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Metabalic stability isakey property to enable drugs to reach therapeutic concentrations. Microsomal clearance
assays are used to dial out labile compounds in early discovery phases. However, because they do not
provide any information on soft spots, the rational design of more stable compounds remains challenging.
A robust soft spot identification procedure combining in silico prediction ranking using MetaSite and mass-
spectrometric confirmation is described. MetaSite' sfirst rank order predictions were experimentally confirmed
for only about 55% of the compounds. For another 29% of the compounds, the second (20%) or the third
(9%) rank order predictions were detected. This automatic and high-throughput reprioritization of a likely
soft-spot increases the likelihood of working on the right soft spot from about 50% to more than 80%. With
this information, the structure—metabolism relationships are likely to be understood faster and earlier in

drug discovery.

Introduction

Cytochromes P450 (CY P?) enzymes are magjor contributors
to drug metabolism.> In humans, mainly five hepatic CYP
isoforms, CYP1A2, 2C9, 2C19, 2D6, and 3A4 catalyze (alone
or in combinations) most of the metabolic transformations that
lead to drug elimination.? Almost three-quarters of marketed
drugs have CYP pathways in their elimination process,® and
for many of them, this pathway has a major impact on their
blood levels and dosing schedule.* Because these enzymes are
also associated with high interindividual variability and risk for
drug—drug interactions, their involvement is not aways wel-
come when developing new drugs.® Of particular concern is a
high CYP mediated clearance, as it would not only necessitate
high and frequent dosage but also carry the risk of massive
variation in exposure. When drug candidates exhibit ahigh CYP
dependent clearance, efforts should be made to stabilize them.
Relatively high throughput hepatic microsomal assays measuring
the in vitro CYP dependent intrinsic clearances of drug
candidates have recently been established throughout the
pharmaceutica industry,® but understanding structure—metabolism
relationships (SMR) and reducing clearance is a particularly
difficult task because of the relatively wide and overlapping
substrate specificity of CYP enzymes.” The accurate identifica-
tion of the soft spots of the molecules would indeed very much
help identifying and modifying the culprit substructure. Cur-
rently, the elucidation of metabolic pathways involves advanced
separation and structural elucidation techniques and is a highly
l[abor-intensive task that cannot be envisaged for the many
compounds investigated during lead optimization.? Yet it isin
this early phase that the knowledge of structure metabolism
relationships would be the most useful. Because chemistry
efforts are near culmination, it would be much easier to invest
in the synthesis of hopefully more stable (not necessarily the
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more potent) analogues when a reasonable hypothesis on the
soft spot can be made.

In this paper, we describe how, for cytochrome P450
dependent metabolism, the combination of in silico site of
metabolism (SoM) prediction combined with experimental
evidence from high throughput microsomal assays can help to
synthesize more stable compounds and establish SMR for
chemical series much faster and much earlier in the drug
discovery process.

M ethods

Test Sets. A test set of 18 marketed drugs for which a main
CYP dependent pathway had been described in human liver
microsomes has been extracted from MDL Metabolite Database
version 2.3.3 (Symyx Technologies, Inc., Santa Clara, CA). A set
of 95 Novartis Research compounds was constructed by random
selection within the 2007 Novartis list of compounds for which a
high NADPH dependent in vitro intrinsic clearance (>150 uL/
min-mg) had been measured.

Human Microsomal Incubations. The experiments were per-
formed in 96-well glass plates at 37 °C on an automated Tecan
EVO platform. Test articles at a concentration of 10 mM in pure
DMSO were diluted 1:1000 in water to 10 uM. This solution (30
uL) was added to 120 L of human liver microsomal protein (1.25
mg/mL) suspended in phosphate buffer (pH 7.4). Reactions were
initiated by the addition of 150 L of a cofactor solution containing
2 mM NADPH. At specific reaction time points (0, 5, 20, and 30
min), aliquots (50 uL) were removed and reactions were terminated
by the addition to acetonitrile (100 uL) containing the analytical
internal standards (1 #M aprenolol and 1.6 uM chlorzoxazone)
and stored at —20 °C for at least 1 h to alow complete precipitation
of proteins. The samples were then centrifuged at 5000g at 4 °C
for 35 min, and 20 uL of the supernatants were analyzed by LC-
MS/MS for quantitation of the remaining test article. The percentage
of test article remaining, relative to time zero minute incubation,
isused to estimate the in vitro elimination-rate constant (kyc), which
is used to calculate the in vitro metabolic clearance rates.”

LC-MS/MS Analysis. Analysis of sampleswas performed on a
high performance liquid chromatography—tandem mass spectrom-
etry (LC-MS/MS) system consisting of a TSQ Quantum Discovery
Max mass spectrometer controlled by QuickQuan 2.0, an electro-
spray ion source (lon Max electrospray interface) from Thermo
Fisher Scientific Inc. (Watham, MA), aCTC-HTS Pal autosampler
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Figurel. Experimenta confirmation of site of CY P dependent metabolism and construction of structure metabolism relationship. Tuning parameters
for the test articles are gained by automatic optimization of the compound signal and stored in a database (A). The metabolite monoisotopic masses
predicted by MetaSite (PM) are combined with the SRM-info of parent compound to generate metabolite specific SRMs (B). For acquisition, the
tuning parameter are taken from the database and used to measure the test article and monitor the potential/predicted metabolites (C). Information
on soft spots is compiled within research programs or for specific chemical scaffolds to derive structure metabolism relationships and initiate

problem solving.

(CTC Analytics, Zwingen, Switzerland) with a sample cooling unit
(10 °C), and a Rheos pump model 2000 (Thermo Fisher Scientific
Inc., Waltham, MA). Compound specific parameters (tube lens and
precursor ion, collision energy, and product ion for single reaction
monitoring (SRM)) were obtained by automatic tuning using the
QuickQuan software. These parameters were stored in the Quick-
Quan database to be used for selective quantitation of each test
article.

Samples were separated on a Zorbax SB-C18 Rapid Resolution
HT, 21 mm x 30 mm, 3.5 um (Agilent Technologies, Basel,
Switzerland). The components were eluted with a gradient of 0.1%
formic acid (mobile phase A) versus 0.1% formic acid in acetonitrile
(mobile phase B) at a flow of 250 uL/min using the following
gradient: 0 min 5% B; 1 min 5% B; 3 min 100% B; 4.8 min 100%
B; 4.81 min 5% B; 5.8 min 5% B. The injection volume was 20
uL. Thefirst 1.5 min of eluent were diverted to waste to protect in
ion source from salts and polar impurities from the incubation.

Predictions of M etabolites. Predictions of metabolites were done
with a beta version of MetaSite 3.0 (Molecular Discovery Ltd.,
Middlesex, UK, www.moldiscovery.com) using the P450 liver
model, reactivity correction, and a minimal mass threshold of 100
Da for predicted metabolites. The P450 liver model displays a
consensus of the SoM predictions of the three mgjor liver isoforms
CYP3A4, CYP2D6, and CYP2C9. Stereochemistry was ignored
and the smaller part of complementary metabolites (cleavage) was
rejected. The predicted metabolites were exported as text-file, which
was used to automatically calculate, together with parent fragment-
information, metabolite specific selected reaction monitoring func-
tions (SRM) for mass spectrometry analysis. The most likely
structure of the product ions was determined with the help of using
Mass Frontier when needed (Thermo Fisher Scientific Inc.,
Waltham, MA).

Single Reaction Monitoring Information of M etabolites. The
calculation of specific SRM information of predicted metabolites
was done with Microsoft Excel using the measured optima SRM-
information of parent compound and the predicted mass changes
for the metabolites. For every metabolite, two specific SRM
functions (SRM1—1 and SRM1-2 for example) were generally
calculated based on the precursor and product ion of parent
compound. For the first SRM function of predicted metabolite 1
(PM1), the original mass of the product ion was used (SRM1—-1),
and for the second SRM-function, the difference corresponding to
the metabolic transformation was incorporated (SRM1—2). The
calculated SRM information for the metabolites were exported to
the QuickQuan database to monitor all predicted metabolites. When
samples were analyzed, QuickQuan automatically loaded the
parameters needed to quantify parent compound and to monitor
predicted metabolites. LC peaks of internal standards, parent
compound, and potential metabolites were automatically integrated
by Xcalibur 2.0 (Thermo Fisher Scientific Inc., Waltham, MA) and
peak areas ratios were used to calculate parent disappearance and
metabolite appearance rates.

Results and Discussion

Metabolite identification studies are performed relatively late
in the compound optimization process because they are work
intensive and generaly aimed to understand the metabolic
pathway (generally in vivo) of an already potent and optimized
drug candidate.®° This work is also needed to identify species
differences that may hamper extrapolation to humans. At this
late stage, the investment in the development of sophisticated
bioanalytics and structure elucidation techniques is fully justi-
fied. On the other hand, information on potentially deleterious
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Figure 2. Structure, MS fragmentation and SoM prediction of Toremifene, Bepridil, Carvedilol and Citalopram. The predictions of the site of CYP
dependent metabolism by MetaSite is given with rank (PM) order and the corresponding expected SRM-functions with precursor and product ions.
The published main metabolite is underlined and the postulated fragments are given in bold.

pharmacokinetic properties like high in vitro cytochrome P450
dependent metabolic stability is available much earlier when
synthesis efforts and compound chemical optimization is at its
maximum. At Novartis, more than one-quarter of the compounds
tested for human CY P dependent turnover exhibit high in vitro
clearances. For some programs or chemical scaffolds, this
proportion can increase to more than 80%. To help chemistsin
designing new compounds with improved pharmacokinetics, the
knowledge of the soft spot position is needed. The systematic
search for potential metabolites and their relative quantification
both in vitro and in vivo has been described previously.** *2
The approach described herein is new in that it introduces the
use of MetaSite, a new in silico tool, to (i) predict the most
likely metabolites and (ii) allow their automatic search, detec-
tion, and experimental validation via LC-MS. While in silico
tools supporting pharmacodynamic structure—activity relation-
ships are relatively well established, there is little available for
the medicinal chemist to understand pharmacokinetic SMRsin
paralel. Several in silico tools have been used to predict
metabolic pathways and have been reviewed recently in
detail.»**> Some like MDL Metabolite are databases for
metabolism, others are empirically based systems that rely on
expert rules asthe basis of their predictions (Meteor, MetaDrug).
MetaSite is a unique new computational procedure to predict

the site of CY P dependent metabolism starting from computed
3D compound structures and GRID-based representations of the
CY P enzymes.*® For each atom in the molecule, the probability
to be the site of metabolism is derived from its likely distance
to the reactive oxygen in the CYP450 binding site and its
intrinsic reactivity. MetaSite is unique as a metabolite prediction
software because it does not depend on a training set of
compounds from which expert rules are derived. Cruciani et
al.® described success rates of first rank SoM predictions greater
than 70% for selected CY P2C9 substrates. More recently, Zhou
et a.'” found that top-ranked site predictions were correct for
only about 42% of CY P3A4 substrates. Caron et al.*® ultimately
demonstrated that the success rate is indeed linked to the test
set design and can be as high as 82% for small series of
congeneric drugs. In early compound profiling phases, nothing
is known about the CYP isoforms likely to be responsible for
microsomal clearance. Predicting soft spots with each of the
nine isoform available in the software would increase dramati-
caly the number of likely metabolites. The (beta) Version 3.0
of MetaSite solves thisissue with the help of a consensus “liver”
model, which has been used to generate the data presented here.
When chemists need to optimize the metabolic stability of their
drug candidates they would indeed start with the first rank soft
spot prediction. Because of the use of a consensus model with
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Figure 3. Kinetics of parent and detected metabolites. Relative areas ratios of metabolites for Citalopram (A), Carvedilol (B), Bepridil (C), and
Toremifene (D) in human liver microsomes incubations and disappearance of parent compound. Metabolites are expressed as percent of parent area
ratio at time zero incubation. Parent compound is given as area ratio to internal standard in logarithmic scale.

unbiased test sets, the success of first rank predictionsiis likely
to be lower than what is described in the literature (lower than
50%). Improving the confidence in MetaSite' s predictions would
therefore be of high added value. Figure 1 describes a procedure
allowing experimental validation of MetaSite's predictions to
increase confidence and better prioritize rational synthesis
efforts. Standard high throughput metabolic clearance assays
classically measure the time dependent disappearance of NCEs
in the supernatants of liver microsomal incubations using LC-
MS/MS setups.**2° However, modern mass spectrometers allow
following of much more than a single molecule with high
selectivity and sensitivity without significant loss of perfor-
mance. Selectivity and sensitivity is achieved through the
optimization of the mass spectrometer parameters on the NCE
ionization and fragmentation pattern (Figure 1A). This selected
reaction monitoring (SRM) information can be combined with
the MetaSite predictions to generate and store SRM data to
monitor potential metabolites (Figure 1B). Sample analysis
(Figure 1C) is done in parallel for the quantification of parent
compound to determine intrinsic clearance and the search and
detection of predicted metabolites. Ultimately, the experimental
detection of the predicted metabolitesis used to reprioritize the
likelihood of the soft spot location and to quickly establish a
structure CYP dependent metabolism relationship within a
chemical series. Figure 2 shows examples of such a procedure
with four marketed drugs: Toremifene, Bepridil, Carvedilol, and
Citalopram. The metabolite predicted as most likely by MetaSite
(PM1) ismonitored by two functions: SRM1—1 is the function
calculated when the predicted mass change is not on the
mesasured fragment and SRM1—2 when it is (see Methods). In
some cases, the SRM s calculated for the PM's may be equivocal
and precise assignment of the soft spot can only rely on
MetaSite's prediction. For SRM1—1 of Bepridil, the predicted

hydroxylation may affect one or the other of the two aromatic
rings present in the structure. Increasing the number of measured
SRM functions (additional fragments) would alow distinguish-
ing which of the rings is concerned primarily. Although the
resulting M S signal for the metabolites may not be quantitative,
their detection is a likely valid proof for the existence of the
predicted metabolic pathway. Conversely, because of the high
sensitivity of the LC-MS/MS technology, when predicted
metabolites are not detected, the pathway is unlikely to be
present. Because mass spectrometry parameters optimized for
parent compound are used to monitor PMs, the measurement
may not be quantitative. Especially when PMs are likely to
ionize or fragment differently, the quantitative relationship is
likely to be lost. The kinetics of PMs (rate of appearance) may
however provide information on their relative importance, and
contribution to clearance as the initial rate of PM appearance
should be directly proportiona to parent disappearance rate
(Figure 3). For example, the rate of appearance of SRM1—1 of
Citalopram (Figure 3A) is similar to the parent disappearance
rate, suggesting that this is the major metabolic pathway and
the principal soft spot of the molecule. For Toremifene (Figure
3D), it isthe sum of SRM2—1 and SRM1—2 appearance rates,
which accounted for amost al of parent disappearance rate. In
this case, one not only gets information about two soft spots
but also about their relative importance (SRM2—1 > SRM1—2).
Finaly, it isrelatively likely that PMs are further metabolized,
especialy with high clearance compounds. This is likely
exemplified with Carvedilol and Bepridil (Figure 3B,C) as the
rate of metabolite appearance declines with time.

Table 1 shows the results obtained for a set of marketed drugs
for which a known major CY P dependent metabolic pathway
has been described. The range of intrinsic clearance in this test
set spanned from very low (Pefloxacin) to very high (Mida
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Table 1. Success of Prediction and Detection of Main Microsoma Metabolites of Marketed Drugs®

parent SRM major metabolite® detected metabolites SRMs
expected rank in SRMs not new
compd CLi® precursor  product A SRM MetaSite  >10%" 1-10% 0.1-1% detected rank
Acenocoumarol 37 352 265 16 368 > 281 2 368 > 281 368 > 265 1
Bepridil 94 367 184 16 383> 184 6 383> 184 383>200 277> 94, 1
277 > 184 311 > 184/128
Carvedilol 235 407 100 16 423 > 100 4 423 > 100 393 > 100 393 > 86, 1
315 > 100,
423 > 116
Chlorpromazine 117 319 214 16 335> 230 4 335>230 305>214 335>214 305> 200, 1
306 > 214/201
Cibenzoline 28 263 115 16 279 > 115 1 279> 115 279> 131, 1
295 > 115/147
Citalopram 36 325 109 —14 311> 109 1 311>109 312>109 311> 95, 1
341 > 109 312 > 96,
341> 125
Kaempferol 269 285 285 16 301 > 301 1 319> 319 301 > 301 301 > 285, 2
319 > 285
Ketamine 136 238 125 —14 224 > 125 6 254 > 125 254 > 141 224> 111 1
224 > 125
Maprotiline 31 278 250 —14 264 > 236 2 294 > 266 294 > 250, nd®
264 > 250/236
Mequitazine 34 323 212 16 339 > 228 1 339 > 228 339 > 212, 1
355 > 212/244
Midazolam 554 326 291 16 342 > 307 1 342 > 307 342> 291 1
Pefloxacin 5 334 316 —14 320 > 302 2 320 > 302 366 > 316/348, 1
320 > 316,
350 > 316/332
Propranolol 80 260 116 16 276 > 116 3 276> 116 218> 116 218 > 74, 1
276 > 132,
145 > 116
Tadal&fil 49 390 135 —14 376 > 135 1 376> 135 376 > 121, 1
406 > 135/151,
422 > 135/167
Toremifene 31 406 205 —14 392 > 205 3 392> 205 422>205 422>221 392> 191, 1
294 > 205/93
Trichostatin-A 107 303 148 —14 289 > 134 1 289 > 134 289 > 148, 1
319 > 148/164,
337 > 148/182
Tropisetron 22 285 124 —-14 271> 110 1 301 > 140 271 > 124/110, nd’
301> 124
Venlafaxine 59 278 260 —14 264 > 246 1 264 > 246 264 > 260, 1
265 > 260/247,
294 > 260/276
Success rate (Rank 1): 50% 83%

@ The six first predicted metabolites were searched via their corresponding SRMs and reprioritized according to their relative importance versus parent
compound after 10 minutes incubation in standard conditions. nd: not detected. ® uL/min-mg protein. ° MDL metabolite.  The highest area ratio of the
metabolite corresponding to this SRM was greater than 10% of the highest area ratio of parent compound. © The major metabolite, desmethyl-maprotiline
does not fragment in a similar way than Maprotiline. When another parent fragment (SRM) is used or exact mass spectrometry (data not shown), the main
metabolite was detected with high relative abundance (1—10%). f The major metabolite, desmethyl-tropisetron, was below limit of detection. This metabolite
was detected in the incubation when exact mass spectrometry was used (data not shown).

zolam). In accordance with previous studies,*® the principal
authentic SoM is found within MetaSite’ s top three predictions
in about 78% of the cases (14/18). This proportion increases to
100% when predictions are taken into account up to rank 6.
However, only 50% (9/18) of the true soft spots are ranked first.
Therefore, when chemistry efforts are deployed to reduce
metabolic clearance, chemical modification are likely to be
erroneously oriented in every second case. When using the
automatic high throughput experimental confirmation of predic-
tion described here, the incorrect first rank predictions are
declassified and the authentic soft spot is promoted to first rank
in 83% of the cases (15/18). In addition, the relative abundance
of the detected signals for the metabolites is in agreement with
the intrinsic clearance of parent compound. With the exception
of midazolam, the detected metabolite signals of al high
clearances compounds (>100 uL/min-mg) had a relative
abundance of >10%. For midazolam, the lower relative
abundance of its main metabolite is explained by the greater
propensity of the metabolite versus parent to lose water upon
fragmentation. For Kaempferol, the MS signal corresponding
to olefinic epoxidation (M+34) and its appearance rate is dightly
higher than the aromatic hydroxylation producing Quercetine,
which was originally described as major pathway by Breinholt
et a.?* However, only quercetin was quantified in Breinholt’'s

study, which does not exclude the existence of another major
pathway as suggested here. It is also likely that Quercetine is
further metabolized.?? The major metabolites of Maprotiline and
Tropisetron could not be measured. The LC-MS/M S search and
detection fails to detect the metabolites when they fragment
differently from parent compound (Maprotiline) or when parent
compound clearance and/or the relative MS signal of the
metabolites are too low to detect the metabolites (Tropisetron).
Although the success rate of LC-MS/MS detection is high, it
may be further increased by the use of more characteristic
fragments or the use of high resolution and more sensitive mass
spectrometry technologies. Indeed, the metabolites of Mapro-
tiline and Tropisetron could be detected using an Orbitrap (data
not shown). When another typical, although less intense,
fragment of Maprotiline is used (264 > 169), the des-methyl
metabolite was detected with a relatively high apparent abundance/
appearance rate.

In an attempt to use this methodology to better understand
metabolic clearance of drug candidates in early discovery, 95
drug candidates from diverse research programs showing high
intrinsic clearances in human liver microsomal incubations were
investigated (Figure 4). For most of the NCEs (84.4%)), at |least
one metabolite out of the top three predicted metabolites is
detected. More than half (55%) of MetaSite's top predictions
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Figure 5. The proposed new loop in the drug optimization process.

were confirmed experimentally (dPM1). In 20% of the cases,
the top predictions were not detected but the second most likely
(dPM2) and for 9% the third most likely metabolites were
detected as the most abundant metabolite (dPM3). For about
16% of the compounds, none of the top three predicted
metabolites could be detected (not detected). Experimental
confirmation of the top 3 predicted metabolites increases
therefore the likelihood of identifying the soft spot in the first
instance from 55% (PM1) to 84%. (dPM1 + dPM2 + dPM3).
Without experimental validation, the poorly predicted soft spots
(PM3) would have had very few chances to be identified and
modified to reduce clearance. The proportion of detected
metabolites representing a high relative abundance versus parent
compound (>10%) is highest for dPM1 and decreases with
dPM2 and dPM3, suggesting that MetaSite is performing
particularly well in itsrank 1 prediction. The fact that the test
set used is composed of high clearance NCEs only might explain
this, as these compounds are more likely to have an “obvious’
weak point. The automatic search and detection of predicted
metabolites allows also gathering of information on secondary
soft spots. High clearance may in fact be the result of the
combination of two or more pathways. For about 1/3 of the
NCEsfor which amajor pathway was detected, there was indeed
evidence that a second pathway was also contributing signifi-
cantly to clearance (data not shown). When more than one soft
spot can be identified, it becomes eventually more difficult to
design stable, pharmacologically active drug candidates and the
decision may be made to abandon the incriminated scaffold as
awhole.

Trunzer et al.

Experimental monitoring of the first three (or six) most likely
metabolites predicted by MetaSite in the standard microsomal
stability assay allows dramatic increase of the confidence in
SoM prediction. The information on prominent metabolic
pathways can been obtained using existing biological samples
(standard microsomal incubations to measure metabolic clear-
ance) and standard analytical tools. The data can be generated
for al compounds going through high throughput clearance
assays with no loss of quality. When NCEs are found to be
high clearance, the chemists can immediately access the data
on the most likely experimentally confirmed soft spots and
establish a rational stabilizing strategy (Figure 5). Whereas
detailed pathway elucidation studies are reserved to confirmed
drug candidates, the current procedure applies to compounds
synthesized much earlier in the search for the optimal potency.
An obvious limitation of the procedure described here isthat it
isonly addressing compound instability due to CY P dependent
metabolism, athough this pathway is predominant in drug
metabolism. A clear indication of the relative importance of
the detected pathway(s) is aso lacking when authentic metabo-
lite references are not available. Whether semiquantitative
information can be derived from metabolite kinetics (rate of
appearance) remains to be explored. The high throughput LC
separation performance and the limit in the number of fragments
modern mass spectrometer can analyze simultaneously are
reducing the possibilities to discriminate between metabolites
having the same mass (i.e., PM 1 and PM6 of Bepridil in Figure
1). More sophisticated systems using UPLC separation, more
fragmentation information (MS"), or high mass resolution would
help to further increase the success rate.

Beyond the identification of soft spots, the procedure
described here may a so be used to evaluate the risk for reactive
metabolite generation or for mechanism-based CY P inhibition.
MetaSite version 3 includes a modul e predicting time dependent
inhibition combining the identification of substructures likely
to be reactive and their SoM probability. Information on
metabolite structure may be used to synthesize authentic
references, which can be used to quantify metabolites both in
samples from in vitro and in vivo experiments and to character-
ize their activity or toxicity in early research. Last but not least,
SMR information gathered for thousands of compounds can be
stored in databases and ultimately be used to develop in silico
models that would not only identify soft spots with a high
success rate but also suggest the best stabilizing substitutions.
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