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METABOLITE IDENTIFICATION BY LC-MS: APPLICATIONS
IN DRUG DISCOVERY AND DEVELOPMENT

Cornelis E.C.A. Hop and Chandra Prakash

6.1. Introduction

Recent data indicate that the discovery and development of a new drug costs
around 1 billion dollars and it may take approximately 10 years for the drug to
reach the marketplace (Fig. 1). Considering these staggering numbers, it is criti-
cal that efforts are made to reduce attrition of drug candidates during the various
stages of drug discovery and development. One of the sources of attrition can be
inappropriate drug disposition characteristics. Indeed, data from a joint meeting
from the Pharmaceutical Manufacturers Association (PMA) and the Food and Drug
Administration (FDA) in 1991 showed that about 40% of all lead candidates failed in
their development due to poor pharmacokinetics (Baillie and Pearson, 2000). Thus, it
is critical that attention is paid to the disposition characteristics of a drug candidate
early on. This information sheds light on the absorption, distribution, metabolism
and excretion (ADME) of potential drugs (Lin and Lu, 1997; Borchardt et al., 1998;
Eddershaw and Dickins, 1999; Woolf, 1999; White, 2000; Riley et al., 2002; Smith
et al., 2002) and these studies are performed (a) to support the selection of more
efficacious and safer drugs for development, (b) to help understand pharmacological
and toxicological observations and (c) to determine dose levels and dose regimens.
Up to 1985, the disposition of a drug candidate was examined predominantly once
the compound reached phase I or subsequent clinical trials. However, around 1990,
most major drug companies started to explore the drug disposition characteristics of
lead candidates during the discovery stage of drug development. The ADME data was
being used to guide synthetic chemistry efforts in order to come up with candidates
with more appropriate drug disposition characteristics. This approach appears to have
been successful because informal data suggest that the attrition due to inappropriate
ADME characteristics has been reduced significantly.

Currently, a wide variety of in vitro and in vivo screens are in place to obtain
valuable information about ADME parameters for lead candidates. The in vitro studies
include (a) metabolic stability in liver microsomes, hepatocytes or with recombinant
cytochrome P450 enzymes, (b) metabolite formation in liver microsomes, hepatocytes
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Figure 1.
Generic timeline for the various stages of drug discovery and development

or with recombinant cytochrome P450 enzymes, (c) absorption/transport studies in
Caco-2 cells or cell lines over expressing various transporters, (d) cytochrome P450
inhibition, (e) cytochrome P450 induction, (f) plasma protein binding and (g) red
blood cell partitioning. The in vivo studies include (a) pharmacokinetic studies via
various routes of administration (oral, intravenous, subcutaneous, etc.), (b) tissue dis-
tribution (e.g., brain penetration) and (c) metabolite identification in various biological
fluids (plasma, bile, urine, etc.). It has been shown that many of these studies benefit
from analysis by liquid chromatography interfaced with mass spectrometry (LC-MS)
(Niessen, 1998; Wiiloughby ez al., 1998; Lee and Kerns, 1999; Lee, 2002).

In the recent past, analysis of biological samples was a bottleneck. In some cases
GC-MS, with or without derivatization of the analyte, was possible, but in many cases
more traditional analytical techniques were employed, such as radioimmunoassays or
HPLC with UV, fluorescence or electrochemical detection. With the introduction of
atmospheric pressure ionization (API), in particular electrospray ionization (ESI) and
atmospheric pressure chemical ionization (APCI), in the late 1980s, it became possible
to sample liquids directly by mass spectrometry. Shortly after the introduction of these
ionization techniques, they were employed in combination with liquid chromatography
for pharmacokinetic studies and metabolite identification. The availability of LC-MS
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enabled increased and earlier ADME evaluation in drug discovery and development.
With minimal effort, it became possible to develop sensitive and selective assays for
drug candidates and, if required, their metabolites. Recent developments, such as
monolithic columns, ballistic gradients and parallel analytical columns, have increased
the throughput of LC-MS for quantitative in vitro and in vivo studies dramatically
(Bakhtiar et al., 2002; Cox et al., 2002; Hopfgartner and Bourgogne, 2003). Another
area, which benefited greatly from the introduction of LC-MS, is metabolite identifica-
tion. Both the general approach and specific examples displaying the power of LC-MS
for metabolite identification will be presented here. For general reviews describing the
use of LC-MS in drug disposition studies see Korfmacher et al. (1997), Poon (1997),
Brewer and Henion (1998), Baillie and Pearson (2000) and Rossi and Sinz (2002).

6.2. Metabolite Identification

Drugs are metabolized generally to more polar, hydrophilic entities, which can
be excreted from the body more easily. The main routes of elimination are bile and
urine. Detailed knowledge of the metabolic fate of drugs is important because the
metabolites could be (a) pharmacologically active, (b) toxic, (c¢) involved in drug—-drug
interactions via inhibition or induction of drug-metabolizing enzymes or (d) compet-
ing for plasma protein binding with the parent compound. Examples include phenac-
etin, which is metabolized to acetaminophen and the latter compound is responsible
for the majority of the analgesic activity.

T — OY

phenacetin acetaminophen

A few years ago, terfenadine was withdrawn from the market, because it is
metabolized by CYP3A4 to fexofenadine and inhibition of its metabolism by CYP3A4
inhibitors, such as erythromycin and ketoconazole, can give rise to elevated levels of
terfenadine, which can cause cardiotoxicity. However, the metabolite, fexofenadine, is
marketed, because it does not have these interactions and is pharmacologically active.
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During toxicology studies, detailed knowledge about the metabolism is impor-
tant, because, for proper assessment of the safety of a drug for human use, it must
be shown that the animal species used for safety evaluation are exposed to the same
metabolites as humans. If this is not the case, specific toxicology studies with the
metabolite(s) not formed in the animal species may be needed.

In the discovery stage, identification of metabolites may reveal metabolic liabili-
ties in molecules, which can subsequently be addressed by medicinal chemists who
can block these particular sites of metabolism. This could result in the discovery
of drug candidates with superior pharmacokinetic properties. Alternatively extensive
metabolism has been used to create prodrugs, which may be better absorbed than
the drug itself (e.g., fenofibrate). Thus, details about the metabolism of a drug and
the enzymes involved in the metabolism are a necessity throughout drug discovery

and development.
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6.3. Mass Spectrometers For Metabolite Identification

Although impressive metabolite identification data have been obtained with GC-
MS, the convenience of interfacing conventional LC columns with atmospheric pres-
sure ionization sources has shifted metabolite identification studies toward employing
almost exclusively LC-MS. The two most commonly employed atmospheric pressure
ionization techniques are APCI and ESI. In APCI, also called heated nebulizer, the
effluent from the LC column is converted into a fine mist via nebulization caused
by a high velocity jet of air or nitrogen. The spray travels through a quartz tube
heater, which vaporizes the droplets and, consequently, the analyte in the gas stream.
A corona discharge from a needle initiates chemical ionization using the vaporized
solvent as the reagent gas. Approximately 5-10kV is applied to the needle, which
generates a 2-5 LA corona discharge current. For the generation of positive ions, the
needle is at a high positive voltage with respect to counter electrode. A high negative
voltage is used for the production of negative ions.

In ESI a dilute solution is sprayed from a fine needle, which carries a high
potential (about 3-5 kV). If the needle carries a positive potential, the droplets will
have an excess of positive charges, usually protons. Evaporation of the volatile solvent
(e.g., H,0, CH,0H or CH,CN) results in increased Coulombic repulsion between
the positive charges, which eventually results in fragmentation of the droplet, gen-
erating smaller droplets. There are two theories for ion formation in ESI. Iribane
and Thomson have suggested that ionized sample molecules are expelled from the
droplets. Alternatively, it has been proposed that single, ionized sample molecules
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remain after continuous solvent evaporation and droplet fragmentation. One of char-
acteristic features of ESI is the mild nature of the ionization process, which usually
results in the formation of [M + H]* or [M — H]~ ions only. The absence of fragment
ions necessitates MS/MS experiments to obtain structural information (vide infra).
A wide range of mass spectrometers has been used for metabolite identification
and several new types have become available recently. The most frequently used instru-
ments are single and triple quadrupole and 3-dimensional ion trap mass spectrometers.
Time-of-flight, quadrupole-time-of-flight (Q-TOF), linear ion trap and Fourier-transform
mass spectrometers have been used as well. In many ways, the instruments listed above
are complementary. Although detailed descriptions of these types of mass spectrometers
have been presented elsewhere, it is important to describe specific advantages and
disadvantages of these types of mass spectrometers for metabolite identification.

6.3.1. Single and Triple Quadrupole Mass Spectrometer

With single and triple quadrupole mass spectrometers, MS data can be obtained
by scanning the first quadrupole and detecting the mass-separated ions. Product ion
MS/MS data can be obtained with a triple quadrupole mass spectrometer by mass-
selecting the ions of interest with the first quadrupole, fragmenting these ions in the
collision cell and mass separating the ions with the third quadrupole for subsequent
detection. Triple quadrupole mass spectrometers also allow constant neutral loss and
precursor ion MS/MS experiments. A constant neutral loss scan allows detection of all
ionized compounds, which lose a specific entity upon collision-induced dissociation.
For example, sulfate-conjugated metabolites are known to lose SO; (i.e., 80 Da) eas-
ily upon collision-induced dissociation and, therefore, an 80 Da constant neutral loss
allows detection of all sulfate-conjugated metabolites present in the sample of interest.
Precursor ion scans allow detection of all ionized compounds, which give rise to a spe-
cific fragment ion upon collision-induced dissociation. For example, glucuronide-con-
jugated metabolites frequently yield a signal at m/z 175 in the negative ion mode and
this “fingerprint” can be used to detect glucuronide-conjugated metabolites. Constant
neutral loss and precursor ion scans greatly facilitate the process of finding metabolites,
especially if the matrix contains many endogenous components. The various MS/MS scan
modes available for a triple quadrupole mass spectrometer are summarized in Fig. 2 and
the availability of multiple MS/MS scan modes increases the selectivity of this type
of mass spectrometers significantly. Finally, triple quadrupole mass spectrometers can
operate in the selected reaction-monitoring (SRM) mode. In this mode, a specific ion
is mass-selected with the first quadrupole and fragmented in the collision cell and the
third quadrupole is set to transmit a specific fragment ion. This mode results in greatly
enhanced sensitivity compared to full scan MS/MS experiments.

6.3.2. 3-Dimensional Ion Trap Mass Spectrometer

In a 3-dimensional ion trap mass spectrometer all ions are in the center of the
ion trap and a spectrum is obtained by sequentially ejecting ions out of the trap. For
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Scan modes feasible with a triple quadrupole mass spectrometer

a product ion MS/MS spectrum, the ions with a lower and higher molecular weight
than that of the desired ions are ejected and the remaining ions with the desired m/z
value are activated, which results in fragmentation. Because of the 3-dimensional
nature of the ion trap, MS" is possible and this can provide more information about
the structure of a metabolite. (In the ion trap, MS/MS and MS" are performed in
“time” rather than in “space” as is the case for a triple quadrupole mass spectrometer.)
However, constant neutral loss and precursor ion MS/MS data cannot be obtained with
an ion trap mass spectrometer. For more details about the use of a 3-dimensional ion
trap for metabolite identification see Tiller et al. (1998) and Dear et al. (1999).

6.3.3. Q-TOF Mass Spectrometer

The Q-TOF mass spectrometer was introduced in 1996 and has found wide-
spread use for metabolite identification. In the MS mode the time-of-flight analyzer
is used for mass analysis. For product ion MS/MS spectra, the ions of interested
are selected with the first quadrupole and the fragment ions are mass-separated
with the time-of-flight analyzer. The advantages of the Q-TOF mass spectrometer
are sensitivity, scan speed and mass accuracy. The mass accuracy is usually within
5ppm and, therefore, it is possible to assign a specific molecular formula to the
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metabolite under investigation (Hopfgartner et al., 1999; Hop et al, 2001; Qin and
Frech, 2001; Tiller et al., 2001).

Thus, each type of mass spectrometers has specific strengths and frequently more
than one type is used to come up with more definitive structural data for metabolites.

6.3.4. Common Biotransformations

Subsequent to acquisition, MS spectra can be inspected for the presence of
(anticipated) phase I metabolites. Table 1 presents a list of common phase 1 biotrans-
formations and the corresponding mass changes. The most common metabolic process
is oxidation resulting in a hydroxy moiety, which generates an M + 16 Da metabolite.
Liver microsomes are frequently used to assess formation of phase I metabolites by a
compound. Most phase I biotransformations are mediated by the ubiquitous cytochrome
P450 enzymes. Table 2 presents a list of common phase II biotransformations and the

Table 1.
Common phase I biotransformations and the corresponding change in mass of the
parent compound

Mass change (Da) Type of biotransformation

—28 Deethylation (—C,H,)

—14 Demethylation (—CH,)

-2 Two-electron oxidation (—H,)

+2 Two-electron reduction (+H,)

+14 Addition of oxygen and two-electron oxidation (+O-H,)

+16 Addition of oxygen (+0O)

+18 Hydration (+H,0)

+30 Addition of two oxygen atoms and two-electron
oxidation (+20-H,)

+32 Addition of two oxygen atoms (+20)

Table 2.

Common phase II conjugation reactions and the corresponding change in mass of
the parent compound

Mass change (Da) Conjugate
+42 Acetyl

+80 Sulfate

+57 Glycine
+107 Taurine
+176 Glucuronide

+307 or 305 Glutathione
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corresponding mass changes. Phase II biotransformations involve conjugation of the
compound, with the objective of making the drug more hydrophilic. These phase II
biotransformations are mediated by enzymes, such as N-acetyl transferases, sulfotrans-
ferases, UDP glucuronosyltransferases and glutathione-S-transferases. Both phase I and
phase II enzymes are present in hepatocytes. Although MS data are frequently sufficient
to identify the type of biotransformation taking place, product ion MS/MS spectra are
necessary to identify the location of the structural modification. Interpretation of MS/
MS data is time-consuming and requires a high level of expertise. (Several textbooks
are available discussing interpretation of MS/MS data in detail.) Reliable software to
automate interpretation of product ion MS/MS spectra is not yet available.

6.4. Additional Tools For Metabolite Identification
6.4.1. Chemical Derivatization

Although product ion MS/MS data can provide a substantial amount of struc-
tural information for metabolite identification, it is sometimes difficult to differentiate
between regioisomers. For example, based on the product ion MS/MS spectra alone,
it was not possible to define the site of glucuronidation for two glucuronide conju-
gates, 1 and 2, of CP-101,606 (an NMDA receptor antagonist) observed in humans
(Johnson et al., 2003). The site of conjugation was established after derivatization
of the sample with diazomethane. After treatment of 1 with diazomethane, the full-
scan MS spectrum showed an intense protonated molecule at m/z 518, 14 Da higher
than 1, suggesting that the phenolic group was substituted with glucuronide. On the
other, the full-scan MS spectrum of the methylated product of 2 showed an intense
protonated molecule at m/z 532, 28 Da higher than 2, indicating the methylation of
both phenolic group as well as the carboxylic acid moiety of the glucuronide and,
therefore, 2 was characterized as a benzylic glucuronide.
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A few common derivatization reactions are presented in Table 3 and others can
be found in the literature (Knapp, 1979). Sometimes derivatization of a metabolite is
employed to create a more hydrophobic, readily ionizable entity. Dalvie e al. (1998)
dansylated several polar urinary metabolites of a proprietary compound, which were
detectable by radiochromatography, but which could not be identified by LC-MS.
The presence of the dimethylamino group in the dansyl moiety facilitated proton-
ation and characterization of the metabolites by LC-MS. An additional advantage is
that increasing the molecular weight of the analyte frequently reduces the amount
of chemical interference.

6.4.2. Radiolabeled Compounds

During the later stages of drug discovery or drug development a radiolabeled CH
and/or *C) analog is synthesized to obtain more detailed metabolism and disposition
data. In vitro studies can be performed using the radiolabeled analog. Upon LC-MS
analysis the column eluent is split with a fraction going to the mass spectrometer for
detection and the remainder going to an on-line radio-flow detector or a fraction col-
lector for offline liquid scintillation counting (LSC). The radiochromatogram provides
the retention times of all metabolites generated (unless the radiolabel is not retained in
the metabolite) and, therefore, the inspection of mass spectrometric data for identifica-
tion of metabolites can be more focused. Only a narrow region of the total-ion-current
(TIC) trace, as specified by the radiochromatogram, needs to be examined for drug-
related components. A small amount of a radiolabeled compound can be administered
to animals or humans as well. LSC of the various biological fluids (usually plasma,
bile and urine) helps identify the fluid with the largest amount of radioactivity and this
fluid can be subsequently examined by LC-MS for identification of metabolites.

6.4.3. Isotope Patterns

If the parent compounds contains a characteristic (stable) isotope pattern, for
example, due to the presence of one or more chlorine or bromine atoms, the metabo-
lites can be identified by looking for this specific isotope pattern (cluster analysis).

Table 3.
Common reagents used to derivatize compounds

Reagent Derivatization reaction

Anhydrous methanolic HCI Methylation of carboxylic acids and allylic and
benzylic alcohols

LiAlH, or NaBH, Reduction of aldehydes to alcohols

TiCl, Reduction of N-oxides

Acetic anhydride Acetylation of amines and phenols




132 Chapter 6

The presence of the desired isotope pattern increases the confidence that the signal
is indeed related to the administered compound. Wienkers ef al. (1995, 1996) identi-
fied metabolites for tirilazad, a potent inhibitor of membrane lipid peroxidation, and
they employed a mixture of unlabeled and [2,4,6-3C,, 1,3-15N,-pyrimidine]tirilazad;
metabolites were identified by looking for two signals of equal abundance separated
by 5 Da.

6.4.4. LC-NMR-MS

Although LC-MS is a sensitive analytical technique for obtaining molecular
weights and molecular formulas for metabolites, it provides only limited structural
information. Due to the nature of the fragmentation pattern in product ion MS/MS
spectra it is only possible to identify the moiety where structural modification has
occurred without being able to isolate the specific site. If an authenthic standard is
available, a comparison of the HPLC retention times, as well as MS and MS/MS
spectra may be sufficient to make more definitive assignments. Nuclear magnetic
resonance (NMR) spectroscopy is frequently required to obtain the exact structure
of each metabolite. The NMR spectrum can be obtained following isolation of the
metabolite of interest. Alternatively, LC-NMR-MS can be employed (Shockcor et al.,
1996; Burton et al., 1997; Clayton et al., 1998; Loudon et al., 2000). In the latter case,
about 95% of the LC eluent is directed into the NMR spectrometer and the remainder
is diverted into the mass spectrometer. Several elegant applications have appeared,
especially in combination with generation of metabolites in bioreactors, but NMR
spectroscopy still suffers from limited sensitivity compared to mass spectrometry,
which makes this technique less practical for the identification of minor metabolites.

6.4.5. H/D Exchange

Frequently, the use of D,O as the mobile phase for HPLC can be as informa-
tive as derivatization procedures. The number of exchangeable hydrogen atoms can
provide valuable information about the functional groups present in the analyte.
For example, it was feasible to distinguish two possible structures for an oxidative
metabolite of a drug candidate containing a thiazolidine moiety (Liu et al, 2001).
If hydroxylation of one of the carbon atoms of the thiazolidine group occurred, the
H/D shift should be one more than anticipated for the sulfoxide. H/D exchange also
facilitates distinguishing N-oxides from hydroxylated metabolites. Other examples
have been presented by Olsen et al. (2000).
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6.5. Applications

Several examples are presented illustrating the use of various types of mass spec-
trometers to facilitate metabolite identification. It is critical to realize that, although
LC-MS is a very powerful and useful technique, definitive assignments frequently
require the use of additional analytical techniques (such as NMR) and/or the synthesis
of authentic standards.

6.5.1. Metabolism of a Potent Neurokinin 1 Receptor Antagonist

Substance P is the most abundant neurokinin in the human central nervous sys-
tem. The substance P preferring neurokinin-1 (NK1) receptor is highly expressed in
brain regions that are critical for regulation of neurochemical responses to stress. NK1
receptor antagonists have been proven in concept to have excellent potential for the
treatment of major depression (Kramer et al., 1998) and their side effect profile might
allow favorable differentiation against currently available therapies. In addition, NK1
receptor antagonists allow superior and sustained protection from acute and delayed
chemotherapy-induced emesis (Navari et al., 1999; Tattersall et al., 2000). Here, the
metabolism of a potent NK1 receptor antagonist, [3R,5R,6S5]-3-(2-cyclopropyloxy-5-tri-
fluoromethoxyphenyl)-6-phenyl-1-oxa-7-azaspiro[4.5]decane, (compound A hereafter;
see Fig. 3) in rat plasma as well as in rat liver microsomes and rat hepatocytes is
described (Hop et al., 2002).

Ej%:% Ej\D;;F?’ 2 2
A and ['*C]A c D
OCF, OCF, OCF,
E F G

Figure 3.
Structures of compound A and its metabolites (* indicates the position of the “C-label)
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Interpretation of product ion spectra of metabolites frequently hinges upon
similarity with that of the parent compound. However, sometimes interpretation
of the product ion spectrum of the parent compound is ambiguous. Availability of
'“C-labeled compound A with the label in the trifluoromethyl group facilitated inter-
pretation of the product ion spectrum. Comparison of the product ion spectrum of
compound A with that of its “C-labeled analog indicates that the fragments at m/z
231, 215, 203, 191 and 175 are associated with the trifluoromethoxy phenyl moiety,
whereas the fragments at m/z 184, 172, 159, 131, 91 and 56 are associated with
the phenyl piperidine moiety. Accurate mass measurements obtained with a Q-TOF
mass spectrometer provided additional information. Table 4 summarizes the molecular
formula assignments for the major fragment ions of [A + H]"; all assignments are
within 10 ppm with most of them being within 5 ppm. Based on this information,
structural assignments for the most informative fragmentation pathways of [A + H]*
ions are feasible and the data are summarized in Fig. 4. Concern about the poten-
tial pharmacological activity of anticipated metabolites led to synthesis of authentic
standards of the O-dealkylated metabolite (B), the hydroxylamine metabolite (C), the
nitrones (D and E), the lactam metabolite (F) and the hydroxylated and O-dealkylated
metabolite (G). Comparison of the product ion spectra of the metabolites B-G with
that of the parent compound A indicates that the product ion spectra are compatible
with the assigned structures.

Table 4.

Assignment of the fragment ions observed in the product ion spectrum of proton-
ated compound A, C,H,,NO,F;, using the micromass Q-TOF II

Fragmention Observed mass Formula Theoretical Error (ppm)
(Da) (Da) assignment mass (Da)

416 416.1839 C,,H,sNO,F; 416.1837 0.5
231 231.0628 C, H,,0,F, 231.0633 -2.2
215 215.0325 C,,H¢O,F; 215.0320 24
2032 203.0677 C,H,,0F; 203.0684 -3.1
2032 203.0304 C,HO,F, 203.0320 -7.8
191 191.0325 CH,O,F; 191.0320 24
184 184.1137 C,;H ;N 184.1126 5.8
175 175.0378 C,H,OF, 175.0371 44
172 172.1136 C,H N 172.1126 54
159 159.1053 C,;H;;N 159.1048 34
131 131.0873 CoHy, 131.0861 9.1

91 91.0526 CH,; 91.0548 —-239°

*The signal at m/z 203 was composite.
"The signal at m/z 91 was outside the calibrated mass range resulting in a larger
error.
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Tentative structural assignments for the most informative fragmentation pathways observed for
protonated compound A upon collision-induced dissociation

The turnover of compound A in rat hepatocytes was only 30% and, therefore,
the most abundant signal (at a retention time of 23.8 min) is the parent compound,
A. The radiochromatogram is presented in Fig. 5 and the three metabolites eluting
at retention times of 27.0, 29.8 and 32.8 min correspond to the two nitrones (D and
E) and the lactam (F), respectively, based on comparison of the product ion spec-
tra with those of the authentic standards. In addition, three minor metabolites were
observed at retention times of 10.0, 15.2 and 32.8 min. The product ion spectrum
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Figure 5.

HPLC-radiochromatogram of '“C-labeled compound A and its metabolites generated in rat
hepatocytes. The liquid chromatography mobile phase contained trifluoroacetic acid

of the metabolite at 15.2 min indicates that this was the O-dealkylated metabolite
(B). The MS and MS/MS spectra of the metabolite eluting at 10.0 min indicate that
the molecular weight of the metabolite is 585 Da and that loss of 176 Da occurs
upon collision-induced dissociation. These data suggest that this metabolite (H) is
a glucuronide of the hydroxylated and O-dealkylated metabolite (G, retention time
= 13.0 min). Definitive structural assignment of the metabolite eluting at 32.8 min
(tentatively assigned as metabolite I) was not possible. The mass spectrum indicates a
molecular weight of 463 Da and signals at m/z 175, 191, 203 and 215 in the product
ion spectrum imply that 30 Da has been added to the phenyl-piperidine moiety of
the molecule (see below for more details).

The radiochromatogram obtained from rat plasma following oral or intravenous
dosing with '“C-labeled A diluted with unlabeled compound A differs significantly
from that obtained with hepatocytes (compare Figs. 5 and 6). The signal corre-
sponding with the parent compound was relatively weak and the major component
in plasma was a new metabolite (J) eluting later (at 35.9 min) than all metabolites
observed in rat hepatocytes. The mass spectrum of metabolite J contains signals
at mlz 447, 465, 482 and 487, which correspond to [J + H - H,0J%, [J + HJ*,
[J + NH,]* and [J + Na]* ions. Thus, the molecular weight of metabolite J is
464 Da. Note that compounds with a low-proton affinity (due to the absence of a
basic nitrogen atom) frequently give rise to [M + NH,]* and [M + Na]® signals,
which are more abundant than the [M + H}* signal. These data were obtained with
an acidic mobile phase containing 0.1% trifluoroacetic acid. Without trifluoroacetic
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HPLC-radiochromatogram of '“C-labeled compound A and its metabolites present in rat plasma
following intravenous administration at 10 mg/kg. The liquid chromatography mobile phase
contained trifluoroacetic acid

acid in the mobile phase, the parent compound, A, eluted slightly later (at 29.6 min)
and metabolite J eluted much earlier (at 23.1 min). The major change in the retention
time of metabolite J suggests that this metabolite contains a carboxylic acid moiety.
At low pH, the latter metabolite will be neutral, which results in more interaction
with the C18 stationary phase and a longer retention time. Without trifluoroacetic
acid in the mobile phase, it was also possible to obtain mass spectrometric data in
the negative ion mode; an intense signal at m/z 463 was obtained for metabolite J,
which confirms the molecular weight derived from the positive ion mode data.

The positive ion mode product ion spectrum of metabolite J contains signals at
miz 175, 191, 203 and 215, which were also observed in the product ion spectrum
of the parent compound. Thus, the metabolic biotransformation must have occurred
at the phenyl piperidine moiety of the molecule. The most intense signal, m/z 105,
corresponds to [C;H;—C =O]" ions, which suggests oxidative ring opening of the
piperidine ring. The negative ion product spectrum provides little additional infor-
mation; the spectrum was dominated by a signal at m/z 85, which corresponds with
[F;C~0]~ anions. Combination of these data with knowledge of biotransformations
feasible for piperidine-containing compounds led to the keto acid structure presented
in Fig. 7. This was confirmed by the '"H NMR spectrum of the isolated metabolite J.
The signals due to the aliphatic protons at the 2 and 6 positions of the piperidine
ring in the parent compound disappeared and the splitting patterns of the protons
(due to proton—proton interaction) at the 5 position of the piperidine ring and the
ortho positions on the phenyl ring changed significantly. The latter aromatic protons
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were also displaced downfield, which suggests the presence of an adjacent carbonyl
moiety and, consequently, opening of the piperidine ring. Thus, the MS and NMR
data combined suggest that metabolite J has the keto acid structure. The oxidative
deamination mechanism presented in Fig. 8 is proposed for formation of metabolite J
and a similar mechanism has been presented for the metabolism of N-deacetyl keto-
conazole by Rodriguez et al. (1999). Many of the metabolic intermediates presented
in Figure 8, such as the secondary hydroxylamine (C, minor component) and the
nitrones (D and E), were observed in rat plasma after dosing with compound A. A
metabolite with a molecular weight of 463 Da (I; retention time = 32.8 min) was
observed in rat plasma as well as in rat hepatocyte incubations (see above). The
product ion spectrum contains signals at m/z 175, 191, 203 and 215, which implies
that the trifluoromethoxy phenyl moiety is intact and that 30 Da has been added to
the phenyl piperidine moiety. The most intense signal in the product ion spectrum is

OCF, OCF,

1 J
Figure 7.
The structures of metabolites I and J
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Figure 8.
The proposed mechanism for oxidative deamination of compound A
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at m/z 105, which was also observed for metabolite J. Thus, metabolite I could be the
oxime presented in Fig. 7, which is the analog of the oxime intermediate proposed
for the metabolism of N-deacetyl ketoconazole (Rodriguez et al, 1999).

Thus, mass spectrometric data were employed to elucidate the metabolism of
[3R,5R,68]-3-(2-cyclopropyloxy-5-trifluoromethoxyphenyl)-6-phenyl-1-oxa-7-azaspiro
[4.5]}decane and significantly different metabolic profiles were observed for rat hepa-
tocytes and rat plasma with the major circulating metabolite, J, being generated by
oxidative deamination of the piperidine ring. However, it is not clear whether the
high-plasma levels of metabolite J are due to rapid formation of metabolite J or
slow elimination of metabolite J from systemic circulation.

6.5.2. Metabolism of a Potent PPARy Agonist

Diabetes mellitus is a major threat to human health and the number of diabetics
continues to increase (Zimmet et al., 2001). The most common form of diabetes is
type 2 diabetes, which is characterized by insulin resistance and/or abnormal insu-
lin secretion. Hyperglycemia may lead to nephropathy, neuropathy, retinopathy and
atherosclerosis. Control of blood glucose levels can be achieved with oral hypogly-
cemic agents, such as sulphonylureas, metformin, peroxisome proliferator-activated
receptor-y (PPARy) agonists, a-glucosidase inhibitors and insulin (Moller, 2001).
Upon ligand binding, the nuclear hormone receptor PPARs regulate specific gene
expression by binding to peroxisome proliferator responsive elements after heterodi-
merization with another nuclear receptor, retinoid X receptor (Berger and Moller,
2002). The nuclear hormone receptor PPARy governs expression of genes involved
in the regulation of glucose and lipid metabolism. The uitimate outcome of adminis-
tration of a PPARy agonist is an increase in the sensitivity of certain tissues toward
insulin, which enhances glucose metabolism and inhibits hepatic gluconeogenesis.
Troglitazone, pioglitazone and rosiglitazone, all thiazolidinediones (TZDs), are PPARy
agonists and have shown clinical efficacy, but troglitazone was withdrawn because of
idiosyncratic, but severe, hepatotoxicity. As an alternative to TZDs, oxazolidinediones
(OZDs) have been identified as PPARy agonists by Desai et al. (2003). Here, the in
vitro metabolism of a new PPARy agonist, compound K, is described.

o}
" o >0
>]/O
0]
K, 451 Da

Compound K ionizes better in the negative than the positive ion mode due to the
acidic nature of the OZD moiety. This facilitated metabolite identification because signals
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due to endogenous material are usually less abundant in the negative ion mode. The
product ion spectrum of the [K — H]™ ions at m/z 450 was dominated by an intense
signal at m/z 42, which can be ascribed to [N=C-0]~ from the OZD ring; the abundance
of all other fragment ions (m/z 191, 203 and 217) was less than 5% of the intensity of
the m/z 42 signal. Thus, negative ion mode data provided little structural information.

In the positive ion mode, the [K+ H] * signal at m/z 452 was very small, but the
[K+NH,]* signal at m/z 469 was more abundant. Fragmentation of the [K + NH,]*
ions gave rise to several structure characteristic signals, including m/z 234, 190, 177
and 83, and the nature of these ions is described in Fig. 9. The intensity of m/z 83
([CeH; 1), albeit small, defined the cyclohexane ring.

Thus, metabolites of compound K were identified in a three-step process:

1. Identification of metabolites via LC-MS in the negative ion mode.

2. Confirmation of metabolites via LC-MS/MS in the negative ion mode using m/z
42 precursor ion detection.

3. Characterization of metabolites via LC-MS/MS in the positive ion mode using
[K+NH,]* and/or [K+ HJ" ions as precursor.

Incubation of compound K with rat, dog, monkey and human liver microsomes
resulted in a large extent of metabolism with the major pathways being associated
with oxidation of the cyclohexyl ring. (Other, mostly minor, metabolic processes
include oxidation of the propyl side chain and opening of the OZD ring.) Figure 10
shows the extracted ion chromatograms from rat, dog, monkey and human liver
microsomal samples for the m/z 466 [K+ O — H]™ ions. Generally, microsomes
from all four species form the same hydroxylated metabolite, but there are strik-
ing quantitative differences. In the positive ion mode, the corresponding m/z 468
((K+ O+ H]") signals were small, but signals at m/z 485 ([K+ O +NH,] *) and 450
(IK+O- H,0 +H]*) were present. The abundance of the m/z 450 signal indicates
that the protonated hydroxy metabolites are relatively unstable and loss of H,O pre-
vails, which suggests that hydroxylation of aliphatic carbon atoms, but not aromatic

m/z 234
-CO,: m/z 190

o

HN>]/O
O

m/z 83

-HNCO: m/z 177
[K + NH,I": m/z 469
Figure 9.

Tentative structural assignments for the most informative fragmentation pathways observed for
[K+NH,]* upon collision-induced dissociation
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Figure 10.

Extracted ion chromatograms for the m/z 466 [K + O — H]~ ions from compound K incubated
with rat, dog, monkey and human liver microsomes

carbon atoms, has taken place. The positive ion mode product ion spectra of the
[K+ O+ NH,]* ions from the four hydroxylated metabolites eluting at 12.4, 13.5,
14.2 and 16.8 min had characteristic signals at m/z 234, 190, 177 and 81. The signal
at m/z 81 corresponds with [C,H,, +O - H,0]*, which is indicative of hydroxyl-
ation of the cyclohexane ring in multiple positions. However, LC-MS/MS does not
provide regiochemical information regarding hydroxylation of the cyclohexane ring.
Relatively, small quantities of several [K + 14 Da] metabolites were detected as well
and all product ion spectra had a signal at m/z 97. The signal at m/z 97 corresponds
with [C;H,O1*, which is indicative of ketone formation in multiple positions on the
cyclohexane ring.

Compound K was also incubated with recombinant cytochrome P450 2CS8,
2C19 and 3A4 enzymes. The turnover was greatest with 2C8 followed by 2C9 and
the turnover with 3A4 was small. The respective extracted ion chromatograms for
the m/z 466 [K+ O —H]™ ions are presented in Fig. 11 and, again, the profiles, in
particular the regions between 10 and 20 min, are quantitatively quite distinct. The
hydroxylated metabolites generated by CYP2C8 and CYP2C19 feature prominently
in the extracted ion chromatogram generated for human liver microsomes (Figs. 10
and 11). The product ion spectra obtained in the positive ion mode indicate that the
major hydroxylated metabolites involve hydroxylation of the cyclohexane ring.
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Figure 11.

Extracted ion chromatograms for the m/z 466 [K+ O —H]~ ions from compound K incubated
with recombinant cytochrome P450 3A4, 2C8 and 2C19 enzymes

To obtain more information about the regiochemistry and stereochemistry of
the hydroxylated metabolites, compound K was incubated in a bioreactor (Rushmore
et al., 2000) with the two cytochrome P450 enzymes which had the most turnover, i.c.
CYP2C8 and CYP2C19, followed by isolation of the most abundant metabolites and
analysis by 'H NMR. Two chromatographic fractions each were isolated for CYP2C8
(13.6 and 14.2 min) and CYP2C19 (13.6 and 14.2 min). Chemical shifts and coupling
constants in the 'H NMR spectrum indicated that CYP2C8 forms two equatorial hydroxy
metabolites and CYP2C19 forms two axial hydroxy metabolites (Fig. 12).

These data indicate that CYP enzymes from different species display subtle
quantitative differences in the regioselectivity for hydroxylation of the cyclohexane
ring. In addition, the human CYP enzymes 2C8 and 2C19 possess stereoselectivity
for hydroxylation of the cyclohexane ring.

6.5.3. Metabolism of an Antipsychotic Drug Ziprasidone

Schizophrenia is a complex disorder characterized by thought disturbances,
auditory hallucinations and inappropriate effects (Howard and Seeger, 1993). While
the classical antipsychotic drugs of the phenothiazine and butyrophenone classes are
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Figure 12.
The structures of major hydroxylated metabolites of compound K in recombinant CYP2C8
and CYP2C19

effective in the treatment of schizophrenia, their usage is commonly associated with
extrapyrimidal side effects (Tarsey, 1983). In addition, these drugs are not effective
in all patients or against both positive and negative symptoms of schizophrenia (Ortiz
and Gershon, 1986). Laboratory and clinical findings have suggested that antagonism
of serotonin 5-HT,. receptors in the brain limits the undesirable motor side effects
associated with dopamine receptor blockade and improves efficacy against the nega-
tive symptoms of schizophrenia (Meltzer, 1995). Ziprasidone, a substituted benziso-
thiazolyl-piperazine analog, was recently approved for the treatment of schizophrenia
(Fig. 13). It exhibits potent and highly selective antagonistic activity on the dopamine
D, and serotonin 5-HT,, receptors. It also has high affinity for the 5-HT,,, 5-HT
and 5-HT, receptor subtypes that could contribute to the overall therapeutic effect
(Howard et al., 1994). Preclinical ADME studies were needed to support the safety
assessment package for registration of this new drug. Here, the strategies for the
identification of metabolites of ziprasidone in rats are described.

6.5.3.1. Use of Two Different Radiolabels

The metabolism of tiospirone, a structurally related analog of ziprasidone (Fig. 13),
has been described earlier (Mayol et al., 1991). One of its main metabolic pathways, N-
dealkylation of the butyl group attached to the piperazinyl nitrogen, resulted in the cleav-
age of the molecule into two major portions. However, these studies were conducted
using tiospirone labeled with “C at the piperazine ring and hence only the metabolites
containing the benzisothiazole piperazine (BITP) moiety were monitored. It is desirable
to trace both fragments by providing each with a different label. Thus, we studied the
metabolism of ziprasidone in preclinical species and humans after administration of a
mixture of ziprasidone labeled with '*C at the C-2 of the ethyl group attached to the
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piperazinyl nitrogen and ziprasidone labeled with *H at the C-7 position of the benziso-
thiazole (Prakash et al., 1997). The use of two labels not only facilitated the tracing of
metabolites formed through N-dealkylative cleavage of ziprasidone, but also aided their
identification. A total of 11 peaks were detected in the radiochromatograms in the rat urine
(Fig. 14). Metabolites M1, M2 and M3 were detected only in the *H radiochromato-
gram indicating that they were cleavage products associated with the benzisothiazole
moiety. On the other hand, metabolite M4 was detected mainly in the '“C radiochro-
matogram with a smaller peak in *H radiochromatogram representing spillover, indi-
cating that it was also a cleaved metabolite but containing the oxindole moiety. The
remaining metabolites, M6, M7, M8, M9 and M10, were detected by peaks of similar

H
N cl Q # 2
o~ y —~
N N— .S OC: \/\/\N N—& .S
7/ N 0 ~/ N

Ziprasidone Tiospirone
* position of '4C-label
# position of *H-label

Figure 13.
Structures of ziprasidone and a structurally related analog tiospirone
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Figure 14.
HPLC-radiochromatograms of ziprasidone metabolites in rat urine
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heights in both radiochromatograms, suggesting that they did not undergo cleavage at
the piperazinyl nitrogen and, therefore, are expected to be dual labeled.

6.5.3.2. Precursor Ion Spectrum

Ziprasidone generated a strong pseudomolecular ion [M+H]" at m/z 413. The
product ion mass spectrum of m/z 413 showed signals at m/z 220, 194, 177, 166 and
159. The two diagnostic fragment ions at m/z 220 and 194 resulted from the cleav-
age of the C-N (piperazine) bond and corresponded to [BITP +H]* and [oxindole-
CH,CH,]*, respectively. The other fragment ions at m/z 177 and 159 were due to losses
of 43 (CH,N=CH,) and 35 Da (Cl) from the ions at m/z 220 and 194, respectively
(Fig. 15). The assignment of these ions was confirmed by the parallel product ion
spectrum of miz 415 ((M + HJ*, YCl), which gave fragment ions at m/z 220, 196,
177, 166 and 159. Precursor ion scanning (see Fig. 2) of m/z 194 provided molecular
ion information for seven metabolites from rat urine (Fig. 16). Product ion spectra of
the protonated molecules provided structurally significant fragment ions. Metabolites
M1, M2, M3, M4 and M5 were identified as BITP-sulfone, BITP-sulfoxide,
BITP—sulfone—lactam, chlorooxindole acetic acid and BITP, respectively. Metabolites
M6, M8, M9 and M10 were characterized as S-methyl-dihydro-ziprasidone-sulfoxide,
ziprasidone sulfone, S-methyl-dihydro-ziprasidone and ziprasidone sulfoxide, respectively
(Fig. 17).

6.5.3.3. Differentiation of Isobaric Metabolites

Metabolite M9 showed a protonated molecule at m/z 429, the same as of M10,
suggesting that M9 and M10 were isobars. The product ion spectrum of M9 (m/z
429) showed fragment ions at m/z 280, 263, 219, 194, 150 and 123. The ion at
m/z 280 corresponds to a charge-initiated fragmentation of the piperazinyl nitrogen
benzisothiazole carbon bond with the expulsion of the benzisothiazole +16 Da moiety
as a neutral molecule. The ion at m/z 150 resulted from the cleavage of the same
nitrogen—carbon bond with charge retention on the benzisothiazole +16 Da moiety
and suggested modification of the benzisothiazole ring. The assignment of these
ions was confirmed by a parallel product ion spectrum of m/z 431 ((M + H]",
¥Cl), which gave fragment ions at m/z 282, 265, 196, 150 and 123. These results
strongly suggest that the oxidation had occurred at the benzisothiazole moiety. Based
on addition of 16 Da to the benzisothiazole moiety, three structures were originally
considered for M9: oxidation at the nitrogen of the benzisothiazole ring to form an
N-oxide, 1; aromatic hydroxylation of the benzisothiazole moiety, 2 and reductive
cleavage of the benzisothiazole followed by methylation of the resulting thiophenol
to form 3 (Fig. 18).

Treatment of M9 with aqueous TiCl,, tert-butyldimethylsilyl-N-trifluoroacet-
amide or diazomethane did not change the HPLC retention time or the molecular
ion of metabolite M9. These results indicate that M9 was neither an N-oxide (1) nor
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Tentative structural assignments for the most informative fragment ions of protonated zipra-
sidone

a hydroxy metabolite (2). Based on these data, M9 was identified as S-methyl-dihy-
dro-ziprasidone, 3, formed by the reductive cleavage of the benzisothiazole moiety.
Accurate mass measurements obtained with a Q-TOF mass spectrometer provided
additional information. Table 5 summarizes the molecular formula assignments for the
protonated molecule of ziprasidone and its two isobaric metabolite M9 and M10. The
significant difference between the observed m/z value for protonated M9 and M10
indicates that M9 and M10 have different molecular formulas, which is in keeping
with their structural assignments (see Fig. 17).

6.5.4. Biotransformation of an Anxiolytic Drug Candidate, CP-93,393

CP-93,393, a pyrimidinylpiperazine analog (Fig. 19), exhibits highly selec-
tive 5-hydroxytryptamine (5-HT) serotonin autoreceptor agonist activity (Schmidt
et al., 1995). It differs in mechanism from the benzodiazepines, which are gener-
ally believed to act by potentiating the neural inhibition mediated by GABA, but
bears a mechanistic relationship to a new class of nonbenzodiazepins anxiolytics,
azapirones (Rollema ez al., 1996). But unlike these agents, CP-93,393 itself exhibits
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Figure 16.
HPLC-radiochromatogram and TIC chromatogram (precursor ion spectrum of mfz 194) of
ziprasidone metabolites in rat urine

o2-adrenoceptor antagonist activity that may have therapeutic relevance for antidepres-
sant activity. It is being evaluated for its effectiveness in the treatment of generalized
anxiety disorder and major depressive disorder. Here, we describe the metabolism
of CP-93,393, {1-(2-pyrimidin-2-yl)-octahydro-pyrido[1,2-a]pyrazin-7-ylmethyl)-pyr-
rolidine-2,5-dione, in rat urine as well as in monkey liver microsomes.

CP-93,393 and 15 metabolites were detected in the radiochromatogram from a
urine sample of rats following oral administration of “C-labeled CP-93,393 (Fig. 20).
The identification of metabolites was achieved by chemical derivatization, B-gluc-
uronidase/sulfatase treatment and LC-MS/MS (Prakash and Soliman, 1997). Based
on the structures of hydroxylated metabolites, four primary metabolic pathways of
CP-93,393 were identified: hydroxylation at the pyrimidine ring (M15), hydroxylation
at the succinimide ring (M16), hydroxylation « to the nitrogen of the piperazine
ring (M10) and hydrolysis of imide bond of the succinimide ring (M9). The major
oxidative metabolites were excreted as sulfate and/or glucuronide conjugates (M7,
M12 and M13) (Fig. 21).

CP-93,393 and metabolites displayed very intense protonated molecules, [M +
H]*. The product ion mass spectra of the [M + H]* provided very characteristic
fragment ions; at least six structurally informative fragment ions were observed for
CP-93,393 and its hydroxylated analogs (fragments a-f, Fig. 22A). For CP-93,393,
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Proposed structures of metabolites of ziprasidone in rats

fragmentation occurred across the piperazine ring to give ions at m/z 235 (fragment
a), 209 (fragment b) and 195 (fragment c¢) with charge retention at the succinimidyl
part of the molecule. Hydroxylation at the succinimide ring, such as M16, resulted
in these ions appearing 16 Da higher, at m/z 251 (fragment a), 225 (fragment b)
and 211 (fragment c). Absence of substitution at the succinimide moiety, such as
M10, resulted in these ions being observed at the same m/z values as CP-93,393:
miz 235, 209 and 195 (fragments a, b and c, respectively). Two fragmentation reac-
tions across the piperazine ring with charge retention at the pyrimidine portion of
the CP-93,393 gave ions at m/z 136 (fragment d) and 122 (fragment e). Therefore,
hydroxylation at the pyrimidine ring, such as M1S5, resulted in ions at m/z 152 and
138, 16 Da higher than CP-93,393. In addition, a very characteristic fragment ion due
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Possible structures of metabolite M9

Table 5.
Accurate mass measurements and molecular formula assignments of ziprasidone and
its two isobaric metabolites M9 and M10 obtained with a micromass Q-TOF II

Compound Observed mass Formula Theoretical Error
(Da) assignment mass (Da) (ppm)
Ziprasidone 413.1205 C,H,,N,0SC] 413.1203 0.4
M9 429.1520 C,,H,,N,0SCl 429.1516 0.9
M10 429.1151 C,,H,,N,0,SCl 429.1152 —0.3
O
2 *
« N 9
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= 6
Y
N A
Figure 19.

Structure of CP-93,393 (* indicates the positions of the “C-labels)

to the loss of succinimide ring was observed for most of the compounds (fragment f,
Fig. 22A).

For hydrolysis products, such as 1-(2-pyrimidin-2-yl-octahydro-pyrido[1,2-
alpyrazin-7-ylmethyl)-succinamic acid (NPMSA), fragmentation also occurred across
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HPLC-radiochromatogram of urinary metabolites of '“C-labeled CP-93,393 following oral
administration to rats
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Proposed biotransformation pathways of CP-93,393 in rats
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Fragmentation pattern of protonated CP-93,393 and its putative metabolites

the piperazine ring with charge retention only at the pyrimidine portion of the
molecule, generating characteristic ions at m/z 136 (fragment a) and at m/z 122
(fragment b). An additional fragment ion at m/z 248 resulted from the cleavage of
the amide bond (fragment c). Hydroxylation at the pyrimidine ring, such as 1-[2-(5-
hydroxy-pyrimidin-2-yl)-octahydro-pyrido[1,2-a]pyrazin-7-ylmethyl]-succinamic acid
(5-NHPMSA), resulted in ions at m/z 152 (fragment a), 138 (fragment b) and 264
(fragment c), all 16 Da higher than NPMSA. For 1-(2-pyrimidin-2-yl-octahydro-
pyrido[1,2-a]pyrazin-7-ylmethyl)-2-hydroxy-succinamic acid (2-NPMHSA) and-(2-
pyrimidin-2-yl-octahydro-pyrido[ 1,2-a]pyrazin-7-ylmethyl)-3-hydroxy-succinamic acid
(3-NPMHSA), these fragment ions were observed at the same m/z values as observed

for NPMSA (Fig. 22B).
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Two metabolites M1 and M2 eluting at retention times of ~10.8 and 12.9 min
correspond to isomeric glucuronides of 2-NPMHSA and 3-NPMHSA, respectively.
The structures of these isomeric glucuronides were elucidated by constant neutral
loss scanning and LC-MS/MS/MS (MS?) techniques. The glucuronide conjugates
were dissociated at the orifice and the resulting aglycones were subjected to colli-
sion-induced dissociation. The product ion spectrum of M1 (m/z 364; generated at the
orifice) gave fragment ions at m/z 318, 290, 248, 231, 136 and 122. The characteristic
fragment ion at m/z 290 (loss of —-CH(OH)COOH) indicates the presence of a hydroxy
group o to the carboxyl moiety. On the other hand, the MS/MS/MS spectrum of M2
showed fragment ions at m/z 304, 248, 136 and 122. The characteristic fragment ion
at m/z 304 (loss of CH;COOH from the ion at m/z 364; generated at the orifice)
suggests the presence of a hydroxy group f to the carboxyl moiety.

The radiochromatogram obtained from monkey liver microsomes showed the
presence of a metabolite, M18, which was not identified in rat urine. M18 displayed
a protonated molecule at m/z 294, 36 Da lower than that of the parent molecule. The
fragment ions at m/z 252, 235, 209 and 195 in the product ion spectrum of MI18
indicate the modification of the pyrimidine ring. Furthermore, the fragment ion at
mlz 252, generated via loss of 42 Da from the molecular ion, suggest the presence
of an acetyl or a carboxamidino group (Fig. 23). H/D exchange and derivatization
techniques were very useful for differentiating these structures. When H,O was
replaced with D,O in the mobile phase, the full-scan mass spectrum of M18 revealed

CP-93,393 >/N
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? ?
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amidine N-acetyl-N-despyrimidiny!

Figure 23.
Possible structures of metabolite M18
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a molecular ion [M, + D]* at m/z 294 (M}, represents the molecular weight following
H/D exchange in D,0), 4 Da higher than [My + H]". The increase of 4 Da is in agree-
ment with the presence of three exchangeable hydrogen atoms, which is consistent
with the carboxamidino analog structure for M18. The carboxamidine structure of
M18 was further confirmed by treatment with hexafluoroacetylacetone, which resulted
in the formation of bis-trifluoromethyl-CP-93,393 (Fig. 24), a reaction characteristic
for the detection of carboxamidines (Prakash and Cui, 1997). Comparison of the
product ion spectrum of the derivatized metabolite with that of M18 indicates that
the product ion was compatible with the assigned structure.

6.6. Future Trends

Metabolite identification has proven to be of great value in drug discovery and
deve-lopment and LC-MS is the preferred analytical tool. However, metabolite iden-
tification is a labor-intensive activity and depends on the availability of highly skilled
scientists. Software has recently become available to automate certain steps in the
metabolite identification process (Lim et al., 1999; Yu et al., 1999). For example, after
acquiring full scan MS data, the software will interrogate the MS data for anticipated
metabolites considering the mass changes associated with the biotransformations listed
in Tables 1 and 2. Subsequently, product ion spectra will automatically be acquired for
tentatively identified biotransformations. Although this approach can be successful for
in vitro samples (liver microsomes, hepatocytes, etc.), it is of limited use for in vivo
samples because of the large amount of endogenous material present, which can have
the same molecular weight as the anticipated metabolites. Correlating the full scan
MS data of the sample of interest with those of an appropriate control sample (+ =
0 min, minus NADPH, inactivated enzymes, etc.) will prevent acquisition of product
ion spectra of endogenous components with the same molecular weight as anticipated
metabolites. However, proper controls may not always be available and, sometimes, the
drug affects the abundance of certain endogenous components. Although the software

0

O
<§N ,
0] 0]
N + CF3;COCH,COCF; ————— N
NH N
7]/ 2 >// N\, —CF,
HN N
amidine

metabolite of CP-93,393 CFy

Figure 24.
Derivatization of M18 with hexafluoroacetylacetone
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can facilitate the experimental component of the metabolite identification process,
ultimately interpretation of the spectra will still be the rate limiting. Thus, tools to
automate data interpretation are urgently needed. Reliable in silico tools, which predict
metabolite formation, are valuable as well and combining these with the LC-MS data
acquisition software should provide a powerful combination.
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