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Abstract

Conventional strategies for drug metabolite identification employ a combination of liquid
chromatography-mass spectrometry (LC-MS), which offers higher throughput but provides limited
structural information, and nuclear magnetic resonance spectroscopy, which can achieve the most
definitive identification but lacks throughput. lon mobility-mass spectrometry (IM-MS) is a rapid,
two-dimensional analysis that separates ions on the basis of their gas-phase size and shape
(reflected by collision cross section, CCS) and their mass-to-charge (/7/2) ratios, respectively. The
rapid nature of IM separation combined with the structural information provided by CCS make
IM-MS a promising technique for obtaining more structural information of drug metabolites
without sacrificing analytical throughput. Here, we present an /n vitro-biosynthesis coupled with
IM-MS strategy for rapid generation and analysis of drug metabolites. Drug metabolites were
generated /n vitro using pooled subcellular fractions derived from human liver and analyzed using
a rapid flow injection-IM-MS method. We measured CCS values for 19 parent drugs and their 37
metabolites generated /n vitro (78 values in total), representing a wide variety of metabolic
modifications. Post-IM fragmentation and computational modeling were used to support
metabolite identifications and explore the structural characteristics driving behaviors observed in
IM separation. Overall, we found the effects of metabolic modifications on the gas-phase
structures of the metabolites to be highly dependent upon the structural characteristics of the
parent compounds and the specific position of the modification. This /n vitro-biosynthesis coupled
with rapid IM-MS analysis workflow represents a promising platform for rapid and high-
confidence identification of drug metabolites, applicable at a large scale.
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Introduction

Drug metabolism is the process by which drugs are chemically modified by human body;,
generally facilitating their removal from the body.! This process is carried out by a diverse
assortment of drug-metabolizing enzymes, most of which catalyze oxidation of or
conjugation of specific chemical groups to target compounds.2~# Specifically, drug
metabolism reactions include Phase-1 metabolism, such as oxidation and dealkylation
catalyzed by cytochrome P450s (CYPs), and Phase-I11 metabolism, such as conjugation with
glutathione and glucuronic acid catalyzed by glutathione S-transferases (GSTs) and UDP-
glucuronosyltransferase (UGTS), respectively (Figure 1A). Understanding whether and how
drugs are metabolized is a critical component of the drug development process, since
metabolism is often an important determinant of drug clearance and metabolites may exert
unexpected bioactivities or toxicities.>8 Mass spectrometry (MS) has played an essential
role in advancing the field of drug metabolism. Over the past decade, liquid chromatography
(LC)-coupled with tandem MS and high-resolution MS, in combination with various scan
modes and post-acquisition data processing methods, has greatly increased the specificity
and sensitivity of drug metabolite identification.”8 However, the throughput of such
identification processes is low as LC separation could be lengthy and/or post-acquisition
processing methods need to be customized for each drug. Furthermore, structural
information obtained from LC-MS analysis is limited. Definitive assignment of metabolite
structure can be achieved using nuclear magnetic resonance (NMR) spectroscopy, but this
technique requires large amount of materials and thus is both costly and low throughput.®
There exists, therefore, a demand for techniques that allow enhanced structural
characterization of drug metabolites without sacrificing analytical throughput.

lon mobility (IM) spectrometry is a rapid gas-phase separation technique based on the size
and shape of the analytes in the gas phase, which is orthogonal to the polarity-based LC
separations.913 In IM separation, ions are driven through a neutral buffer gas under the
influence of either a static electric field (as in drift tube IM, DTIM) or a dynamic electric
field (as in traveling wave IM, TWIM),14.15 where they are differentially slowed down due
to their interactions with the gas molecules. The mobility of an ion in 1M separation is
determined by its collision cross section (CCS), a unique physical property determined by its
size, shape, and long-range and short-range interactions with the drift gas in the gas-phase.
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When IM is coupled to MS (IM-MS), a two-dimensional separation on the basis of CCS-to-
charge ratio and mass-to-charge ratio (m/z) is achieved. Due to the rapid nature of the IM
separation (millisecond scale), IM-MS can be coupled with traditional liquid
chromatography to provide three-dimensional separation (LC-IM-MS) without sacrificing
the throughput. Furthermore, the orthogonal separation by IM-MS over traditional MS can
enable the abbreviation, or even complete omission at times, of LC separations to enhance
the analytical throughput.

In recent years, several groups, including us, have measured CCS values for large collections
of compounds, covering a diverse range of biomolecule and small molecule chemical space.
16-27 These studies have revealed a number of characteristic trends in CCS vs. mass
associated with specific chemical classes, attributable to the intrinsic relationship between
CCS and chemical structure. More specifically, for a given m/z, compounds from different
chemical classes display distinct ranges of CCS values, owing to different degrees of
structural compactness among different molecular classes. Different classes of biomolecules
(e.g. lipids, peptides, carbohydrates) follow distinct trends and only occupy narrow regions
of the CCS-mass two-dimensional conformational space.1® Our recent report on 1440 CCS
values of 1425 drug and drug-like small molecules suggested that overall, these molecules
cover a much broader range of molecular space than individual biomolecular classes, but a
specific class of drugs, such as various classes of antimicrobials, corticosteroids, ion channel
blockers, etc., tend to occupy a tight and distinct region in the CCS-mass conformational
space.20 A few studies have been carried out to characterize drug metabolites by IM-MS,
such as products of aromatic hydroxylation and glucuronidation,28-39 which demonstrated
some advantages of IM-MS in differentiating positional isomers. However, no systemic
study has been conducted to explore the structural characteristics of drug metabolites and
how various chemical modifications change the gas-phase behavior of the metabolites
relative to their corresponding parent compounds in IM-MS analysis.

Studying drug metabolites systematically and at a large scale is challenging because there
are limited number of commercially available standards of drug metabolites and the cost is
high for such standards. To overcome this challenge, we first developed a biosynthesis
system that can effectively generate both Phase-1 and Phase-I1 metabolites from parent drugs
using subcellular fractions of human liver. We then measured CCS values of 19 parent drugs
and their 37 metabolites generated /n vitro (78 values total) using rapid flow injection
analysis (FIA) coupled with a TWIM-MS system with CCS being calibrated with a
combination of poly-DL-alanines (PolyAla) and drug-like molecules. Post-1M fragmentation
and computational modeling were used to validate the identities of the metabolites and to
rationalize unusual behaviors observed in IM separation and multimodal CCS distributions
of certain metabolites.

EXPERIMENTAL SECTION

Materials

Poly-DL-alanine, acetaminophen, betaine hydrochloride, and drug standards were purchased
from Sigma-Aldrich (St. Louis, MO). Drug CCS calibrants were obtained as descried
previously.2% Human liver microsomes (HLM) and S9-fraction (S9) pooled from 100 male
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and 100 female individuals were purchased from Sekisui XenoTech (Kansas City, KS). C15,
C14, and Cqg benzalkonium chlorides (BACs) and the synthetic precursors necessary for
synthesizing additional BACs and w-hydroxy BAC analogs were purchased from Sigma-
Aldrich (St. Louis, MO). Synthesis of BACs and their w-OH analogs is detailed in the
Supporting Information.

In Vitro Drug Metabolite Generation

Drug metabolites were generated /n vitro using pooled human liver microsomes (HLM) and
S9-fraction (S9) in a 96-well plate format. First, a mixture of HLM and S9 (0.2 mg
protein/mL, each) containing GSH (5 mM) and MgCl, (5 mM) was prepared in buffer (0.1
M phosphate, pH 7.4). Alamethicin was added at 0.01 mg/mL, and the mixture incubated on
ice for 20 min. 90 pL of the pre-treated HLM/S9 mixture was added to each well of a 96-
well plate, then 0.5 L of each drug stock (10 mM in DMSO) were added to duplicate wells.
An activation mixture containing 10 mM NADPH and 50 mM UDPGA was prepared in the
same buffer. The plate was heated to 37 °C in a water bath, then reactions were initiated by
addition of 10 uL of activation mixture (or buffer for cofactor-free controls). The reactions
proceeded at 37 °C for 40 min, then the plate was removed from the water bath and cooled
on ice for 10 min. Subsequently, 100 uL of ice-cold acetonitrile containing MS internal
standards was added to each well to quench the reactions and precipitate proteins. The plate
was centrifuged at 3500 x G for 15 min at 4 °C to pellet precipitated proteins, and the
supernatant was transferred to a fresh 96-well plate for IM-MS analysis.

lon Mobility-Mass Spectrometry Analysis

TWIM-MS analysis was performed on a Waters Synapt G2-Si mass spectrometer (Waters
Corp., Milford, MA) equipped with an electrospray ionization (ESI) source using nitrogen as
the drift gas. ESI conditions are detailed in the Supporting Information. Mass calibration
was performed using sodium formate for the range of m/z 50-1200. IM separations were
performed at a traveling wave velocity of 500 m/s and height of 40 V. For post-1M
fragmentation analyses, collision energy was added to the transfer region using a ramp from
30 to 50 V. FIA was performed with a Waters Acquity FTN UPLC connected to the ESI
source of the IM-MS. Sample injections (5 pL) were made using a 0.3 mL/min flow of 50%
water with 0.1% formic acid / 50% methanol with 0.1% formic acid. Data was acquired for
0.5 min with a 1s scan time over m/z 50-1200, which resulted in approximately 14 scans
across the eluted peak from FIA. The full 96-well plate was analyzed on three separate days
over two months.

TWIM CCS Calibration

Drift tube CCS values in nitrogen (PT'MCCSy,) for a series of singly-charged polyalanines
(n = 2-14) and a mixture of drug-like compounds were used for calibration of TWIM drift
times into CCS (TWIMCCS,,), as described previously for the measurement of CCS values
of 1425 drugs.20 Briefly, arrival time distributions (ATDs) for polyalanines and drug-like
CCS calibrants were extracted from the raw data using accurate mass with a window of +
0.01 Da and a CCS calibration curve was constructed from reference data in an automated
fashion using a Python script developed in-house (see Data Analysis below). Drift times for
each calibrant were obtained as the mean from a least-squares fit of a Gaussian function on
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the ATD. Drift times were corrected for mass-dependent flight time to give the corrected
drift times (t4”) and reference CCS values were corrected for ion charge state (2) and
reduced mass with the drift gas to give the corrected CCS (CCS’).3! A calibration curve was
generated by fitting these corrected values to a function of the form CCS’ = A(ty’+to)B,
where A, tg and B were the fitted parameters.32:33 The CCS calibration curve displaying
randomly distributed fit residuals with a maximal absolute error < 3% was considered
acceptable.

Data Analysis

IM-MS data analysis was performed using a Python script developed in-house. The data
analysis script uses the Waters MassLynx SDK (https://interface.waters.com/masslynx/) to
directly extract ATDs from raw data files using accurate mass and a selection window of +
0.01 Da. A list of accurate masses for ions of parent compounds and their expected
metabolites was compiled by manual inspection of the raw data and consulting the literature
for commonly observed human hepatic metabolites. Using this list of masses, ATDs were
extracted for all parent compounds and observed metabolites, and drift time of each
compound was obtained automatically by least-squares fitting of the Gaussian function to
each ATD. All ATDs along with Gaussian fits and residuals were manually inspected for
sufficient intensity (> 1e3), appropriate peak width (FWHM < 1 ms), and lack or presence of
multimodality. For each observed metabolite, ATDs were extracted from both cofactor-
containing reaction samples and cofactor-free controls to establish cofactor-dependent
formation as confirmation of the presence of a metabolite.

Computational modeling and CCS calculation

Parent compounds or metabolites displaying unusual or complex IM behavior were further
investigated using computational modeling and CCS calculation. Compound SMILES
structures were obtained from PubChem and manually modified to reflect the relevant ESI
adduct and metabolic modifications (if present). OpenBabel34 was used to generate initial
3D structures from the SMILES strings (using the MMFF9435 force field) and produce
inputs for further structural optimization in the semi-empirical molecular modeling software
MOPAC.36 Initial structures were further optimized in MOPAC in two steps: a rough
optimization, followed by a more precise optimization and calculation of thermodynamic
properties. The roughly optimized structure was used as the input for a dynamic reaction
coordinate (DRC) simulation in MOPAC: a time-resolved simulation in which the system is
allowed to exchange kinetic and potential energy while conserving total internal energy
(akin to traditional molecular dynamics). For each DRC simulation, excess Kinetic energy
was added to the system such that the total internal energy (potential + kinetic) of the system
matched the vibrational energy predicted for the simulation temperature (310 K) from the
thermodynamic calculations. The resulting simulation trajectories were analyzed using tools
from the GROMACS software suite.3” For each trajectory, plots of various system
characteristics (potential energy, radius of gyration, efc.) vs. simulation time were generated
and visually inspected for aberrant behavior. For each compound, initial structure generation
was repeated 6 times, resulting in slightly different starting structures and therefore distinct
simulation results. All replicate simulation trajectories for a single compound were
concatenated and all sampled conformations were used for clustering analysis using
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GROMACS. Central structures from each of the fitted clusters were assigned weights on the
basis of cluster size, and structures with weights contributing at least 3% to the overall
average were carried through to CCS calculation. Theoretical CCS values in N, were
calculated for each central structure using a trajectory method in MobCal modified for using
N, as a drift gas.38:3% Each CCS calculation was performed in triplicate using different
pseudo-random number generator seeds and an averaged CCS value was obtained for each
conformation. The final theoretical CCS value for each compound was obtained as the
weighted average of all relevant clustered structures and their calculated CCS values, using
the previously determined weights.

RESULTS AND DISCUSSION

In Vitro Biosynthesis of Drug Metabolites and Measurement of their CCS

We first aim to develop an /n vitro biosynthesis system to generate metabolites with diverse
structures from a diverse range of drugs so that the effect of metabolic transformations on
gas-phase structures of drugs can be systemically studied. Human liver fractions, such as S9
and microsomal fractions, are commonly used for /in vitro drug metabolism studies. The S9
fractions contain the cytosol, which mainly contains GSTs, sulfotransferases, and other
water-soluble enzymes, and microsomes, which mainly contain CYPs and UGTs. We used
the drug, midazolam, as a probe molecule to optimize the /n vitro system conditions.
Midazolam is known to undergo mono and di-hydroxylation, direct glucuronidation, and
consecutive hydroxylation/glucuronidation reactions, so it would be a good probe for both
Phase-I and Phase-I1 reactions (Figure S1).40 We found that although the S9 fraction
contains all the necessary drug-metabolizing enzymes, addition of a separate HLM fractions
to the S9 fraction is needed to generate sufficient amounts of primary metabolites by CYPs
for the formation of secondary metabolites by UGTs and GSTs. Alamethicin, a pore-
forming polypeptide, was also added to the S9/HLM stock to enable access of the potential
substrates to UGTs, which are located on the lumen side of microsomes.*! In order to
represent the range of metabolic modifications, we chose 19 structurally diverse drug or
drug-like compounds that readily undergo Phase-1 and/or Phase-I1 drug metabolic reactions
(Figure 1B). For each drug, the reactions were carried out with or without enzyme activating
cofactors, such as NADPH (for CYPs) and UDPGA (for UGTS) so that enzyme-specific
products can be identified. A workflow of this process and the subsequent steps is shown in
Figure 1C.

Each reaction mixture was analyzed using a FIA-IM-MS method. TWIMCCSy, values were
calibrated using a mixture of polyalanines (n=2-14) and drug-like compounds with known
DTIMCCS), values as described previously.20 37 metabolites were consistently observed
from the 19 parent compounds. CCS values were obtained for all parent compounds and
metabolites in triplicate, with high reproducibility (average of 0.3% inter-day RSD). Figure
2A summarizes the CCS vs. m/z values for all compounds and their metabolites, grouped by
various routes of metabolism. The curve and shade in the background of the plot represents
the power fit and the + 10% range of the 1440 drug and drug-like CCS values we reported
previously,20 which illustrates the conformational space of this set of compounds and their
metabolites relative to the broad trend for drug-like compounds.
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Additionally, a dimensionless compaction factor (C) was calculated according to the
following equation (Eg. 1) to quantify the relative structural compaction/expansion of
metabolites relative to their corresponding parent compounds:

( CCSparent ) —C* ( massparent )2/3 Eq.1

CCSpetab . masSmetab .

Eqg. 1 is derived from the relationship between the masses of spheres having the same
density and their areas, and is adapted from a similar analysis recently applied to studying
the hydrophobicity of amino acids as it correlates to the packing efficiency of the amino acid
oligomers.#2 The dimensionless factor C describes deviation from ideal isotropic growth
(with respect to CCS and mass changes due to metabolism), with C < 1 indicating the
metabolite becomes less compact than the parent while C > 1 indicating the metabolite
becomes more compact than the parent. Calculated compaction factors for all metabolites
relative to their parent compounds are summarized in Table S1.

Considering all parent compounds and metabolites together, it is difficult to discern any
characteristic global trends in CCS vs. m/z for specific routes of metabolism as most of the
parent compounds and their +O metabolites and/or dealkylation metabolites occupy a
relative tight space close to the center power-fit line. On the broad scale, conjugation
products with glucuronic acid (GA) and glutathione (GSH) separate from Phase-I
metabolites, mostly attributable to the large increase in mass.

However, closer examination of the trend of changes for individual compounds suggest that
the conformational changes due to different routes of metabolism are dependent upon the
structure of the parent compound. For compounds like clomifene, clozapine, and
thioridazine (Figure 2B-D), primary metabolites from oxygenation or dealkylation reactions
displayed relatively linearly increased or decreased CCS, corresponding to the change in
mass imparted by the metabolic modification (e.g. oxygenated metabolites tended to have
increased CCS coinciding with the increase in mass from the addition of oxygen).
Furthermore, secondary metabolites formed from a combination of oxygenation and
dealkylation reactions displayed CCS shifts corresponding to the net change in mass from
the different modifications. These observations suggest that for some compounds, metabolic
modifications do not significantly alter the gas-phase conformations of the parent
compounds beyond the simple increase/decrease in size imparted by the metabolic
modification itself. This conclusion is further supported by the fact that for most of these
metabolites, compaction factor values tended to be very close to 1, indicating a similar gas-
phase packing efficiency between parent and metabolites.

Unusual trends in CCS changes upon metabolism were observed for some lipid-like
molecules, such as the series of BACs with alkyl chain lengths of 10, 12, 14 and 16 carbons
and terfenadine. Oxygenated metabolites were observed in these reactions, and each had
CCS values smaller than their parent compounds despite their increased mass. The
compaction factors for each of these metabolites were all >1, indicating structural
compaction in the metabolites relative to the parent compounds. A common CYP-mediated
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metabolic modification for compounds containing long alkyl chains in fatty acids is
hydroxylation at the w or w-1 position.*3 Indeed, we recently confirmed the formation of the
w and w-1-hydroxyl-products as the major metabolites of these BACs.*4 For the BACs, this
would introduce a polar moiety at the opposite end of the positively charged quaternary
ammonium group, leading to a potential intramolecular ion-dipole interaction that could
explain the observed structural compaction of the gas-phase conformations of the
metabolites relative to the parent compounds. Additionally, the magnitude of this effect
increased with alkyl chain length, suggesting dependence on the flexibility of the alkyl
chain. To further investigate this effect, a larger series of BACs with alkyl chain lengths
ranging from 4 to 16 carbons and their corresponding w-OH metabolites were synthesized
and analyzed by IM-MS (Figure 2E). The parent BACs and their w-OH metabolites
occupied distinct trends in the CCS vs. m/z plot, with the metabolite trend falling below that
of the parent compounds. While w-OH derivatives of short chain BACs still increased
relative to the parent compounds, the extent of increase is small relative to the power-fit
trend line of the parent compounds. C8 BAC appears to be the turning point, where the
CCSs of the metabolites become less than the matching parent compounds. Notably, the
magnitude of the compaction factors increases with the chain length, consistent with the
observed chain-length dependence of the structural compaction of the metabolites (Table
S1).

A similar trend to the BACs, though at a smaller magnitude, was also observed between
terfenadine and its oxygenated metabolite (Figure 2F). The compaction of the +O metabolite
relative to the parent compound is evident from the compaction factor of 1.042. Terfenadine
has structural similarity to the BACs, being a somewhat linear, hydrophobic molecule with
positive charge localized on one side. The introduction of a polar moiety at the opposite end
of the molecule could allow for intramolecular interaction with the positive charge, similar
to the w-OH metabolites of BACs. Indeed, terfenadine is known to be hydroxylated at the
tert-butyl group in hepatic metabolism (principally by CYP3A4),4 supporting this proposed
mechanism of structural compaction. The decreases in CCS values of metabolites despite
their added mass is counterintuitive to the expected relationship between mass and CCS,
illustrating the complexity of conformational changes that can be induced by metabolic
modifications.

The antibacterial agent triclosan is a small molecule containing three chlorine atoms, making
it considerably dense in the gas phase relative to other drug-like small molecules (Figure
2G). Both the protonated species and sodiated adduct of the parent compound were
observed, with the sodiated adduct displaying a larger CCS relative to its mass than the
protonated species. A primary glucuronide metabolite was observed (triclosan +Glc), in
addition to a secondary glucuronide metabolite putatively formed from an oxygenated
primary metabolite (triclosan +O, +GlIc). The primary glucuronide is more structurally
compact for its mass than the secondary glucuronide, which is on the similar trend to the
adducts of the parent compounds in the overall drug-like molecule CCS vs. m/z 2D plot.
Indeed, the primary and secondary glucuronides have compaction factors of 1.174 and
1.102, respectively, indicating that relative to the parent compound, the primary glucuronide
undergoes more structural compaction upon metabolism than the secondary glucuronide.
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Amlodipine (Figure 2H) contains a central dihydropyridine ring that can undergo a two-
electron oxidation to form the pyridine analog (amlodipine —2H). The CCS of the pyridine
metabolite is not significantly different from the parent (compaction factor = 1.002),
however, comparison of the desethylated metabolite (amlodipine -Et) to its pyridine analog
(amlodipine —2H, -Et) reveals a distinct increase in CCS upon dehydrogenation (-2H).
Indeed, comparing both the desethylated (-Et) metabolite and the —2H-Et (pyridine)
metabolite to the parent compound, the compaction factors were 1.043 and 0.972,
respectively, which quantitatively supports the large reduction in the compactness of the
dehydrogenation metabolite. In other words, dehydrogenation of the dihydropyridine ring
has no observable effect on the gas-phase conformation of the parent compound, but induces
a dramatic increase in the size of the desethylated metabolite. This observation illustrates
that even for similar or related compounds, the structural changes imparted by a given
modification may differ significantly.

Post-Mobility Fragmentation to facilitate Metabolite Identification

A separate IM-MS analysis was performed on the reaction mixtures in which post-1M
fragmentation was conducted to further validate the structures of the metabolites. For some
compounds, the site of metabolic modification is known based on literature or apparent from
the compound’s structure, such as for deethylation of clomifene (Figure S2D) or
glucuronidation of diclofenac (Figure S2H) (see Supporting Information). Other compounds,
however, contain multiple sites where metabolic modifications may occur, leading to
potential positional isomers. Post-IM fragmentation could help differentiate such positional
isomers. For example, Figure 3A shows the ATDs of dextromethorphan (DEX) and several
fragments observed in post-IM fragmentation experiments, where all of the observed
fragment ATDs align with that of the parent compound, supporting their assignment as
fragments of DEX. DEX contains two methyl groups attached to heteroatoms (O and N),
both of which can undergo dealkylation reactions.® The metabolites resulting from either
dealkylation are isobaric, and there is no indication of multiple metabolites being present
based on the ATD of the demethylated metabolite of DEX (DEX -Me, Figure 3B). Of the
several fragments of the parent DEX, three contained the O-methyl moiety but not the N-
methyl moiety, making these fragments diagnostic of demethylation at the O position.
Indeed, the demethylated analogues of these three fragments were observed from the DEX -
Me metabolite, confirming the identity of this metabolite as the O-desmethyl product. This
observation is consistent with the previous report that the dominant hepatic metabolite of
DEX is the loss of the O-methyl group over the N-methyl group.® This example illustrates
the degree of specificity in identification of metabolites that can be reached by combining
fragmentation data with structural information from IM-MS analyses. Additional
fragmentation ATDs of other parent compounds and metabolites can be found in the
Supporting Information.

Computational Modeling of Unusual Behavior of BACs, Terfenadine, and Their Oxygenated
Metabolites in IM-MS

A chain length-dependent decrease in CCS upon w-hydroxylation was observed for a series
of BACs with alkyl chain lengths of 4 to 16 carbons (Figure 2E). Using computational
modeling and theoretical CCS calculation with MobCal as described in Experimental
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Section, we examined the structural basis for this observed gas-phase compaction upon -
hydroxylation of BACs. Figure 4A summarizes the theoretical CCS for BACs and their +O
metabolites, in comparison with their measured values. The theoretical CCS for the parent
compounds show excellent agreement with their corresponding measured values, with the
exception of C16 BAC, for which the theoretical CCS is significantly lower than the
measured value. The modeled CCS values for the +O metabolites are systematically
underestimated relative to the experimental values, with an average error of —3.7%. Plotting
the theoretical CCS vs. the experimental values (Figure 4B) more clearly illustrates the
agreement between the theoretical and experimental CCS for the parent compounds, as well
as the systematic underestimation in the calculated CCS values for the metabolites. The
alkyl chain length-dependent decrease in CCS upon w-hydroxylation becomes particularly
evident by plotting the ratio of parent to +O metabolite CCS, which displays a steady
increase with alkyl chain length for the measured values (Figure 4C). Despite the systematic
errors in the modeled CCS of the +O metabolites, the overall trend in this ratio is
recapitulated, albeit with greater variance. These data indicate that the theoretical
simulations sufficiently captured the structural characteristics of BACs and their w-OH
metabolites to reproduce the observed structural compaction occurring upon -
hydroxylation.

In order to gain insight on what structural characteristics were driving the observed trends in
CCS, all of the simulations used to produce the theoretical CCS values were analyzed for the
distributions of intramolecular distance between the nitrogen of the quaternary ammonium
moiety and the w-carbon of the alkyl chain (Figure 4D,E). These distance distributions
reflect the overall degree of intramolecular interaction between the two ends of these
molecules, which in turn influences their structural compactness and therefore CCS. For the
parent BACs, the distance distributions generally increased in spread and magnitude with
increasing alkyl chain length, with the exception of C1g BAC, which displayed a much more
compact distribution with a lower magnitude for its size relative to the other BACs.
Comparing this result to trend in theoretical CCS for fully extended BAC conformers
(Figure 4A), it seems that the computational error for C15 BAC is likely due limitations in
the semi-empirical molecular modeling theory used here to represent systems beyond a
certain size. Overall, these results indicate that the observed increase in CCS with alkyl
chain length for the parent BACs can be justified by their increasingly dynamic alkyl chains,
and thus having a lower degree of overall structural compactness. In contrast, the +O
metabolites displayed very compact distance distributions that are nearly invariant with alkyl
chain length, indicating a strong propensity toward intramolecular interaction between the
w-OH group and the quaternary ammonium group. The consequence of this interaction is a
structural compaction that leads to a lower trend than the parent compounds in the CCS-
mass 2D plot.

However, we note that the observed trend of the theoretical parent CCSs is significantly
lower than the trend of the CCS calculated from the fully extended parent conformations,
which indicates that the parent compounds, being highly dynamic, adopt intermediately
compact conformations between the fully extended conformations and those of the
metabolites. It is also possible that the addition of the highly polarized OH in the metabolites
could increase the potential for long-range interactions with the drift gas relative to the
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parent BACs, making apparent CCS for the metabolites larger than one may expect on the
basis of size alone. While both factors could contribute to the smaller differences between
the trendlines of the measured CCS values of the parents and the metabolites than one might
expect from the fully extended and the fully compact conformations, the intermediate
compactness of the parent compounds appear to the major factor.

Computational modeling was also performed on terfenadine and its oxygenated metabolite,
since these displayed similar behavior to the BACs and their w-OH metabolites. The
theoretical CCS values for terfenadine and its hydroxylated metabolite were both larger than
the experimental values (Figure 4F), however, the relationship between the parent and
metabolite CCS values was recapitulated: the metabolite displayed slightly lower CCS than
the parent, indicating some degree of structural compaction due to the metabolic
modification. Representative structures for the parent and hydroxylated metabolite (Figure
4G) support the notion that an intramolecular polar-polar interaction involving the hydroxyl
group drives structural compaction in the metabolite.

Taken together, these results demonstrate that metabolic modifications can impact the
structural characteristics of certain compounds with considerable magnitude when
intramolecular interactions are either introduced or disrupted. Furthermore, these structural
effects may not be strictly mediated by the immediate chemical environment of the
metabolic modification, but could be through longer-range intramolecular interactions with
the modifications.

Bimodal ATD of Quercetin Glucuronides

Both the protonated and sodiated adducts of quercetin glucuronide (quercetin +Glc)
displayed bimodal ATDs (Figure 5A,B). A bimodal ATD for a single mass in IM-MS
generally arises from conformational heterogeneity or the presence of structurally distinct
isomers, either constitutional (e.g. different sites of protonation or sodiation)20:47:48 or
diastereomeric. The observation of similar behavior between the protonated and sodiated
adducts suggests the presence of more than one constitutional isomer, rather than
conformational heterogeneity or different ionization sites since these effects are likely to
present differently between different types of MS adducts. Quercetin contains five hydroxyl
groups (Figure 5B), and glucuronidation has been observed to occur at all but the 5-position
in hepatic metabolism, with the 7-position being the dominant regioisomer.*® Therefore, it is
likely that the two peaks observed in the ATD for quercetin glucuronide correspond to a
mixture of these regioisomers.

Post-1M fragmentation was not informative on the positional isomers as no cross-ring or
between-ring fragments were observed. Therefore, we used computational modeling and
CCS calculation to gain some insight on the gas-phase conformations of both protonated and
sodiated adducts of all regioisomers of quercetin glucuronides (including the 5-glucuronide).
In contrast to the BACs, which had many energetically similar conformations due to their
structural flexibility and dynamic nature, the glucuronides of quercetin have less
conformational flexibility and are thus appropriately represented by single minimum energy
structures obtained from a large ensemble of conformations. The lowest energy
conformations for all protonated glucuronide isomers are presented in Figure 5B, and their
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modeled CCS values are summarized in Figure 5C. Comparison of the theoretical CCS
values with those obtained from the two peaks observed experimentally (dotted lines)
suggest that the smaller CCS value has contributions from the 3-, 3’-, and/or 4’-
glucuronides, while the larger CCS value can be attributed to the 7-glucuronide, since the 5-
glucuronide is not expected to be formed in hepatic metabolism. The same results were
observed from computational modeling of the sodiated adducts and are detailed in the
Supporting Information. These results demonstrate that for some compounds, insights from
IM data and computational modeling can be used to elucidate the contributions of various
regioisomers to a sample and guide further inquiry.

CONCLUSION

We have developed an integrated strategy for /n vitro biosynthesis of drug metabolites and
subsequent structural analysis by IM-MS, which can be scaled up for high-throughput
workflows. Using this strategy, we generated and analyzed metabolites of a diverse panel of
drugs and found that characteristic changes in CCS associated with drug metabolism are
dependent upon both the type and position of the chemical modification and the structural
characteristics of the parent compound. The same chemical modification can have
drastically different effects on the gas-phase conformations (or CCS) of different parent
compounds, likewise, different chemical modifications on the same parent compound can
have distinct effects. We propose that such relationship between CCS, metabolic
modifications, and parent compound structures could be leveraged for the prediction of IM
behavior of unknown metabolites using data-driven approaches, e.g., machine learning. We
anticipate the experimental platform described herein will facilitate the characterization of
drug metabolites in a large scale, which would provide a large drug metabolite CCS database
that can be used to build such predictive model, which could significantly increase the
efficiency and throughput of early-stage drug metabolite identification and structural
elucidation during drug development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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product, instead of the N-demethylated product. Parent drift time is shown as a dotted line in
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Figure 4.

Comparison of experimental measurements and computational modeling of benzalkonium
chlorides (BACs) and terfenadine with their hydroxylated metabolites. (A) Comparison of
trends of experimental CCS values of the parent BACs and their metabolites with the trends
of the theoretical CCS values in the CCS-m/z plot. (B) Correlation between experimental
and theoretical CCS values for parent BACs and their metabolites. (C) Comparison of the
ratios of parent/metabolite CCS values obtained experimentally and computationally. (D)
Distribution of w-C-to-N distances of all sampled conformations of BACs and their
metabolites. (E) Representative gas-phase conformations of BACs and their metabolites with
alkyl chain lengths of C6, C10, and C14 from computational sampling. (F) Comparison of
experimental and computational CCS values for terfenadine (TERF) and its hydroxylated
metabolite. (G) Representative gas-phase conformations of terfenadine and its metabolite
from computational sampling.
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Bimodal distributions of glucuronides of quercetin. (A) ATDs of protonated species and
sodiated adducts of quercetin glucuronides. (B) Gas-phase conformations of regioisomers of
quercetin glucuronides. (C) Computational CCS values (bar graph) of different regioisomers
of quercetin glucuronides in comparison with experimental values (dotted line).
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