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Introduction

[dentificaton of the bio-transformation products or metabolites of drugs plays
an important role in drug discovery and development. In other words, the knowledge of
how a drug is absorbed, distributed. metabolized. and climinated by the body has to be
critically understood during the process of drug development. Especially, it s very
essential to understand, whether any new intermediaries (imctabolite) are produced during
metabolism of the drug and further whether the compound so formed is toxic to the
system or not. Ifmetabolite present s toxic. it will jeopardize the entire drug development
process. These intermediates can bind covalently to tissue macromolecules. such as
Lipids. nucleic acids, and proteins. Once a reactive metabolite has been identitied.
medicinal chemists can be made aware of which functional group or combination of
lunctional groups should be avoided in the design of the next-genceration of drug
candidates. As aresult. many pharmaceutical companies are now conducting metabolite
identification studies m the early phases of drug candidate selection. Four separate but
somewhat inter-rclated processes influence a drug’s movement in the body viz.
absorption (A), distribution (D). metabolism (M). and excretion (E). These four major
components which influence a drug’s level, its kinetics of exposure to tissues, and its
performance as a drug are described.

Absorption 1s the process by which a drug molecule moves from the site of
administration into the systemic circulation (bloodstream). When a drug is administered
mtravenously (I'V), the drug is 100% absorbed (bioavailability is 100%). However, when
a drug is administered via. other routes, such as orally, subcutancously etc., its absorption
(bioavailability) varies and is influenced by many factors, including the rate of dissolution,
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1s the process of a drug bemg carred vie the bloodstream to its site of action. including
extracclular tluids and/or cells of ussues and oreans. Factors that aflectadrug’s distiibution
melude blood tlow. plasima proten binding. tissue binding. lipid solubility. pll/pKa. and
membrane. Metabolisim or bio-transformation is the process by which the body (human
and animal) or a system (cell based or in vitro) breaks down and converts a drag generally
via. oxidation. reduction, hydrolysis, hydration. and/or conjugation reactions into an active,
inactive, or toxic chemical substance. Enzvies (e.g . cviochrome P450s) present in the
liver are responsible for metabolizing many drugs. When a drug is administered
mtravenously (or other non oral routes such as intramuscular and sublingual), some of
these metabolism pathways are avoided. Excretion/climination is the process by which
the irreversible removal (elimination) of a drug and/or its metabolites from the systemic
circulation or from the site of measurement takes place. The process of elimination usually
happens through the kidneys (urine) or the tacces. Unless excretion is complete,
accumulation of drugs and/or metabolites can lead to adverse eflects. Other elimination routes
include the lungs (through exhalation). skin (through perspiration). saliva and mammary glands.
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[n carly metabolic profiling in ADME studies, this bio-transfonmation is usually
performed by automated metabolite identification strategies. In both metabolic profiling
and metabolite identification strategies. mass spectrometer plays a prominent role.

Mass spectrometry Mass spectrometry is an analytical tool used for measuring

the molecular mass of"a sample. For large samples such as biomolecules. molecular

masscs can be mcasured within an accuracy of” 0.01% of the total molecular mass of

the sample i.c. withina4 Daltons (Da) or atomic mass units (amu) error for a sample of
180 |
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40000 Da. This s suflicient o allow minor mass changes to be detected. e.e the
substitution ot one amino acid for another or a post-transiational modification. For
small organic molecules the molecular mass can be measured to within an accuracy
ol 5 ppm or less. which is often sufficient to confirm the molecular formula of a
compound.

Atomic and molecular masses are assigned relative to the mass of the carbon
isotope, “C, whose atomic weight is defined as exactly 12. The actual mass of 2Cis 12
daltons, with one dalton is equal to 1.661 10> g. The mass of a molecule or an ion can
be presented in daltons (Da) or kilodaltons (kDa). Mass spectrometry provides valuable
information to a wide range of professionals: physicians., astronomers, and biologists. to
name a few. Morc frequently mass spectrometers are used today in the following areas:

» Biotechnology: The analysis of proteins, peptides, oligonucleotides

« Pharmaceutical: Drug discovery. combinatorial chemistry, pharmacokinetics.
drug metabolism

« Clinical: Neonatal screening, haemoglobin analysis, drug testing

e Environmental: PAlls. PCBs, water quality. food contamination
e Geological: Oil composition

¢ Accurate molecular weight measurements: Sample conlirmation.
determinaction of the purity of a sample. verilication ol amino acid substitutions.
detection of post-translational modifications, calculation of the number of
disulphide bridges

* Reaction monitoring: Monitoring enzyme reactions, chemical moditication.
protein digestion

» Amino acid sequencing: Sequence confirmation, de novo characterization of
pepudes. identification of proteins by database searching with a sequence “tag”
trom a proteolytic fragment

* Oligonucleotide sequencing: Characterization or quality control of
ohgonucleotides

e Protein structure: Protein folding monitored by H/D exchange, protein-ligand
complex formation under physiological conditions, macromolecular structure
determination
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‘The Mass Spectrometer Mass spectrometer can be divided into three furdanenig)
parts, namely the jomsation source. the analyser. and the detector. The sample has (g
be introduced o the omsation source of the instrument. Onee inside Uie lonisaiion
source. the sample molecules are tonised. because fons wre easier o manipuiate than
neutral inolecules. These 1ons are extracted into the analyser region of the masg
spectrometer where they are separated according to their mass (im)-1o-charge (2) ratios
(m/7). The separated tons are detected and this signal is sent to a data systen where the
m/z ratios are stored together with their relative abundance for presentation in the format
of & m/7 spectrui.

The analyser and detector of the mass spectrometer. and often the ionisation
souree too, are maintained under high vacuum to give the ions a reasonable chance of
travelling from one end of the instrument to the other without any hindrance from air
molecules. The entire operation ol the mass spectrometer. and often the sample
introduction process also, 1s under complete data svstem control on modern mass
spectrometers.

Methods of sample ionization: Many jonisation methods are available and cach hag
its own advantages and disadvantages. The ionisation method (o be used should depend
on the type of sample under investigation and the mass spectrometer avanlable.

o Atmospherie Pressure Chemical! lonisation (APCH

Chenneal Tomsation (Ch

Ilectron Impact Tonisation (1)

o Dlectrospray lomsation (ESD

¢ Tast Atom Bombardment (FAB)

¢ Hhield Desorption/Tield lonisation (FD/FT)

s Matnx Assisted Laser Desorption Ionisation (MAT DI}

Thermospray Tomsanon (TSP)

Electrospray ionization: Llectrospray lonisation (EST) is one of the Aumospheric
Pressure Tonisation (API) techniques and is well-suited to the analysis of polur molecules
ranging from less than 100 Da to more than 1,000,000 Da in molecular mass.
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During standard electrospray ionisation, the sample is dissolved in a polar,
volatile solvent and pumped through a narrow. stainless steel capillary (75-150
micrometers 1.d.) at a flow rate of between 1 pl./min and 1 mL/min. A high voltage of
3 or 4 kV s appliced to the tip of the capillary, which is situated within the ionisation
source of the mass spectrometer, and as a consequence of this strong electric field. the
sample emerging [rom the tip is dispersed into an aerosol of highly charged droplets. a
process that is aided by a co-axially introduced nebulising vas Towing around the outside
of the capillary. "This gas, usually nitrogen. helps to direct the spray emerging from the
capillary tip towards the mass spectrometer. The charged droplets diminish in size
by solvent evaporation, assisted by a warm {low of nitrogen known as the drying

gas which passes across the front of the ionisation source. Eventually charged sample
tons, free from solvent, are released from the droplets, some of which pass through
a sampling cone or orifice into an intermediate vacuum region. and from there through
a small aperture into the analyser of the mass spectrometer, which is held under high
vacuum. The lens voltages are optimized individually for each sample. Electrospray
lonisation 1s a very sensitive analytical techniques but the sensitivity deteriorates with
the presence of non-volatile buffers and other additives, which should be avoided as
far as possible. [lectrospray lonisation is known as a “soft” ionisation method as the
sample is ionised by the addition or removal of a proton, with very little extra energy
remaining to cause fragmentation of the sample ions.
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Samples (M) with molecular weights greater than ca. 1200 Da give rise (o
multiple charged molecular-related tons such as (M tnll)* in positive iontsation mode
and (M-ntH)" in negative 1onisation mode. Proteins have many suitable sites for
protonation as all of the buckbone amide nitrogen atoms could be protonated
theorctically. as well as certain amino acid side chains such as lysine and arginine
which contain primary amine tunctionalities. An example of multiple chareing. which
is practically unique to clectrospray ionisation. is presented in the posilive ionisation
m‘z spectrum of albumin.
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Positive ESI-MS m/z spectrm of albumin
Analysis and Separation of Sample Tons: The main function of the mass analyser is
lo scparate, or resolve. the 1ons formed in the ionisation source of the mass spectrometer
according to their mass-to-charge (m/z) ratios. There arc @ number of mass analyscrs
currently available, the better known of which include quadrupoles, time-of-tlight
(T'OF) analysers, magnetic sectors and both Fourter transform and quadrupole ion traps .

These mass analyscrs have different features, including the m/z range that can
be covered, the mass accuracy. and the achievable resolution. The compatibility of
different analysers with different ionisation methods varies. For example. all of the
analyscrs listed above can be used in conjunction with electrospray ionisation, whereas
MALDI 1s not usually coupled to a quadrupole analyser.
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Tandem (MS-MS) mass spectrometers are instruments that have more than one
analyser and so can be used for stiructural and sequencing studies. Two. three and four
analysers have all been incorporated into commercially available tandem instruments.
and the analysers do not necessarily have to be of the same type, in which casc the
instrument is a hybrid one. More popular tandem mass spectrometers include those of
the quadrupole-quadrupole. magnetic sector-quadrupole, and more recently.
the quadrupole-time-of-tlight geometries. A tandem mass spectrometer is a mass
spectrometer that has more than one analyser, in practice usually two. The two analysers
are separated by a collision cell into which an inert gas (e.g. argon, xenon) is admitted to
collide with the selected sample ions and bring about their fragmentation. The analysers
can be of the same or of different types, the most common combinations being:

»  Quadrupole - quadrupole

« Magnetic scctor - quadrupole

« Magnetic scctor - magnetic scctor
« Quadrupole - time-of-flight.
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-
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Schematic diagram of a triple quadrupole mass spectrometer (MSMS)

Fragmentation experiments can also be performed on certain single analyser mass
spectrometers such as ion trap and time-of-flight instruments, the latter type using a
post-source decay experiment to effect the fragmentation of sample ions. Matrix-assisted
laser desorption/ionisation-time of flight mass spectrometry (MALDI-TOF MS) system
provides reliable mass information with higher sensitivity and throughput; and need
for lesser individual assay optimization for molecular identification and characterization.
In addition, the MALDI-TOF MS system has the added potential of detecting
sub-microscopic deletions within chromosomal DNA.
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Product or daughter ton scanning  Lhe st analyser s used to select user-specitied
sample jons arising from a particular component: usually the molecular-related 1,
(M) or (M-HY) 1ons. These chosen ions passing into the collision cell are bombarded
by the gas molecules which cause fragment ions to be [ormed, and these fragment 1ong
arc analysed i 2. separated according Lo their mass to charge ratios, by the sceond analyser.
All the fraument ions arise directly from the precursor ions spectitied in the experiment,
and thus produce a fingerprint pattern specific to the compound under investigation,
This type of experiment is particularly useful for providing structural information
concerning small organic molecules and for generating peptide sequence information,
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The first analyser allows the transmission of all sample tons. whilst the sceond
analyser is set o monitor specific fragment ions. which are generated by bombardment of
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the sample jons with the collision gas in the collision cell. This type ol experiment is
particularly usetul for monitoring groups of compounds contained within a mixture which
{razment to produce common fragment ions. e.g. glycosylated peptides in a tryptic digest
mixture. aliphatic hydrocarbons in an o1l sample. or ¢lucuronide conjugates in urine.

Constant neutral loss scanning

This involves both analysers scanning, or collecting data, across the whole m/z
range, but the two are off-set so that the second analyser allows only those tons which
differ by a certain number of mass units (equivalent to a neutral tragment) from the
tons transmitted through the first analyser. This type of experiment could be used to
monitor all of the carboxylic acids in a mixture. Carboxylic acids tend to fragment by
losing a (neutral) molecule of Carbon dioxide, CO,. which is equivalent to a loss of 44
Da or atomic mass units. All 1ons pass through the first analyser into the collision cell.
The 10ns detected trom the collision cell are those from which 44 Da have been lost.
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Selected/multiple reaction monitoring

Both of the analysers are static in this case as user-selected specific ions are
transmitted through the first analyser and user-selected specific fragments arising from
these 10ns are measured by the second analyser. The compound under scrutiny must be
known and have been well-characterised previously before this type of experiment is
undertaken. This methodology is used to confirm unambiguously the presence of a
compound in a matrix e.g. drug testing with blood or urine samples. It is not only a
highly specific method, but also has very high sensitivity.
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Mass Spectrometer for metabolite identification

The mass spectrometer was long considered a useful and challenging analytical
tool but largely limited to the specialist users. The steady movement from specialist
use to general use gained considerable speed in the 1990s. particularly due to the
development of practical, sensitive liquid chromatographyv—mass spectrometry (1.C-
MS} interfaces and advances in front -end softwares. The rapid proliferation of
quadrupole ton trap. lincar ion tap. orbi trap. quadrupole mass filter, time-of-flight,
and other types of mass spectrometers has impacted the industry from the carliest stages
of disease determination through the hnal stages of clinical testing. Today. mass
spectrometry has a profound influence on the direction and speed of drug discovery and
development. especially in the area of diug metabolism (DM) and pharmacokinetics (PK).

Mass spectrometry is currently employed in all phases of drug discovery. Farly
in the discovery, target proteins are identified and characterized by MS followed by LC
or two-dimensional gel electrophoresis separation. The make-up of an isolated protein
is then determined by enzymatically digesting the protein and then analyzing the peptides
by mass spectrometry. In almost all pharmaceutical companies, open-access MS
laboratorics have been set up to allow medicinal chemists to confirm and assess the
purity of their synthesis or isolated products. Once the compounds or compound series
are confirmed, high-throughput screening (HTS) assays arc used to weed out compounds
that do not show any activity towards a host (protein, ribonucleic acid (RNA),
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deoxyribonuclete actd (IDNA). ete.). MS has emerged as an ideal technique for the
fine HPLC.
the technique is extremely robust. rapid, sensitive, and easily automated. Not surprisingly.

identification ot such structurally diverse metabolites. When coupled with on-

[LC/MS and [.LC/MS/MS have become the methods of choice tor pharmacokinetic studies.
yielding concentration versus time data for drug compounds from in vive samples such
as plasma.

Strategy for metabolite identification
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| Full MS Scan

o 0 N

| Production scan (for all Precurson ion scan
| possible metabolites )
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—
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with 10n trap
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L Identify the metabolites
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Determine the pathway
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Neverthelessidentitying metaboliies remains a THC-CONSIIMING Process becausg

i range ol mstrumental eehniques and software applications are necded o obtain the

appropriate data. The analyst must be quite eX|
instrunients and software packages. Further

serienced (o handle these varioyg
more. just as in a police investigation.

datas rarcly obvious or completely conclusive, but rather FCQUITes previous experienge
to unravel it Forall these reasons. interpreting the data is typically the largest bottleneck

i metabolite wdentification.

The basic approach depicted above assumes that it is possible to predict numeroyg

common alterations to the drug sucl

1as oxidation, glucorination, hydration. oxidative

conjugation cle. The common alterations are given in the Table 1. Most of the times,

the expected metabolites will |

¢ structurally very similar because a prospective leag

compound’s structure is “fine-tuned” [or better selectivity and potency toward the receptor
of interest. Therefore. the scientist can casily understand the most common metabolic
alterations to the parent structure and any novel modifications. This experience and

information allows for a ouided analys

Production and Neutral loss analysiy

1s with targeted searches for expected metabolites,

In drug discovery. each new compound normally arises from a small alteration

o an iitial parent molecule. The [inal compound may bear very little similarity to tha

Table [. Common metabolic reaction and the shift in molecula rweights of the parent drug

Metabolic reaction
Reduction

Methylation
Hydroxylation

Hydrolysis of a ring
Acetylation

Glycine conjugation
Sulphate conjugation
Taurine conjugation
5-Cysteine conjugation
Glucuronide conjugation
S-Glutathione conjugation
Alkohol to ketone
Demethylation
Defluorination
Dechlorination

Formula

+H,

+CH,8

+0O

+H;0
—{-CgHzO
+CHNO
+504
+CaHs NS
+C3HsNOLS
+CsHz O
+CioHisN3OS
~Hy

—CH,
~F+H
—Cl+H

Affect on molecular weight of
parent drug (M)

Mt 2

M4 14
M+ 16
M+ 18
M+42
M 57
™M+ 80
M+ 107
M+ 119
M+ 76
M + 305
M-2

M- 14
M- 17
M- 34
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mitial feads but st has a hineage that stretches back to the initial compound. Common
metabolic alterations can be predicted, and a list ol expected metabolites can be compiled.
on the basis of'a previously analyzed series. By combining this list with a list of suspected
metabolites tdentified by precursor and neutral-loss scan data. a series of ions can be
targeted for product ion analysis. Any type of mass spectrometer capable of pr(id uct ion
scanning can be used at this point. including a triple quadrupole. Thus, all of the
experiments discussed so far can be completed using a single instrument. However, to
localize alterations within a molecule to a specific site, additional stages of tandem MS
(MS") require an ion trap mass spectrometer.

Determining sites of modification

Multiple stages of MS can provide large amounts of structural information
regarding each analyte, thereby allowing for a more detailed characterization of the
metabolites. Completing MS" experiments requires a mass spectrometer that can capture and
store 1ons. While the 10ns are stored, they can be subjected to excitation and collisional
fragmentation. The trapping mstrument can then capture the resultant fragment ions.
which can then be forced to undergo further fragmentation. The second-generation mass
spectrum will now give structural information regarding the isolated fragment, allowing
casier characterization of that ion. Because this procedure can be applied to each of the
mitial parent ion fragments. detailed structural information can be acquired rapidly.

Although MS" experiments can often pinpoint the site ol modification very
accurately, occasionally a metabolite fragments in a manner that does not provide the
required information to identity the type of modification. This is typically the case
when an expected fragment jon appears as a modificd entity within the tandem MS/MS
spectrum, but the modification cannot be explained by a common metabolic alteration
(e.g.. M+4 to a dimethyl benzene ring). In these cases, the answer can sometimes be
determined by using accurate mass measurement, which in turn, allows the calculation
of an empirical formula for the fragment.

Identification of a dosed compound

With the basics of instrumentation and techniques described, a full metabolite
identification study of a compound dosed ix vivo can be examined. Drugs to be tested
have to be dosed intravenously to any test animals @ 2 mg/kg body weight and orally
at 10 mg/kg. Urine and bile are collected over 24 h at regular time intervals. A control
i1s also collected at 0 hour. No further sample preparation is performed. Minimal sample
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cleanup s used because the nature. number. and concentrations of metabolites preseg
are unknown, and it is therefore impossible to determine if any will be lost duringq
sample preparation procedure. Neat bile and urine samples were sumply centrifuged g
remove any particulates. and the supernatant is injected directly onto an analytical L¢
column, mmimizing metabolite loss and decreasing sample preparation time.

Step 1. Collecting precursor ion scan and neutral-loss data: Before further analysig,
tuning of MS with a pure sample of drug has to be performed. This is followed by
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analysis of seral analysis of sample. Both precursor and neutral loss analvsis has o be
completed and @ hst of potential metabolites m the bile and urine sample needs (o be
compiled. Mctabolites can be identificd on the basis of the fragment ions™ similarity to
those produced by the parent standard compound. Typically. more than a single series
of fragment jons are scanned. carresponding to characteristic tfragments from the top,
middle. and lower portions of the parent compound. Common alterations (o these
fragments, such as hydroxylation, are monitored by looking for precursors of the analyte
at the native fragment mass and fragments corresponding to the metabolic hydroxylation,
which are 16 Da higher. In the tigure a metabolite formed by methylation and its spectrum
is shown. The spectrum of parent ion 1s also given for comparison.

Step 2. Product ion analysis of potential metabolites: The product ion data in the
next step are acquired on the Q-TRAP mass spectrometer. but a triple quadrupole mass
spectrometer could also have been used. The Q-TRAP instrument is used (o examine a
list of ‘expected” metabolites that had been previously observed for analogs from this
compound series and included +16 Da (hydroxylation), "14 Da (demethylation). and
+32 Da (dihydroxylation). In addition. any putative metabolites dentified by the
precursor 1on and neutral-loss scans also underwents product ion analysis. The rapid
scanning abilities of the Q-TRAP instrument allow several product ion experiments (o
be performed in rapid succession in a single 1.C ran. Compounds analyzed in this
manner are confirmed to be metabolites 1f their product ion spectra produced at least
two fragment ions that are characteristic of the proposed structure. After determiining
that these analytes are indeed metabolites. a more complete determination of their
structure can be accomplished by using the power of MS-.

Step 3. Structural elucidation of metabolites by MS" Becausce of constramts due 1o
space, expenditure. and complexity, the quadrupole 1on trap is the instrument of choice
for MS” experiments in a typical metabolite identification laboratory. For an MS
experiment, the masses of the intact metabolite and a related fragment 1ons are required.
Because this information comes {rom the MS/MS experiments described in Step 2,
MS? experiments can be set up directly on the instrument without any further
experimentation. MS* often gives data sufficient to determine the type of metabolite
modification and indicate which part of the molecule are changed. In most cases however,
cspecially for molecules that only break into a few large fragments. MS* or even MS'
may be required to locate the site of modification. A O-glucuronide metabolite had to
undergo MS°before locating the site of oxidation. In each trace, the fragment ion that
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With complete metabolite identified, entire metabolic pathway can be mapped
as given ir the figure. These can used to investigate the toxicity and other details.
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wiil undergo additional Tragmentation is lighlichied. Thus. this teehnique quoekly

pimpotnts a very small area that has been altered.

Despite the obvious versatulity and utihity of MS"to provide detailed structurg)
mlormation, the exact structure ol the metabolite 1y still impossible to determine iy
certain cases. MS" will often provide only cnough information to narrow down the
choices to two or three possible structures. When MS analysis Tails to provide absolute
identification of analytes or their isomers. LC/NMR can be used. Despite improvements
madc by these approaches, physical interpretation ot the data is stll a major bottleneck
in the metabolite identification process. because it is so time consuming. These new
approaches to data acquisition have led to many more samples being run in the same
time period, which in turn, increase the amount of data. Seftware that can reduce operator
workload by using a series of criteria to analyze data and report apparent metabolites
will significantly improve throughput in metabolite identification.

[nstrument manufacturers are creating software packages that help the metabolite
identitication process. Although these packages are simple al present. the impetus is
erowing rapidly. and software such as “Metabolyny™ {Micromass), ‘Light Sight” (AB
Sciex). and the new "Metabolite Data Browser” (Thermo Finnipan) are helping reduce
the workload ot analysts. These packages awtomatically perform functions that
rescarchers presently complete by hand such as the background subtraction of a control
data file or the application of an isotope cluster analysis tor chilorine- and bromine-
containing compounds. At a minimum. the software searches tor a hst of expected
metabolites from full-scan data and returns a List of passible hits. This allows numcrous
extraneous noisc’ responses to be automatically discarded.

As these packages evolve, they will handle correlation analysis of MS/MS data
and data-dependent MS/MS acquisition of potential metabolites. All of these factors
aid in reducing the data set that the analyst has to examine. thereby increasing throughput.
The new direction for metabolite identification is the integraton of automated data
mterpretation with LC/MS/MS in combination with the protocols described in this
chapter. This approach will significantly accelerate metabolite identitication.
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