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Abstract

Data-independent acquisition (DIA) proteomics is a recently-developed global mass spectrometry
(MS)-based proteomics strategy. In a DIA method, precursor ions are isolated into pre-defined
isolation windows and fragmented; all fragmented ions in each window are then analyzed

by a high-resolution mass spectrometer. DIA proteomics analysis is characterized by a broad
protein coverage, high reproducibility, and accuracy, and its combination with advances in

other techniques such as sample preparation and computational data analysis could lead to
further improvements in assay performances. DIA technology has been increasingly utilized in
various proteomics studies, including quantifying drug-metabolizing enzymes and transporters.
Quantitative proteomics study of drug-metabolizing enzymes and transporters could lead to a
better understanding of pharmacokinetics and pharmacodynamics and facilitate drug development.
This review summarizes the application of DIA technology in proteomic analysis of drug-
metabolizing enzymes and transporters.
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Introduction

Global protein profiling can provide a vast amount of information with relevance to
many research areas where consistent, accurate, and large-scale protein quantification
data are required; examples include but are not limited to biomarker discovery, drug
screens, and personalized medicine. It has been widely recognized that compared to
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MRNA expression, protein expression is a better surrogate of protein function due to its
better correlation with protein activity [1]. As such, protein quantification is essential for
understanding the biological function of proteins. Liquid chromatography-tandem mass
spectrometry (LC-MS/MS)-based proteomics technology offers a high-throughput approach
for quantifying complex protein mixtures, with the capacity quantifying more proteins

than those conventional immunoaffinity-based quantification methods (e.g., Western blotting
and enzyme-linked immunosorbent assays [ELISAS]) by orders of magnitude. The past
decade has witnessed significant advances in LC-MS/MS-based proteomics technology,
with increasingly improved performance in terms of sensitivity, selectivity, reproducibility,
protein coverage, and cost-effectiveness.

There are four commonly used LC-MS/MS-based quantitative proteomics strategies:

two targeted approaches: selective/multiple-reaction monitoring (SRM/MRM) and parallel-
reaction monitoring (PRM), and two untargeted approaches: data-dependent acquisition
(DDA), and data-independent acquisition (DIA) [2]. The basic principles and performance
comparison of these methods are shown in Figure 1 and 2, respectively. Targeted proteomics
utilizes pre-selected surrogate peptides to quantify proteins of interest, and its prototypical
method is SRM/MRM that is usually carried out on a triple quadrupole mass spectrometer
(QqQ MS) [3]. In SRM/MRM maode, targeted peptide precursors are filtered in the first
quadrupole (Q1) for fragmentation, and only selected product ions are monitored for each
precursor in the third quadrupole (Q3) [3]. This generates multiple transition (precursor/
fragment ion pair) ion chromatograms, allowing for the detection and quantification of
targeted peptides [4]. PRM is a more recently developed targeted proteomics technique that
adopts a hybrid mass spectrometer system by replacing the third quadrupole of a QqQ MS
with a high-resolution accurate-mass (HRAM) mass analyzer, such as an Orbitrap or time
of flight (TOF) analyzer [5, 6]. Overall, both SRM/MRM and PRM feature high sensitivity,
selectivity, and reproducibility but have limited protein coverage [4, 7, 8]. Unlike targeted
proteomics methods, the DDA approach has a much broader coverage, allowing for global
proteome-scale profiling. DDA isolates the most intensive precursor ions in Q1, and the
precursors are subsequently fragmented in g2 for peptide identification. In DDA mode, all
the product ions are monitored, usually by an HRAM mass analyzer (Orbitrap or TOF). The
DDA method is effort-saving because there is no need to select precursors and product ions.
However, its accuracy and reproducibility are often lower than targeted methods because its
precursor selection is stochastic with a risk of under-sampling [9].

The DIA approach is a more recently-developed technique that is believed to have the
strengths of both PRM (high sensitivity and reproducibility) and DDA (broad protein
coverage) [10]. A common DIA method is Sequential Windowed acquisition of All
THeoretical fragment ion Mass Spectra (SWATH-MS) [11], and the term “SWATH” was
a registered trademark of SCIEX for the DIA technology implemented on quadrupole
time-of-flight (Q-TOF) instrumentation [12]. In this review, the generic term “DIA” will
be used to refer to all DIA strategies regardless of the underlying instrument type. In DIA,
precursors are separated into consecutive small mass-to-charge (/m/2) windows (5-25 Da) in
Q1, and all precursors within an isolation window are fragmented in 2. All product ions
within a particular window are monitored by an HRAM mass analyzer in a systematic and
unbiased manner [8, 11]. The co-fragmentation of many peptides co-eluted from the same
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precursor window usually results in highly complex MS2 spectra, analysis of which usually
requires a peptide spectral library established by DDA studies because DIA data lack the
information linking a precursor and its fragments [10, 12, 13]. However, recent development
in DIA bioinformatics has permitted direct analysis of DIA data without the need for

a DDA-based spectral library [14]. DIA proteomics can thus sometimes be described as

a large-scale PRM with high protein coverage that is comparable to DDA [2, 10, 12].
Additionally, compared to DDA, DIA proteomics has the advantage of better reproducibility
and accuracy for protein quantification as it overcomes the issue of biased sampling inherent
in DDA [10]. DIA requires the predefined precursor isolation window width and MS2

scans frequency. As such, its development process is relatively more sophisticated than

for DDA but still more effort-saving than the establishment of targeted methods. The
selectivity and sensitivity of DIA are slightly inferior to targeted methods (i.e., MRM/SRM
and PRM) due to its highly complex MS spectra, but its performance is gradually

improving with the development of data processing tools and instrumentations. Multiple
studies have shown that the quantification values obtained via DIA for many proteins were
generally comparable to those obtained with targeted methods [15-18]. Currently, DIA is
still a rapidly-developing technology but has been demonstrated well-suited for numerous
applications, especially those that require a large-scale quantification of complex protein
samples, such as precision medicine, biomarker discovery, and drug screening. With further
advances in instrumentation and software, DIA technology is expected to be established as a
powerful tool for proteome quantification because of its versatility, excellent reproducibility,
and high throughput.

The performance of a DIA assay regarding sensitivity, selectivity, and proteome coverage
is affected by multiple factors, such as instrumentation, MS1 isolation window schemes,
and spectral library. Q-TOF and Q-Orbitrap are the two types of mass analyzers currently
used for DIA proteomics. Q-Orbitrap can reach higher mass resolution relative to Q-TOF,
and higher resolution is associated with better performance on peptide identification and
quantification. However, unlike Q-TOF, Q-Orbitrap’s mass resolution decreases as the scan
speed increases. In comparison, modern Q-TOF mass analyzers can maintain high mass
resolution (e.g., 30,000 FWHM) at high scan speed (e.g., 100 HZ). The higher scan speed
results in shorter cycle times, which is essential for optimal chromatographic performance.
Various widths of MS1 isolation windows have been adopted for DIA analysis. In general,
narrower isolation windows can improve the assay performance by reducing the number
of co-fragmented precursors, and thus, enhancing selectivity and sensitivity. A limitation
of narrower isolation windows is the increased cycle time, leading to the reduction of the
number of data points over a chromatographic peak. Moreover, isolation window width
can be adjusted based on the distribution of precursor m/z (i.e., variable isolation window
scheme), which could improve the selectivity of DIA proteomics (Zhang et al., 2015).
Both organism-specific and tissue/experiment-specific libraries can be utilized in DIA data
analysis. Using a publicly available comprehensive organism-level library (e.g., Pan-Human
library) eliminates the need to generate project-specific libraries, but this approach is
associated with a higher risk of false discovery. Thus, a DIA study was often companied
by a DDA analysis to generate a library specific to the samples of interest.
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Drug metabolizing enzymes (DMESs) and transporters are the determinants of drug
metabolism and disposition. Critically, interindividual variability in DMEs and transporters
could lead to variations in pharmacokinetics (PK) and drug response. A wealth of data
suggests that the functions of many DMEs and transporters are more closely correlated with
their protein expression levels than with mRNA expressions [19, 20]; thus, quantification
of DMEs and transporters can provide more insights into the functions of these proteins
pertaining to PK and treatment outcomes and facilitate the understanding and prediction of
PK and pharmacodynamics (PD) [1, 2]. In this review, we will summarize the applications
of DIA in DMEs and transporters proteomics and discuss how DIA technology can aid drug
development and application.

DIA-based quantification of drug-metabolizing enzymes and transporters

The studies that applied DIA methods for quantitative analysis of DMEs and drug
transporters are summarized in Table 1. Overall, DIA allows for large-scale, multiplexed
quantification of proteins in complex biological samples and is featured by the merits of
high reproducibility and reasonable accuracy. Coupled with appropriate sample preparation
and data processing approaches, DIA-based methods have been well established for different
applications. In many cases, DIA proteomics methods were developed for the purpose

of simplifying assay development and improving the accuracy and reproducibility of
quantification. Label-based quantification usually entails spiking samples with a known
amount of stable isotope-labeled peptides, allowing for relative and absolute quantification.
Stable isotope labeling methods have a higher quantification accuracy than label-free assays
but are more resource demanding, and their applications are often limited to a certain type
of sample [21]. For example, the stable isotope labeling using amino acids in cell culture/
mammals (SILAC) is widely used in /n vitro cell culture systems but rarely adopted for

in vivo experiments due to the high cost of stable isotope compounds [22]. In contrast, label-
free methods are versatile, efficient, and cost-effective, offering an alternative to labeling
proteomics [21].

Label-free relative quantification

In 2016, Kuno et al. applied a DIA-based method to quantify the major DMEs and
transporters in mouse liver and kidney tissues [23], with the aim of evaluating the

effect of dysbiosis (alteration of intestinal flora) on the protein expression of DMEs and
transporters in the liver and kidney. They used antibiotic-treated mice as the dysbiosis
model and compared the differences in protein expression of DMEs and transporters
between the dysbiosis model and germ-free control mice [23]. DIA proteomics analysis
was first performed to screen the DMEs or transporters whose protein expression was
significantly changed by dysbiosis. This analysis demonstrated a large proteome coverage
with approximately 1,600 proteins being detected in germ-free mice and 825 proteins
showed altered expressions in the livers, among which 52 were DMEs and drug transporters.
After candidate protein identification, targeted proteomics analysis (PRM) was conducted
to validate and quantify the changes in protein expression [23]. This study thus exemplified
a workflow combining DIA’s large-scale multiplex quantification capability with the high
confidence of targeted proteomics for biomarker discovery and validation.
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Rohitash et al. (2017) developed a DIA-based label-free relative quantification method for
the study of human liver microsomes [24]. They then used the Skyline software for targeted
data extraction from the DIA data to analyze ten major cytochrome P450 (CYP) enzymes.
Notably, trypsin-digested S-galactosidase was included as an internal standard during the
analysis, and relative quantification was achieved after the ion intensities of peptides of
interest were normalized to the average intensity of g-galactosidase peptides. The authors
evaluated the correlations between the protein abundance, mMRNA expression, and activity
of the ten CYPs [24]. The results were consistent with another study that used an MRM
method for CYP quantification [19]. The activity of the tested CYPs, except for CYP2B6,
CYP 2C8, and CYP 3A4, was demonstrated to better correlate with their protein abundance
than with mRNA expression levels, suggesting that protein abundance is a better surrogate
than mRNA expression for predicting the activity of these enzymes [19, 24]. Meanwhile,
both studies showed that the activity of CYP 2B6 had a relatively better correlation with

its MRNA expression than its protein abundance. In the case of CYP 3A4, both protein
abundance and mRNA expression strongly correlated with activity, again in both cases [19,
24]. However, there was an inconsistency between the two studies regarding CYP 2C8, for
which the DIA study reported low correlations between mRNA expression and activity
(Pearson correlation coefficient, 2=0.27) and between protein abundance and activity
(72=0.11) [24], while the MRM study reported strong correlations for both RNA-activity
(72=0.75) and protein-activity (r2=0.80) [19]. The reasons for this inter-study difference
needs further investigation.

Similarly, in 2018, Shi et al. used a DIA proteomics method with bovine serum albumin
(BSA) as the internal standard to compare the abundance of DMEs in several commonly
used hepatic cell lines (i.e., HepG2, Hep3B, and Huh7) with those in human liver tissue.
[15] The study also utilized a PRM proteomics method to quantify DMEs in the same
samples. The results showed that the selected hepatic cell lines generally had fewer DME
proteins, and the DME expression levels were lower than their counterparts in human liver
tissues, suggesting that caution needs to be exercised when using hepatic cell lines for drug
metabolism study [15]. The Log2-fold change values in DME expression between the cell
lines and liver tissues obtained through the DIA and PRM methods were well correlated
(72 = 0.87-0.90). The PRM method detected several more low-abundance DMEs than the
DIA method, suggesting a higher sensitivity and selectivity of PRM. The data indicate that
DIA is a reliable quantification method for untargeted proteomics study, while PRM is more
suitable for quantification of targeted low-abundance proteins.

Label-free “absolute” quantification

He et al. recently established a DIA-based, label-free, “absolute” quantification method,
named DIA-TPA, that combined DIA with the total protein approach (TPA) algorithm [16].
The TPA algorithm calculates the amount of protein i by multiplying the ratio of the MS
signal of protein i to the total MS signal with the total amount of protein in the sample
(equation 1)[16, 25].

Protein; concentration in sample;
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M S'signal (i)

= Total MS signal x Total protein concentration of sample; (1)

This algorithm is based on the assumption that all peptides have similar MS responses at
the same concentrations; however, MS signal intensity could vary markedly among different
peptides. Therefore, DIA-TPA is expected to perform reasonably well for high-abundance
proteins because the variations in MS responses can be canceled out when multiple peptides
are detected and utilized for quantification of a protein. However, a bias could be introduced
when DIA-TPA is used for quantifying low-abundance proteins based on few or even a
single signature peptide. Therefore, appropriate internal standards are warranted for reliable
quantification of low-abundance proteins.

In He et al’s study, 36 individual human liver S9 fractions (HLS9) were analyzed by
DIA-TPA and DDA-TPA, with the only difference being the data acquisition mode (i.e.,
DIA vs. DDA). They found that DIA-TPA was able to quantify more than twice the

number of proteins that identified by DDA-TPA, indicating a broader coverage for DIA-
TPA. The additional proteins measured by DIA-TPA were mainly those of low abundance.
The superior coverage of DIA-TPA can be attributed to its use of MS2 signals, whereas
DDA-TPA uses MS1 signals for quantification. In addition, the DIA-TPA algorithm was
able to accurately quantify protein isoforms by allocating the MS signals of shared

peptides to individual protein isoforms. As such, DIA-TPA is suitable for quantifying
proteins with multiple isoforms, such as DMEs and drug transporters. Furthermore, the
quantifications of 23 major DMEs obtained from the DIA-TPA analysis were comparable

to previously reported data obtained with labeling-based methods; approximately half of the
measurements fell within the ranges of previously reported values, and most of the rest were
within two-fold of the previously-reported mean values [16].

More recently, Wang et a/. applied this DIA-TPA method to a global, absolute, quantitative
proteomics analysis of 102 individual HLS9 and corresponding human liver microsomes
(HLM) samples with a focus on DMEs and drug transporters [26]. The resulting protein
expression profiles between HLM and HLS provide a reference for making sample choices
for in vitro studies.

Labeling-based quantification

Labeling-based quantification is characterized with high accuracy and reliability. In 2016,
Nakamura ef al. evaluated the performance of a DIA labeling-based method in quantifying
DMEs and transporters in HLM, human intestine microsomes (HIM), and human kidney
microsomes (HKM) [17]. Prior to LC-MS/MS injections, they spiked the trypsin-digested
peptides with stable isotope-labeled internal standard peptides and quantified targeted
peptides according to the peak area ratios of peptides of interest to the internal standard
peptides. This study quantified 27 DMEs and 54 transporters with the DIA method.

Most values obtained by the DIA method were comparable to those obtained by targeted
proteomics methods (MRM and PRM) with differences less than 50%. This study thus
demonstrated the large coverage and high reliability of the DIA method when used with
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isotope-labeled internal standards. More recently, another study used isobaric tandem mass
tags (TMT) to label peptide samples and performed both targeted and DIA proteomics
analysis on the same batch of human liver tissue samples [18]. They adopted triple-stage
mass spectrometry (MS3) to address the ratio distortions that result from TMT labeling.
The quantifications of hepatic uptake transporters obtained with the DIA method were well
correlated to those from the targeted method [18].

The reported DIA quantification data for human hepatic DMEs and transporters [16, 17,
26] were summarized and compared to the values obtained from targeted methods (i.e.,
MRM) [19, 27-32] (Figure 3A and 3B). All the DME proteomics studies were conducted
with HLM samples. The DME protein concentrations determined by the DIA methods
were generally agreeable to the values obtained from the targeted methods. Absolute

DME proteins levels measured in human liver S9 fractions were not included in the
comparison [33]. For hepatic drug transporters, the DIA studies [17, 26] used HLM

while the MRM studies adopted liver membrane proteins [19, 32]. The concentrations of
several transporters reported by a label-free DIA study [26] were lower than those from a
labeling DIA study [17] and two MRM studies [19, 32]. The observed differences could be
attributed to different sample resources, sample preparation methods, and instrumentations.
A study revealed that most transporters’ concentrations in cellular membrane fractions were
considerably higher than those in tissue lysates [34]. As such, it is pertinent to use same
samples with identical preparation procedures to compare the performance of DIA and
targeted proteomics methods. Of note, among the three absolute DIA quantification studies
included in Figure 3 [16, 17, 26], one investigation compared the quantitative performance
of DIA with MRM and PRM with identical samples [17]. The results showed that the DIA
data highly correlated with those from the MRM and PRM studies, with the determination
coefficient (/2) of 0.936 and 0.898, respectively [17].

Summary

Targeted proteomics is admittedly the most commonly-used approach for protein
quantification in the study of DMESs and transporters [2]. Furthermore, targeted proteomics
has been recognized as the gold standard for MS-based protein quantification [4]. However,
the inherently restricted number of proteins that can be detected in a single assay and

the labor intensiveness of assay development limit the application of targeted proteomics

in large-scale proteomics studies. DIA methods offer an alternative due to their superior
performance in terms of protein coverage, ease-of-development, and reproducibility.

In the past, DIA methods were mainly used for discovery studies; [35] however,

recent advances have offered several strategies for greatly improving the quantitative
performance of DIA methods, especially in sensitivity and selectivity [35]. Multiple
studies exemplify the combination of DIA with optimized sample preparation strategies
to improve assay performance for both label-free [15, 16, 24, 26] and labeling studies
[17, 18, 23]. The DIA-TPA approach developed in a recent study [16] demonstrated
that an innovative computational approach could improve quantitative capability over
the typical DIA proteomics method. Recent significant advance in instrumentation also
facilitates the improvement of DIA quantifications. One such emerging advance is the
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trapped ion mobility spectrometer (TIMS), which traps ions at different positions in

an ion tunnel by counteracting the gas stream from the source with the force of the
electric field [36]. These trapped ions are then consecutively released by lowering the
electrical potential, with the release of ions over time being a function of their mobility.
The introduction of TIMS into the quadrupole-TOF system allows for adding the ion
mobility separation to chromatographic and mass separation in a strategy named parallel
accumulation-serial fragmentation (PASEF), which synchronizes the release of precursor
ions with the quadrupole selection for fragmentation [37]. The integration of PASEF with
DIA (dia-PASEF) brings ion mobility separation into the DIA method and subsequently
increases the selectivity for precursor identification and reduces analysis complexity [38].
Furthermore, dia-PASEF displayed high reproducibility and reliable accuracy when dealing
with highly complex biological samples.

In sum, DIA methods allow for global/targeted and relative/absolute protein quantification
in multiplex biological samples and have demonstrated performance comparable to
conventional targeted proteomics methods. For the future, we expect that DIA proteomics
will be increasingly utilized as a versatile tool for DME and transporter proteomics study
with the continued improvement of both hardware and software.
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Figure 1.

Schematic diagrams of SRM/MRM, PRM, DDA, and DIA proteomics. The SRM/MRM
method isolates and fragments pre-defined precursor ions and monitors pre-defined product
ions derived from the precursor. PRM isolates and fragments pre-defined precursors in the
same way as SRM/MRM but records all product ions of a pre-defined precursor. DDA
automatically selects the most abundant precursor ions for isolation and fragmentation and
monitors all product ions. DIA isolates precursors into pre-defined isolation mass windows
and fragments all precursors in each window to generate product ions being monitored by an
HRAM mass analyzer.
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Performance profiles of SRM, PRM, DDA, and DIA. The radar graphs depict the
performance of the four methods regarding selectivity, sensitivity, reproducibility,
multiplexing, ease of assay development. The highest value “four” indicates top

performance, whereas “0” indicates the worst performance.
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Figure 3.

Absolute quantification of major clinically-relevant hepatic DMEs (A) and transporters (B).
Protein expression levels are presented as mean with standard deviation (SD). For human
hepatic DMEs, all studies used HLM samples. For transporters, the DIA studies used HLM
samples while the targeted proteomics studies used membrane protein preparations. Values
determined by DIA methods are highlighted in red whereas values determined by targeted
assays are in black and white. For transporters, the different sample preparation methods
(i.e., HLM vs. membrane proteins) should be taken into consideration when comparing
results obtained from DIA and targeted proteomics methods.
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Table 1.

DIA quantitative proteomics of DMEs and drug transporters.

Page 14

Proteins of Sample Method features Normalization Major findings and implications Ref.
interest method
CYPs HLM Label-free; relative Normalized to g The protein abundance correlated better [24]
quantification; galactosidase tryptic with enzyme activity than mRNA for most
multiplex peptides CYPs.
CYPs HLM and Label-free; relative Normalized to the The results measured by DIA were highly [15]
microsomes of quantification; internal standard correlated with those obtained with PRM
HepG2, Hep3B, multiplex bovine serum albumin (r=0.87-0.90). The expression levels of
and Huh? cells most DMEs in the hepatic cell lines were
lower than those in human liver tissues.
CESs, UGTs, HLS9 Label-free; absolute Total protein in the Broader coverage than DDA-TPA; the [16]
CYPs quantification; sample results were comparable to those obtained
multiplex from labeling and targeted methods.
DMEs, HLM, HLS9 The differences in the protein [26]
transporters concentrations of DMEs and transporters
between HLM and HLS9 were profiled.
DMEs, HLM, HIM, Labeling; absolute Stable isotope-labeled DIA was capable of multiplex quantifying [17]
transporters HKM quantification; large- internal standard proteins with accuracy comparable to
scale multiplex peptides targeted methods.
Uptake Human hepatic Total protein in the The quantification results obtained with [18]
transporters membrane sample the DIA method was consistent with the
proteins measurements from a targeted method and
extraction data from the literature.
DMEs, Mice liver and Label-free and relative | Stable isotope-labeled Two rounds of proteomics analysis: [23]
transporters kidney fractions quantification for DIA; | internal standard a DIA study for identifying proteins
Labeling and absolute peptides for PRM that differentially expressed between the
quantification for control and the model groups; a PRM
PRM study for quantifying the expression
changes of proteins identified by the DIA
analysis.

HLM: Human liver microsomes; HIM: Human intestine microsomes; HKM: Human kidney microsomes; HLS9: Human liver S9 fractions; CYP:
cytochrome P450; UGT: uridine-diphosphate glucuronosy! transferase; TPA: total protein approach; MRM: multiple reaction monitoring; SRM:
selected reaction monitoring; DIA: data independent acquisition; PRM: parallel reaction monitoring.
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