absorbance at 350.amfdr
Fe(pheny®") decreased as the reaction progressed showing conversion of F&{pioen)
Fe(pheny*. The absorption at 510 nm increases as the reaction progresséidab a
absorbance at completion of reaction. The absorbance at 510 nm corresponds to
Fe(pheny* produced. The characteristic absorption at 510 nm of Fe@has)shown

in Figure 8-2 gives spectrophotometric evidence for our product. Tleevalisn of an
isobestic point suggests there are no intermediates of kinetigiagce during this

oxidation and the only absorbing species in this region are Fegpham) Fe(phenj".
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350 400 450 500 550 600

Wavelength (nm)

Figure8-2: Rapid spectral scan of solution of cysteine and Fe(pfietaken at 30 s

interval. [Cysteine} = 2.0 x 10° M; [Fe(phen}**], = 5.0 x 10° M; [H*], = 0.5 M

A full electro-spray ionization mass spectrum of stoichioroedolution was
taken in the positive mode (Figure 8-3), showing m/z 241 and 298 forineysted
Fe(pheny respectively. The observed peak for Fe(pkfény [M+H]*, taking into

account the molecular weight of 596.27 g/mol and the +2 charge.
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Figure8-3: Positive ESI-MS spectrum of the reaction products of a stoichiometric

solution of cysteine and Fe(phgfi) in 50/50 methanol-water.

8.3.2 Effect of [Fe(phen)s>] on rate of reaction

Kinetics of reaction were carried out under pseudo-first order consitof
excess cysteine. At constant temperature, ionic strength anchtatios of cysteine as
well as initial acid concentrations, effect of Fe(ph&ndn rate of reaction was isolated
at its wavelength of maximum absorption, 350 nm (see Figure 8-Fe) rate of
consumption of Fe(phesi) increases with increasing initial Fe(phghoncentrations.
The plot of initial rate against initial Fe(phet)concentrations is linear, Figure 8-4b;

clearly suggesting a first-order dependence in Fe(gtien)
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Figure8-4a: Kinetic traces showing the on Fe(phs®" at its Amax [Cysteine], = 2.0 x
10°M; [H*], = 0.5 M; [Fe(phens**], = (a) 3.0 x 10 M (b) 4.0 x 1M (c) 5.0 x 11

M (d) 6.0 x 1M (e) 7.0x 1°M (f) 8.0 x 1M (g) 9.0 x 10 M

Fe(pheny" has maximum absorption at 510 rand theeffect of varying initial
concentrations ofe(phens®” on the reaction waslsm examined at this wavelen
(Figure 8-4c) The rate of formation oFe(pheny increased with increasing initi
Fe(phen)®" concentrations.The plot of initial rates against init Fe(pheny®*
concentration gave a straight line with interckinetically indistinguishable from zer.
This affims the results obtained at 350 nm observation \eagéh. A pseuc-first-

order rate constant of 1.43 x s was deduced.
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Figure 8-4b: Initial rate plot derived from Figure 8-4a, showing linear dependence on

Fe(pheny®".
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Figure 8-4c: Effect of [Fe(phen)®*] variation on the formation of Fe(pheyf)' at 510
nm. [Cysteine] = 2.0 x 10° M; [H*], = 0.5 M; [Fe(phen} **], = (a) 1.0 x 1 M

through (h) 8.0 x 18M
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8.3.3 Effect of cysteine on reaction rate: The effect of cysteine on its oxidation by
Fe(pheny ** was monitored at 350 nm and 510 nm Figure 8-5, summarizes this effe
The rate of consumption of Fe(phen) (dashed lines) increased with increased
concentrations of cysteine. The same trend was observed when mgnit@ rate of
formation of Fe(phenj" at 510 nm (solid lines). Initial rate plots deduced from Figure

S-5 show linear-order dependence but with saturation.

0.6

0.5
510nm

Absorbance

s s e
—— — — — —

Time (s)

Figure8-5. The dashed lines show consumption of the oxidant, Fegptie)350
nm and the solid lines show formation of Fe(pk&rgt 510 nm. In both cases rate was

increased with cysteine.

8.34 Effect of acid on reaction rate: While other reaction conditions were kept
constant, the dependence of reaction on initial acid concentrations vakmted.

Figure 8-6 summarizes the effect of acid variation on both tieeofaconsumption of
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oxidant at 350 nm and the rate of formation of the reduced complgkOahm. The
range of possible variations with respect to initial acid comagons is limited since

the stock Fe(pheg?) solution was made in 2.0 M acid. This was to prevent the aquation
of Fe(pheny®" into the undetermined khaki colored polymeric hydroxo compl&Xes.
The observation is that acid has an inhibitory effect on the reaatiothe rate of

product formation decreases with increase in acid concentrations.irBidh rates

show inverse acid dependence.

0.5
510nm

Absorbance

Time (s)

Figure8-6: Evaluation of effect of initial acid concentrations. An inverse acid
dependence observed on the rate of formation Fe(gHe®10 nm) and consumption
of Fe(phery®* (350 )nm. [Fe(pherj'], = 5.0 x 10° M; [Cysteine], =5.0 x 10> M;

[H*]o = (2) 0.30 M; (b) 0.40 M; (c) 0.50 M; (d) 0.60 M.
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8.3.5 Effect of ionic strength: The response of the present reaction to changes in
concentration of an inert salt, at constant temperature and reactacentrations, was
examined (Figure 8-7). Increasing ionic strength decreasedatbeof reaction. This

might suggest that the rate determining step(s) contain species drtittbarges.

0.4

0.3 A1

0.2 1

Absorbance

0.1 1

0.0 T T T T T
0 20 40 60 80

Time (s)
Figure8-7: Evaluation of effect of ionic strength. [Cysteinet 2.0 x 10°M;
[Fe(phen}**], = 5.0 x 10 M; [H*]o = 0.5 M; [U]nacio = (@) 0.4 M (b) 0.6 M (c) 0.8 M

(d) 1.0 M (e) 1.2 M (f) 1.4 M (g) 1.6 M (h) 1.8 M (i) 2.0 M.

8.3.6 Thermodynamic and activation parameters. At constant ionic strength, acid
and concentrations of oxidant and substrate, the effect of temgeaatuhe reaction
was evaluated. Reaction rate increased proportionally with Bingeéemperatures as
expected (see Figure 8-8a). The obtained kinetics data were awsszhgtruct an

Arrhenius plot (see Figure 8-8b).
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Figure8-8a: Temperature dependence of cysteine-ferriin reaction. Increase in rate
observed with temperature increase. [CystejreP.0 x 10°M; [Fe(phen}**], = 5.0 x

10°M; [H*], = 0.5 M; Temperature in increament of& from 10 through 36C.
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Figure8-8b: Arrhenius plot extracted from study of effect of temperature vanatn

the reaction for determination of activation parameters.
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The Arrhenius plot afforded these activation parameters: gnabpctivation,
AS' = -217.02_+0.03J K' mol?, enthalpy of activationAH” = 35.85 +0.38 kJ mot
and free energy of activation A&” = 100.52 kJ mdl. The distinctly negative entropy
of activation suggests some degree of molecular ordering in thelegermining step.

This is indicative of an associative mechanism.

8.3.7 Mechanism
The results obtained have allowed us to propose stepwise reantiohs&d in
the oxidation of L-cysteine by Fe(phefi) Reactions were carried out in acidic

medium, therefore, cysteine (RSH) exists mostly in the protonated forinows ¢ R2.

RSH + H' _— RSH," Ky, R2

Unprotonated cysteine also exists but to a lesser extent ipabton. Both protonated
and unprotonated cysteine can react with Fe(pfiety associative complex (R3 and
R4). This is supported by the thermodynamic parameters obtained~fgures 8-8a
and b. The activated complexes formed in R3 and R4 then proceed tprémucts as
shown in R5. Contribution from intermediate complex formed by R4 wouldibinal

since unprotonated cysteine concentrations are negligible
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RSH + Fe(phen);”" <—==  (Fe(phen);""RSH) ki, k, R3

RSH," + Fe(phen);>t =~———  (Fe(phen)*RSH,") ki, k| R4
(Fe(phen);>".RSH) e
RSSR + 2Fe(phen);>” + 2H" RS
. . P e(phen);
(Fe(phen);”".RSH,")

Following the disappearance of Fe(ph&hjhe rate of reaction can be written as:

-d[Fe(pheny®] = Kk[Fe(phen)*'RSH] ~ +  K[Fe(phen)*"[RSH;"]
dt

From R2, the concentration of protonated cysteine can be written as
[RSHy'] = KJ[RSH]H]

The concentrations of all cysteine species are derived frorialincysteine

concentration, therefore,
[RSH], = [RSH] + [RSH,"]
Substituting for [RSE] in equation

[RSH] = [RSH],
1+ KH"Y
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The rate then becomes:

Rate = k; + K k[H']{[RSH] [Fe(phen);*"]}
1+ K, [H]

There is a first-order dependence on Fe(pfienand cysteine as demonstrated
by Figures 8-4a — ¢ and Figure 8-5 respectively. This hetes a complex dependence
on acid concentration. Figure 8-6 demonstrates inhibitory effectidfon the reaction.
At low acid concentrations, rate would be first-order in acid buthigh acid
concentrations, however, the reaction saturates as observed in RBigureAn
explanation for retardation by acid is that high acid conceotraticreasingly stabilizes

Fe(pheny**, making it react more slowly. The rate law can then be simplified to

Rate = KRSH][Fe(phen®']

where

1+ K, [H']

(8]

The bimolecular rate constant for the reaction was 7.1%s'M The
thermodynamic parameters obtained indicate formation of associavmediate prior

to product formation. Saturation in cysteine dependence can may be skopiestering
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of cysteine by Fe(phesij to form an initial complex which does not contribute

significantly to the product.
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