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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Electrochemistry coupled on-line with mass spectrometry: An
historic overview

Studies of or-ine coupling of electrochemistry with mass spectrometry date back to the
work by Bruckstein et a. in the early 1970s.1 In this and other early experiments, porous
working electrodes or permeable membranes were used for the measurement of volatile
products of electrochemical reactions by means of electron ionization (ElI) mass
spectrometry.

In 1986, Hambitzer et al. studied the redox reactions of N,N-dimethyl-anilinein an
electrochemical cell on-ine with thermospray mass spectrometry (TSP/M S).2 In the same
year Getek used electrochemistry orn-ine with TSP/MS to study the oxidation of
acetaminophen.3

In 1989, Volk, Yost and Brajter—Toth used the ESA electrochemical cell onHine
with TSPIMS/MSS to study the electrochemical oxidation of uric acid4 A couple of years
later, the same group used a modified version of this setup in the study of 6—thiopurine.5
An HPLC—column was introduced between the electrochemical cell and the TSP/MS to
enable separation of the electrochemical oxidation products prior to the TSP/MS. The early
developments in electrochemistry on-ine with mass spectrometry in the field of drug
metabolism have been reviewed by Volk et al.6

In 1992, Van Berkel and co—workers showed that radical cations observed for
various organic compounds in electrospray ionization mass spectrometry (ESI/MS)
originate from electrochemica oxidation in the electrospray source.” A couple of years
later, the same group presented a number of different setups for on-ine coupling of
electrochemistry and electrospray mass spectrometry (ESI/MS).8’9 They also described
how the electrospray source can be characterized as a controlled current electrolytic
cel] 10,11

In 1995, Bond et a. showed how a simple flow cell constructed from two lengths
of platinum microtubing could be used or}—line with ESI/MS in the analysis of copper,
nickel and cobalt diethyldithiocarbamates.
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In 1996, Baczynskyj used the ESA Coulochem cell coupled on-ine with
LC/ESI/MS to study the electrochemical oxidation of Delavirdine and other organic
compounds.13 The same year, Cole and co-workers designed an on-line EC/ESI/M S probe
to minimize the time between the electrochemical reaction and the mass spectrometer.lﬂ"15

In 1997, Zhou, Hefta and Lee presented a modified version of the source used in
1995 by Zhou and Van Berkel. Electrochemical modifications of 21 phenylthiohydatoin
amino acid derivatives in this setup enabled their detection in 50-1000 nM concentrations
at low flow rates.’® The same year, Regino and Brajter—Toth connected a home—-made
electrochemical cell onHine with TSP/IMS and particle beam mass %)ectrometry (PB/MYS)
to study the electrochemical oxidation of uric acid and dopami ne.}"*® The same group aso
studied the effects of the mobile phase composition on the electrochemical cell conversion
efficiency.19 A couple of years later, the EC/PB/MS-setup was also used for the
characterization of intermediate radical cations in non—-agqueous media20 Also in 1997,
Stassen and Hambitzer used a thin layer electrochemical cell on-ine with TSP/MS to
study the electrochemical oxidation of aniline and a number of N—alkyl-anilineﬁ?l’22 A
thorough description of EC/TSP/MS instrumentation was presented a year |ater. >

In 1999, Jurva, Wikstrom and Bruins used the ESA Coulochem cell on-ine with
ESI/MS to mimic a number of metabolic oxidation reactions performed by cytochrome
P450.24'26 The same year Iwashi used the ESA Coulochem cell orHine with
HPLC/UV/ESI/MS to study the electrochemical oxidation of 3-hydroxyanthranilic acid.”’
Alsoin 1999, Deng and Van Berkel studied the electrochemical oxidation of dopaminein a
home made thin layer electrochemical flow cell coupled on-ine with ESI/M S.28 The same
type of eectrochemical cell was also used in a different setup for electrochemically
modulated pre-concentration and matrix elimination of tamoxifen and other organic
analytas.29

Another interesting approach to EC/ESI/MS was demonstrated by the group of
Van Berkel in 2000 when they coupled electrochemicaly modulated liquid
chromatography (EMLC) on-ine with ESI/M s¥® This setup allowed the electrochemical
oxidation of aniline (on the column) and subsequent separation of the oxidation products
prior to the ESI/MS.

In 2001, Diehl, Liesener and Karst used HPLC with post—column electrochemical
treatment on-ine with ESI/MS for signal enhancement of ferrocenecarboxylic acid esters
of various alcohols and phenols.31’32 This technique has also been applied in the analysis
of gasoline, diesel and mineral oil samples.33 Hayen and Karst also used the same type of
setup for the oxidation of phenothiazine and its derivatives into radical cations or
sulfoxides that resulted in lower detection Iimit:s.34 Brown, Rollag, Lin and Lee used a
similar setup where electrochemical oxidation enabled the detection of a number of
compounds that are otherwise difficult to detect by ESI/M s® A home made
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electrochemical cell was used orHine with electrospray ionization Fourier transform ion
cyclotron resonance mass spectrometry (ESI-FTICR/MS) by Zhang, Palii, Eyler and
Brajter—Toth for electrochemically enhanced ionization of a number of compounds
including triphenylamine and polycyclic aromatic hydrocarbon:s.36’37 Also in 2001, the
group of Amster used a home—made electrochemical cell onHine with ESI/MS to study the
electrochemical reduction of a number of different metalloprotel ns®

Over the last couple of years, the number of publications in the field of
EC/ESI/MS has increased. The ease of use and the many advantages that can be gained
from adding an electrochemical cell in front of the ESI/MS will probably lead to an
extended use in the future. In addition to the obvious use for characterization of
oxidation/reduction products and short lived intermediates in various e ectrochemical
reactions, there are several other areas of interest for EC/ESI/MS.

The orHine electrochemical generation of drug metabolites, on which large parts
of thisthesis are focused, is onefield that is expected to find an extended use in the future.

Signal enhancement through electrochemical oxidation of neutral molecules or by
addition of electrochemically active tags, such as ferrocene, are areas with great potential
to lower detection limitsin the analysis of alarge range of organic compounds.

Because electrochemical equipment is inexpensive, easy to use and already
available in many laboratories, we expect a continued growth for EC/ESI/MS in al of the
above mentioned areas in the future.

1.2 Cytochrome P450

The cytochrome P450 enzymes comprise alarge family of heme containing proteins with a
cysteine in the active site that acts as an axial ligand to the heme iron. Over 500 forms of
cytochrome P450 have been found in different forms of life, including plants, bacteria and
mammals. 3> All enzymes in the P450 family are monooxygenases i.e. they catalyze the
incorporation of one oxygen atom of dioxygen into substrate while the other oxygen atom
is reduced by two electrons to give water. NADPH usualy provides the two electrons
needed for this process. The overall reaction is presented below.

P4
Substrate + O, + 2e~ +2H™ —50> Substrate(O) + H,O

Thereis agreat diversity in the reactivity among different P450 enzymes and a large range
of transformations is catalyzed. The most important and commonly encountered
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cytochrome P450 catalyzed oxidations are hydroxylations, epoxidations, heteroatom
oxidationg/deal kylations, dehal ogenations and alcohol oxidati ons.43:44

The reactive site of al P450 enzymes contains an iron protoporphyrin IX (Figure
1.1) with cysteine as the fifth ligand, leaving the sixth coordination site to bind and activate
molecular oxygen.

Figure 1.1 Iron protoporphyrin IX with cysteine as the sixth ligand

The catalytic cycle of cytochrome P450 is given in Figure 1.2. The resting form of the
enzyme is a six coordinate (low spin) ferric state (1) with water as the sixth ligand. The
catalytic cycle is initiated as the substrate (R-H) enters the active site and the water
molecule is displaced, generating a five coordinate (high spin) ferric state (2). The next
step isareduction of theiron(l11) center to aferrous state (3). Dioxygen then reacts with 3
to form an oxyferrous complex (4a,b). One electron reduction of (4), the rate limiting step
in al cytochrome P450 catalyzed reactions, is supposed to give a negatively charged
iron(I11)—peroxo complex (5) which upon protonation yields a hydroperoxide complex (6).
A second protonation followed by heterolytic cleavage of the O—O bond generates water
and an electrophilic, high valent iron—oxo species (7) generally considered to be the active
oxidant in most cytochrome P450 catalyzed oxidations.
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Figure 2.2 The catalytic cycle of cytochrome P450

The first four P450 states in the catalytic cycle are stable enough to allow isolation and
characterization by different spectroscopic techniques. Crystal structures have been
determined for states 1-4 of bacterial P450cam.4° The reactions following the reduction of
4 are very rapid and the structures within brackets in Figure 1.2 have not yet been fully
characterized. A crystal structure presumed to correspond to the oxo—ferryl porphyrin
radical intermediate 7 has been presented but the crystal structure might also in part be
made up from the hydroperoxo—iron species 6.4 The debate about what is the actual
“reactive oxygen” form of cytochrome P450 is not yet resolved. Newcomb et a. have
presented data that suggest that the hydroperoxo-iron intermediate 6 can act as an
electrophile and be the actual oxygenating intermediate for many oxidations.46 In some
P450 enzymes protonation of the hydroperoxo—iron species 5 may be inhibited in the
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active site. In such enzymes the peroxo—iron intermediate has an extended lifetime and can
take part in oxidations initiated by nucleophilic attack. Examples where such a mechanism
is believed to take place are the oxidation of cyclohexane carboxadehyde catalyzed by
P450 2B4 and the conversion of human androgens to estrogens by P450 aromatase. 44 The
oxoferryl porphyrin radical 7 is the most electrophilic species in the catalytic cycle and
believed by many to be the reactive speciesin most P450 catalyzed oxidations. Heterolytic
cleavage of the hydroperoxo-iron species 6 would generate a formal Fe'=0 species, but
extraction of an electron from the porphyrin moiety would give the more stable oxoferryl
porphyrin radical 7. Some possible resonance forms of 7 are presented in Figure 1.3391n
the discussion about oxygenation mechanisms of different substrates in chapter 2, this
species is simplified as [Fe=O]*" and is presumed to be the active intermediate in all
mechani sms presented.

ol e} el

NN NTT—N NTT——=N
[ R R e [ R/
N“—+FN N—— N N——N
JSt isi Jsi
Cys Cys Cys

Figure 1.3 Resonance forms of the electrophilic, high valent iron—oxo species, believed by many to
be the active intermediate in most cytochrome P450 catalyzed oxidations.

1.3 Reactive oxygen species (ROS)

The importance of reactive oxygen species (ROS) in health and disease has been
recognized by every branch of medicine and biological science. Overwhelming evidence
indicates that ROS play a role in many major health problems and that inhibition of
oxidative damage to molecules, cells, and tissues prevent chronic and degenerative
diseases.4’ Some examples of the many disorders that have been associated with oxidative
stress are Parkinson's disease, Alzheimer’s disease, diabetes, atherosclerosis, HIV and
aging.48

Many ROS present in biological systems have the potential to induce damage.
These include hydrogen peroxide (H,O,), organic hydroperoxides, hypochlorous acid
(HOCI), nitric oxide (NO%, peroxynitrite (ONOQ"), superoxide (O,X) alkoxyl radicals and
the hydroxy! radical (*OH).49

There are many endogenous sources for ROS including50i) normal aerobic
respiration, i.e. reduction of O, by mitochondria that ultimately results in H,O, production;
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ii) stimulated polymorphonuclear leukocytes and macrophages releasing superoxide,
supposedly to protect the body from bacteria; 1 iii) peroxisomes, organelles responsible
for degrading fatty acids and other molecules that produce hydrogen peroxide as a
by-product; iv) induction of cytochrome P450 enzymes resulting in oxidant by-products.52
One example of an enzyme that is very active in the formation of ROS is CYP2EL, a
cytochrome P450 isoenzyme that can be induced by chronic alcohol consumption.53 There
is also a large range of exogenous sources for reactive oxygen species in vivo such as
tobacco smoke, ionizing radiation, pollutants, organic solvents, anesthetics, hyperoxic
environment and pesticides.

The most reactive species of the ROS is the hydroxyl radical on which this brief
introduction will be focused. Hydroxy! radicals are produced in living organisms in various
ways, often as a result of degradation of other reactive oxygen species. Some in vivo
sources of hydroxyl radicals are given below.

1) The Haber Weiss reaction.54

0, + HO0, —> 0O, + OH + - OH

2) Homolysis of peroxynitritesO which is generated in vivo from the reaction between O,x
and NOx

- . HT
O2 +NO:+ —» O=N—0—-0 —>» O=N—0-—OH

The protonated product is unstable and is cleaved homolytically.

O=N—0O—0OH — 'N02 + - OH
3) Reaction between O,% and HCI0.95

0, * HOCI —> 0, +Cl + -OH

The most important source of hydroxyl radicals in a celular environment is probably the
Haber—Weiss reaction. The overall reaction presented above is somewhat more complex
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and a more thorough description of the iron catalyzed Haber—Weiss reaction is presented
below.49

o, +Fe3" —> 0, + Fe?

+

Fe 2t 4 H,0, —> Fe3* + OH + -OH (the Fenton reaction)

Superoxide is produced in vivo through reduction of molecular oxygen by various
processes as discussed earlier. Hydrogen peroxide is essential for the last step of the
Haber—Weiss reaction, the Fenton reaction. A number of enzymes including amino acid
oxidase, amine oxidase and glucose oxidase generate hydrogen peroxide directly.56 Other
enzymes such as xanthine oxidase, aldehyde oxygenase and NADPH oxygenase generate
superoxide that can be converted to hydrogen peroxide as follows.57

: ' :
o, +H*—> HO,

2* — > HO, + Fe

HO, + Fe 3+

. +
HO, + Ht — HO,

A transition metal ion in its lower valence state is needed for the last step in the Haber
Weiss reaction, the Fenton reaction. A number of ions, such as Fe**, Cu’, Ti**, Cr*" and
Co?*, can donate an electron to hydrogen peroxide.55 In vivo, only iron and copper ions are
present in high enough concentrations to play a magjor role in the generation of hydroxyl
radicals. Iron is the most abundant transition metal in vivo, and thereby biologically most
relevant. In the mammalian cell nucleus, however, the concentration of Cu?* is high and,
therefore, copper is believed to be largely responsible for oxidative damage to DNA and
membranes in the nucleus.98 The location of transition metal ions in vivo is often a crucial
parameter that decides where oxidative damage takes place.59,60

Biological systems are very complex and in order to gain information about the
reactivity of different molecules towards hydroxyl radicals, severa in vitro systems have
been developed for hydroxyl radical generation. The most common ways of generating
hydroxyl radicalsin vitro are presented bel ow.61

1) Radiolysis of agueous solutions in the presence of N,O or H,O, is the cleanest way of
generating hydroxy! radicals and is often the method of choice for kinetic studi es.62

2) Photolysis of hydrogen peroxide.53
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3) Chemical reactions, mainly from the reaction between hydrogen peroxide and transition
metalsin their lower valence states as for example Fe** and Cu'. This reaction is known as
the Fenton reaction and is by far the most used chemical method.64

Although it has been over 100 years since Fenton performed his experiments, the
mechanism of the reaction is still debated. It is clear that the net Fenton reaction is a
simplification of a more complex process. The easiest way to explain the reaction would be
asingle electron donation from Fe?* to hydrogen peroxide (outer sphere mechanism).

L—Fe 2* + H,0, —> L—Fe 3* + H,0, —> OH  + -OH

On thermodynamic grounds this mechanism is unfavorable and an inner sphere mechanism
involving atransient ferrous peroxide complex is more likely.65,66

L—Fe 2% + H,0, —> L—Fe (H,0,)%"

The complexing ligand, represented by (L) in the above scheme, might be any chemical or
biological chelator and is of great importance to the outcome of the reaction. The iron—
hydrogen peroxide complex could then break down in a number of ways:

1) to give ahydroxide ion and a hydroxy! radical
2+ 3+ -
L—Fe(H,0,) —> L—Fe + OH + -OH
2) to give two hydroxide ions6
2+ 4+ -
L—Fe (H,0,)" —> L—Fe “" + 20H
3) direct reaction with a substrate

L—Fe (H,0)* + R —> L—Fe 3"+ OH + 'R—OH
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The choice of the ligand, pH and the type of solvent used are of great importance for the
outcome of the reaction. In achemical Fenton system most variables are easy to control but
in a biological system, the iron will form complexes with humerous different biological
chelators, and the type of ligand will decide the fate of the reaction. Ferrousions are stable
in acidic solutions but in neutral or basic agueous solutions aligand is generally added to a
chemical Fenton system to prevent precipitation of ferrous and ferric hydroxides. For the
experiments described in chapters 3, 4 and 5 ethylenediaminetetraacetic acid (EDTA) was
used. Under these conditions, formation of hydroxyl radicals via break—down of the iron—
hydrogen peroxide complex to give a hydroxide ion and a hydroxy! radical (pathway 1) is
expected to be the main reaction pathway. Regardless if the Fenton reaction takes place via
“free” hydroxyl radicals or via direct reaction with a transient Fe (H,0,)*" species, the
Fenton reaction remains an excellent system for the incorporation of oxygen into organic
molecules.

The hydroxyl radical has a half-ife of about one nanosecond and reacts very
quickly with most organic and biological molecules, generally with rate constants above
10'Ms™.61 The reactions can be divided into four different types:

1) radical—radical reactions

*OH + *OH — H)0,

2) hydrogen atom abstraction; the hydroxyl radical can extract a hydrogen atom from
various organic compounds and thereby generating a new radical

RH + *OH —= R+ + H,0

3) addition reactions; the hydroxyl radical is electrophilic and adds readily to aromatic
rings and double bonds5/

R—C=CH, + *OH —= R—CH-C—OH
H H,

4) electron transfer reactions; the hydroxyl radical is a powerful oxidant and commonly
reacts with inorganic compounds by abstracting an electron.

Fe2* + "OH — Fe® + OH

In complex systems various combinations of the above described reactions often take
place. In reactions with organic compounds, hydrogen atom abstraction from aliphatic

10
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groups and addition to unsaturated p—systems are the predominant reactions. Since both
these processes generate a new radical, the end products of reactions between hydroxyl
radicals and organic molecules are dependent on the molecular structure of the organic
compound and the nature of the surrounding media.

1.4 Antioxidants

Antioxidant activity can be defined as the protection against oxidative damage.47 There
are three major ways for an antioxidant to protect biomolecules from damage induced by
oxidative stress in vivo: i) suppression of the formation of ROS i.e. compounds that chelate
iron in such a way that it becomes less active in Fenton chemistry, ii) scavenging of
radicals and iii) repairing oxidative damage.68

When it comes to the hydroxyl radical, the high reactivity excludes radical
scavenging as an option unless the radical scavenger is added in extremely large amounts
on the basis of competition ki netics.%9 I the radical scavenger on the other hand also acts
asaniron chelating agent, it will be very close to the place of radical formation and may be
effective in scavenging hydroxyl radicals even at low concentrations.

To guard against damage by ROS, organisms have developed a number of
antioxidant enzymes including superoxide dismutase (SOD), catalase and glutathione
peroxidase.7O The main non—-enzyme antioxidants in the human body are the water soluble
ascorbic acid (vitamin C) and uric acid and a—tocopherol (vitamin E) in membranes. /1
Free methionine and surface exposed methionine residues of all proteinsin a cell may also
constitute an important mechanism for the intracellular scavenging of ROS.72

1.5 Scope of the thesis

The introduction of combinatorial chemistry has resulted in a dramatic increase in the
number of new chemical entities that support drug discovery efforts. To limit the cost of
drug development, it is vital to try to eliminate as many compounds as possible at the early
stages of the discovery process. One important consideration in high—throughput screening
is metabolic stability, and, in case of instability, identification of the metabolites. The main
goal of our studies has been the development of eectrochemica techniques onHine with
electrospray mass spectrometry for in vitro generation and characterization of drug
metabolites. These purely instrumental methods may have advantages over, or may be
complementary to, the existing methods of screening, i.e., in vitro studies with purified
enzymes or organ fractions e.g. microsomes, hepatocytes and liver slices.

11
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