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Abstract

Despite data-independent acquisition (DIA) has been increasingly used for relative protein
quantification, DIA-based label-free absolute quantification method has not been fully established.
Here we present a novel DIA method using the TPA algorithm (DIATPA) for the absolute
quantification of protein expressions in human liver microsomal and S9 samples. To validate this
method, both data-dependent acquisition (DDA) and DIA experiments were conducted on 36
individual human liver microsome and S9 samples. The MS2-based DIA-TPA was able to quantify
approximately twice as many proteins as the MS1-based DDA-TPA method, whereas protein
concentrations determined by the two approaches were comparable. To evaluate the accuracy of
the DIA-TPA method, we absolutely quantified carboxylesterase 1 concentrations in human liver
S9 fractions using an established SILAC internal standard-based proteomic assay; the SILAC
results were consistent with those obtained from DIA-TPA analysis. Finally, we employed a
unique algorithm in DIA-TPA to distribute the MS signals from shared peptides to individual
proteins or isoforms and successfully applied the method to the absolute quantification of several
drug-metabolizing enzymes in human liver microsomes. In sum, the DIA-TPA method not only
can absolutely quantify entire proteomes and specific proteins, but also has the capability
quantifying proteins with shared peptides.
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Introduction

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based absolute protein
quantification (APQ) is frequently used for determining protein concentrations in biological
systems and for analyzing proteome dynamics. Typical APQ methods quantify proteins
using isotope-labeled internal standard proteins or peptides with different labeling strategies,
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such as metabolic labeling (stable isotope labeling using amino acids in cell culture, SILAC)
[1] and chemical labeling (isobaric tags for relative and absolute quantitation, iTRAQ) [2].
However, performing APQ for the whole proteome with methods using stable isotope-
labeled peptides [3] or proteins [1] is expensive and laborious. Recently, several label-free
proteomics methods were developed for quantitative analysis at the proteome scale. These
label-free methods often use data obtained from data-dependent acquisition (DDA) and are
either based on precursor (MS1) signals, such as iBAQ [4, 5], riBAQ [6], Top3 [7], and TPA
[8, 9]; or on fragment ion (MS2) spectral counts, such as emPAI [10] and APEX. It is noted
that, among these methods, TPA allows for direct quantification of protein molar
concentrations whereas other methods may require external standards for absolute
quantification. In addition to the existing MS1- and MS2-based methods, Vildhede et al.
applied a TPA-based approach to the APQ of hepatic drug transporters using triple-stage
spectrometry (MS3) with tandem mass tags (TMT) labeling [12].

Data independent acquisition (DIA) has recently emerged as a powerful approach for
relative protein quantification at the whole proteome level. Unlike DDA, which is biased
towards selecting peptides with the strongest signal for fragmentation, DIA allows all
peptides in a given m/z window to be fragmented and analyzed, resulting in a complete
recording of all MS2 scans and a highly reproducible label-free quantification [13]. Schubert
and colleagues reported a method for absolute quantification of proteins in Mycobacterium
tuberculosis by DIA and successfully applied the assay to the study of proteome alterations
during hypoxia-induced dormancy and resuscitation states [14]. This approach was based on
the established linear correlation between the summed MS2 intensities and the actual
concentrations of 30 anchor proteins. In the present study, we present a novel DIA-based
label-free APQ method using the TPA algorithm (DIA-TPA) for absolute untargeted and
targeted quantifications of human hepatic proteins without the need for anchor proteins. We
evaluated the performance of this DIA-based APQ method in comparison with other APQ
assays and a SILAC internal standard-based method, and found the DIA-TPA method to be
highly reliable for absolute quantification of whole proteomes and targeted proteins. In
addition, DIA-TPA quantified more proteins than the MS1 signal-based DDA APQ method
(DDA-TPA) and was capable of quantifying different proteins and isoforms with shared
peptides.

Materials and methods

Preparation of human liver S9 fractions and microsomes

Pooled human liver microsomes (HLM) (100 males and 100 females; age: 11-83 years)
were purchased from XenoTech LLC (Lenexa, KS, USA). Normal human liver samples
including 17 males and 19 females with ages ranging from 23 to 81 years were obtained
from the University of Minnesota Liver Tissue Cell Distribution System and Cooperative
Human Tissue Network (CHTN). Human liver S9 fractions (HLS9) were prepared from
about 200 mg of frozen liver tissues using a previously published method [15, 16]. Briefly,
liver tissues were cut into small pieces (1x1x1 mm) and homogenized in 0.5 mL ice-cold
phosphate-buffered saline (PBS) in 1.5 mL microcentrifuge tubes using a microcentrifuge
pestle. The homogenates were centrifuged at 9,000 g at 4°C for 20 min. Following
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centrifugation, the top layer containing fats was carefully removed, and the remaining
samples were centrifuged again at 9000 g at 4°C for 20 min to remove the remaining fats.
The resulting supernatants (S9 fractions) were collected. To prepare microsomes, S9
fractions were transferred to a Beckman ultracentrifuge tube and centrifuged at 300,000 g
(80,000 rpm) for 20 min. Protein yield of the liver microsomes was 18.8 + 6.4 mg per gram
of wet liver tissue following our sample preparation procedures, which is comparable to the
values reported by other studies [17, 18]. Protein concentrations of microsome S9 fractions
were determined using a Pierce™ BCA protein assay kit (Thermo Fisher Scientific,
Waltham, MA). The S9 fraction and microsome samples were stored at —80°C until use.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis

LC-MS/MS analysis was carried out on a TripleTOF 5600 plus mass spectrometer (AB
Sciex, Framingham, MA) coped with an Eksigent 2D plus LC system (Eksigent
Technologies, Dublin, CA) according to a previous established protocol[16]. LC separation
was performed with a trap-elute configuration including a trapping column (ChromXP C18-
CL, 120 A, 5 pm, 0.3 mm cartridge, Eksigent Technologies, Dublin, CA) and an analytical
column (ChromXP C18-CL, 120 A, 150 x 0.3 mm, 5 pum, Eksigent Technologies, Dublin,
CA). The mobile phase consisted of water with 0.1% formic acid (phase A) and acetonitrile
containing 0.1% formic acid (phase B, Avantor, Center Valley, PA). The trapping column
was loaded by an injection of 6 pg proteins with the mobile phase A delivered at a flow rate
of 10 uL/min for 3 min to trap and clean peptides, and then the samples were separated on
the analytical column with a gradient elution at a flow rate of 5 uL/min. The gradient time
program for the phase B was set as follows: 0 — 68 min: 3% - 30%, 68 — 73 min: 30% - 40%,
73 =75 min: 40% - 80%, 75 — 78 min: 80%, 78 — 79 min: 80% - 3%, and finally held at 3%
until 90 min for column equilibration. A blank injection with water followed every sample to
prevent carryover. The mass spectrometer was operated on a positive ion mode with a 50 um
ID electrode to which an ion spray voltage floating at 5500 V was applied. lon source gas
one, ion source gas two, and curtain gas were set at 28 psi, 16 psi and 25 psi, respectively,
and source temperature was at 280°C.

Stable isotope labeling using amino acids in cell culture (SILAC)-based absolute protein
quantification of carboxylesterase 1

The human hepatocellular carcinoma cell line HepG2, which exhibits a gene expression
pattern similar to human livers, was utilized to generate a heavy stable isotope-labeled
protein internal standard for the absolute quantification of carboxylesterase 1 (CES1), an
essential hepatic hydrolase responsible for the metabolism of many clinically important
medications. HepG2 cells were initially cultured in DMEM containing 10% fetal bovine
serum (FBS), 100 IU/mL penicillin and 100 pg/mL streptomycin at 37°C under 5% CO» and
95% humidity. To obtain the isotope-labeled cell culture, HepG2 cells were cultured in
SILAC DMEM supplemented with 0.1 mg/mL of 13Cg L-lysine-2HCI and 0.1 mg/ml 13C
156N L-arginine-HCI, 10% dialyzed FBS, 100 IU/mL of penicillin and 100 pg/mL
streptomycin. The medium was replaced every three days, and cells were sub-cultured upon
reaching 90% confluency. HepG2 S9 fractions were prepared using a method similar to that
for the liver samples. LC-MS/MS analysis showed that the incorporation rates of isotope-
labeled arginine and lysine in cell S9 fractions were greater than 99% after cells were
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cultured in SILAC medium for five generations or more. Thus, HepG2 cells = 5 passages in
SILAC culture were utilized in the study. To avoid potential variability in protein expression
between different culture batches, all HepG2 SILAC S9 fractions were pooled, and the pool
subsequently used throughout the entire experiment. Absolute CES1 protein concentrations
in human liver S9 samples were determined using a previously established SILAC internal
standard-based multiple-reaction monitoring (MRM) method [15]. Bovine serum albumin
(BSA) was added before digestion to generate a retention time predictor for the estimation
of retention times of CESL tryptic peptides. Absolute CES1 concentrations were calculated
from standard curves established using purified recombinant CES1 protein.

Data-dependent acquisition (DDA) analysis

Proteomic sample preparation procedures including digestion and peptide extraction were
similar to those we previously reported [15, 16]. To generate a reference spectral library for
DIA analysis, DDA was performed for 36 individual HLS9 samples on a TripleTOF 5600
plus mass spectrometer (AB Sciex, Framingham, MA) coupled with an Eksigent 2D plus LC
system (Eksigent Technologies, Dublin, CA). The DDA experiment consisted of a 250 ms
TOF-MS scan from 400 to 1250 Da, followed by an MS/MS scan in a high sensitivity mode
from 100 to 1500 Da for the top 30 precursor ions from the TOFMS scan (50 ms
accumulation time, 10 ppm mass tolerance, charge state from +2 to +5, rolling collision
energy, and dynamic accumulation). Former target ions were excluded from MS/MS scan for
15 s. MaxQuant software (version 1.5.3, Max Planck Institute of Biochemistry, Martinsried,
Germany) was used for the analysis of DDA data with default settings (peptide-to-spectrum
match (PSM) false discovery rate (FDR) < 0.01, protein FDR < 0.01, the “match between
runs” option was selected) and a human reference proteome FASTA file containing 21,010
protein entries and 74,856 additional protein isoforms downloaded from Uniprot on
2/1/2018.

Data-independent acquisition (DIA) analysis

DIA analysis was performed on the same Sciex TripleTOF 5600 plus system, and the
experiment was comprised of a 250 ms TOF-MS scan from 400 to 1250 Da, followed by
MS/MS scans from 100 to 1500 Da of all precursors in a cyclic manner using a 100-variable
isolation window scheme [16]. The accumulation time was 25 ms per isolation window
resulting in a total cycle time of 2.8 s. Spectronaut™ Pulsar software (version 11.0,
Biognosys AG, Schlieren, Switzerland) was used to obtain MS2 signal intensities of
fragment ions from DIA data with default settings (precursor g value < 0.01, protein g value
< 0.01) and a reference spectral library generated from the MaxQuant analysis results of the
DDA data of the 36 human liver S9 samples.

Label-free absolute protein quantification with data-independent acquisition

The label-free DIA-TPA method is based on the assumption that the ratio of MS signal of
one protein to that of all proteins within a sample reflects the abundance of the protein in the
sample [19]. The amount of protein i was calculated using the following equation:

MS signal(i)

mTotal amount of protein

Protein(i) =
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To determine the mass concentration (g/mg protein, i.e., pg of protein i per mg of total
input proteins), the equation can be expressed as follows:

MS signal(i)
Total MS signal

3

Protein(i) = X 10

To determine the molar concentration (pmol/mg protein, i.e., pmol of protein i per mg of
total input proteins), the equation can be expressed as follows:

MS signal(i)
Total MS signal X Molecular mass(i)

x10°

Protein(i) =

When a MS2 signal is used for DIA-TPA, the MS2 signal(J) is the sum of the MS2 peak
areas of all detected peptides from protein i. Each given peptide’s MS2 peak area is the sum
of its fragment ions, which were obtained from the DIA data using the software
Spectronaut™ Pulsar. It is noted that some detected peptides were shared by different
proteins. We reasoned that the relative MS signals from unique peptides of different protein
would reflect the relative abundance of these proteins, and this could be used to correctly
distribute MS signals of shared peptides. Thus, MS2 signal(i) was calculated using the
following equation:

> MS2 Sig”al(i)unique

MS2 signal(i) = )" MS2 signal(i),,i0 D S ST 5ignal(G)

MS2 Signal(G)Shared
unique

In the equation, 3 MS2 signal(i)ynique is the sum of the MS2 peak areas of unique peptides
from protein i, and 3 MS2 signal(G)ynique is the sum of the MS2 peak areas of peptides
unique to a group of proteins that have shared peptides with protein i. MS2 signak G) spareq 1S
the MS2 peak areas of all peptides shared between protein i and the group of proteins.

YMS2 signal(i)unique
Therefore, ¥ STMS2 signal(G)

MS2 signal(G)gy, .4 19 the redistribution of the MS2 peak

unique

areas of the shared peptides to protein i. To compare the performance of DIA-TPA with
DDA MS1-based APQ (DDA-TPA), all HLS9 samples were subjected to both DIA and
DDA analysis. The mathematical model of DDA-TPA is similar to that of DIA-TPA with the
exception that MS1 instead of MS2 signals were used for the calculation of peak areas. The
difference between TPA and DDA-TPA is that DDA-TPA redistributes MS signals of shared
peptides across proteins based on the relative abundance of MS signals of unique peptides
among the proteins. For DDA analysis, MS1 signal is the sum of the MS1 peak areas of all
peptides detected from a given protein, determined using the MaxQuant software. For
protein i having shared peptides with other proteins, MS1 signalJ) is calculated using the
following equation:

. Z Y MS1 signal(i)um.que
unique > MS1 signal(G)

MS1 signal(i) = ZMSI signal (i) MS1 signal(G)Shared

unique
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In the equation, = MS2 signal(i)ynigue is the sum of the MS2 peak areas of unique peptides
from protein i, and % MS2 signal(G)unigue is the sum of the MS2 peak areas of peptides
unique to a group of proteins that have shared peptides with protein i.

MSL signal G) spareqis the sum of the MS1 peak areas of peptides shared between protein i
Y MS 1 signal(i)

and the protein group. Therefore, 3 ST signal{G unique

MS1 signal(G)gp, eq is the
)unique

redistribution of the MS1 peak areas of shared peptides to protein i.

For DIA-TPA, Total MS signal is the sum of the MS2 peak areas of all the fragment ions of
all peptides reported by Spectronaut™ Pulsar under default settings (precursor q value <
0.01, protein g value < 0.01), and for DDA-TPA, Total MS signal is the sum of the MS1
peak areas of all peptides reported by MaxQuant under default settings (PSM FDR < 0.01,
protein FDR < 0.01, the “match between runs” option was selected).

Quantification was only applied to proteins with at least two quantifiable unique peptides.
On average, each of the quantified proteins contained four and eight unique peptides in the
DIA-TPA and DDA-TPA analysis, respectively, in the present study. On average, 1957 and
567 protein isoforms per sample, which represent 62% and 52% of identified isoforms in the
DIA-TPA and DDA-TPA analysis, respectively, were excluded from quantification because
the isoforms did not contain or only had one unique peptide.

In addition, absolute protein quantification analysis of DDA data were conducted utilizing
the established Top3, emPAl, riBAQ, and TPA methods with scripts written in Perl
according to the algorithms reported in previous publications [4-8, 10]. APEX analysis of
the DDA data was performed by the published APEX quantitative proteomics tool [20].
Furthermore, iBAQ analysis of the DDA data was conducted using the MaxQuant software.
Correlation and linear regression analyses were performed using GraphPad Prism (version
6.02, La Jolla, CA). The proteome heatmap was drawn using the online tool Heatmapper
[21]. All LC-MS/MS data have been deposited to the ProteomeXchange Consortium via the
PRIDE [22] partner repository with the dataset identifier PXD010912.

Absolute protein quantification of HLS9 by DIA-TPA and DDA-TPA

HLS9 contains both microsomal and cytosolic fractions and is commonly used to study the
activities of drug-metabolizing enzymes [23]. We determined absolute protein
concentrations for 36 individual HLS9 samples (biological replicates) using the DDA and
DIA approaches described in the method section. Three additional pooled HLS9 samples
(technical replicates) were included in the DIA analysis. The DIA and DDA data were
analyzed by the DIA-TPA and DDA-TPA methods, respectively, for absolute protein
concentrations.

Although the DIA-TPA and DDA-TPA methods employed the same algorithm and only
differed in the type of MS signals used for quantifications (i.e. MS2 vs MS1), the number of
proteins quantified by DIA-TPA was more than twice that quantified by DDA-TPA in the 36
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individual HLS9 samples (Figure 1). The DIA-TPA method quantified approximately 1250
proteins per HLS9 sample (range from 1183 to 1299), while DDA-TPA analysis of the same
individual HLS9 samples quantified about 580 proteins per sample (range from 424 to 720).
The additional proteins quantified by DIA-TPA were mainly of low concentration, indicating
that DIA-TPA is superior to DDA-TPA for the quantification of low abundant proteins
(Figure 2). Protein concentrations were highly consistent between the two methods (Figure
3A), and the ratios between protein concentrations determined by DIA-TPA and DDA-TPA
were centered at one (i.e. 0 after log2 transformation, Figure 3B). The heatmap of the 49
most abundant proteins quantified by DIA-TPA indicated significant interindividual
variability in the 36 individual HLS9 samples at the protein levels, and the pooled samples
displayed medium expression levels (Figure 4).

Meanwhile, proteins with similar biological functions, such as HBB and HBAL, tended to
co-vary across different samples (Figure 4).

Determination of CES1 protein concentrations in HLS9 by different absolute protein
quantification methods

To validate the accuracy of the DIA-TPA method, we compared CES1 protein
concentrations in the 36 HLS9 samples across a number of quantification methods: a SILAC
internal standard-based APQ method [24], DIA-TPA, DDA-TPA and TPA [8, 9] (Figure 5).
SILAC APQ is a method using non-radioactive isotopic labeling for accurate quantitation of
proteins of interest [1]. Results of SILAC APQ were used as the reference values in this
study. CES1 protein concentrations determined by DIA-TPA were highly consistent with
those obtained using the SILAC APQ method (R2=0.7593, p value<0.001) (Figure 5A).
Values were slightly overestimated by the DIA-TPA method relative to SILAC APQ with an
accuracy of 133.4% + 29.7. CES1 protein concentrations determined by the DDA-TPA, and
TPA methods were also consistent with the SILAC APQ (Figure 5B—C). The accuracies of
DDA-TPA, and TPA were 143.7% + 31.5, and 130.8% + 27.8, respectively, relative to the
concentrations determined by SILAC APQ (Figure 5D). We also compared CES1 protein
concentrations determined by SILAC APQ to the values determined by iBAQ [4, 5], riBAQ
[6], Top3 [7], emPAl [10], and APEX]11]. riBAQ showed a better performance than iBAQ,
Top3, emPAl, and APEX when compared to the results obtained from the SILAC APQ
analysis(Figure 5E-I). The performance of DIA-TPA on CES1 protein quantification in
HLS9 was found to be similar to DDA-TPA, TPA, and riBAQ) but superior to the others
including iBAQ, Top3, emPAI and APEX.

Concentrations of major drug-metabolizing enzymes (DMES) in human liver microsomes
(HLM) and HLS9 determined by DIA-TPA

DIA-TPA employs a unique algorithm to redistribute MS signals of shared peptides across
proteins based on MS signals of unique peptides of the proteins, which is critical for the
quantification of proteins with similar amino acid sequences, such as cytochrome P450
(CYP) enzymes. To test the utility of this algorithm, we applied the DIA-TPA analysis to
data obtained from pooled HLM and HLS9 samples for absolute quantification of the major
hepatic DMEs including CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4, 3A5, 3A7,
4A11, 4F2, 4F3, uridine 5’-diphospho-glucuronosyltransferase (UGT) 1A1, 1A3, 1A4, 1A6,
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1A9, 2B15, 2B7, CES1, and CES2. Despite the high similarity of amino acid sequences
among the CYP and UGT isoforms, DIA-TPA was able to absolutely quantify the
concentrations of individual enzymes. As expected, the concentrations of DMEs were
generally higher in HLM samples than in HLS9, and CES1 was the most abundant of
measured enzymes across both HLM and HLS9 samples (Figure 6A). The concentrations of
about half of the targeted enzymes obtained from the DIA-TPA analysis were within the
ranges of the values reported by previous labeled internal standard-based absolute
quantitative proteomic studies, and the majority of the rest measurements were within two-
fold of the mean values reported by the previous assays using labeled internal standards [25-
31] (Figure 6B).

Discussion

Targeted quantitative proteomics with isotope-labeled internal standards is the gold standard
for APQ. However, isotope-labeled standards are expensive, and the preparation of these
standards is laborious, thus these methods are not ideal for large-scale APQ. Label-free APQ
methods enable the determination of absolute protein concentrations at the proteome scale
with much lower cost than for labeled internal standard-based APQ methods. Label-free
APQ is based on the assumption that a linear correlation exists between absolute
concentration of a protein and the MS signals of all peptides from the protein. Although MS
intensities of a peptide can vary by several orders of magnitude from another peptide with
the same concentration, a robust linear correlation has been observed between the sum of
MS signals of all peptides of a protein to the protein concentration [8, 14]. Current label-free
methods are mainly based on the analysis of MS1 signals, or MS2-spectral counts from
DDA data [4, 5, 7, 8, 10, 20]. However, DDA is biased to high abundant peptides due to its
semi-stochastic nature, and MS1 signals are generally less selective relative to MS2 signals
particularly for lower abundant peptides [32]. DIA records all fragment ions (MS2) of
detectable peptide precursors, and thus, has been increasingly utilized in quantitative
proteomic studies [33]. A previous study developed a DIA-based APQ method by
establishing the linear correlation between the summed MS2 intensities and the actual
protein concentrations of 30 selected anchor proteins, and the method was successfully used
to characterize Mycobacterium tuberculosis proteomes during hypoxia-induced dormancy
and resuscitation states [14]. In this study, we reported a novel APQ method for label-free
absolute protein quantification using DIA data and applied it to both targeted and untargeted
APQ analysis of HLM and HLS9 samples.

Interestingly, we found that although the two APQ methods share a similar algorithm, DIA-
TPA quantified much more proteins than DDA-TPA across the HLS9 samples (Figure 2). In
particular, DIA-TPA outperformed DDA-TPA for low abundant proteins while the two
methods quantified a similar number of high abundant proteins, which is likely due to the
higher selectivity of MS2 compared to MS1 [34] as exemplified in the quantification of the
low abundant peptides LCEDAVLNK and SVINDPIYK (Figure 7). The concentrations of
proteins quantified in common by the two methods were in good agreement.

To evaluate the accuracy of the DIA-TPA method, we determined the absolute
concentrations of CES1 in HLS9 samples using an established SILAC internal standard-
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based method [15] and compared its results with those from DIA-TPA and other label-free
DDA data-based protein quantification methods including DDA-TPA, iBAQ [4, 5], riBAQ
[6], Top3 [7], emPAI [10], APEX [11], and TPA [8, 9]. The CES1 protein was consistently
determined by the various methods, and all label-free methods had results comparable to
those obtained from the SILAC method (Figure 5). Different statistical algorithms were
employed in these label-free quantitative proteomics methods. iBAQ determines the
abundance of a protein by dividing the total precursor intensities by the number of
theoretically observable peptides of the protein. riBAQ is similar to iBAQ except that each
protein’s iBAQ value was normalized to the sum of all iBAQ values to obtain its riBAQ
value. For the Top3 approach, protein abundance was estimated based on the average
intensity of the top three ionizing peptides of the protein [7]. emPAI quantifies protein
content by dividing the number of observed peptides by the number of observable peptides
of the protein followed by an exponential transformation [10]. APEX, a modified spectral
counting method, compares the predicted spectral count to the protein’s observed MS total
spectral count to compute its abundance [11]. TPA method can determine copy numbers or
absolute amounts of proteins by comparing the MS signal of individual proteins with the
total MS signal of the measured proteome [9]. Among these methods, DIA-TPA, DDA-TPA,
TPA, and riBAQ showed similar performance (R? > 0.7) on CES1 quantification and were
superior to the other methods including iBAQ (R?=0.253), Top3 (R?=0.207), emPAll
(R2=0.367), and APEX (R?=0.516). It is noted that normalization to total MS signal is a
shared feature of DIA-TPA, DDA-TPA, TPA, and riBAQ, but absent in iBAQ, Top3, emPAl,
and APEX, suggesting that the total MS signal normalization may improve quantification
accuracy.

The existence of shared peptides presents a significant challenge in quantifying proteins with
similar amino acid sequences. For relative protein quantification, shared peptides can be
ignored, and only unique peptides are used for the determination of protein abundance.
However, the information of shared peptides is critical for the estimation of absolute protein
concentrations. The existing label-free APQ methods often treat proteins with shared
peptides as a protein group and forego quantifying individual proteins. However, it is
important to be able to quantify individual proteins or protein isoforms because even highly
similar protein isoforms may exhibit distinct biological functions. For example, the CYP2C
isoforms CYP2C9 and CYP2C19 preferentially catalyze the metabolism of different
substrate medications. Several mathematical models have been developed to redistribute the
MS signals from shared peptides to individual proteins [35-38]. In the present study, to
quantify individual proteins with shared peptides, we proposed a simple yet effective
algorithm to redistribute MS signals from shared peptides to appropriate proteins or protein
isoforms according to the relative abundance of unique peptides among the proteins. This
method was successfully applied to the analysis of several CYP, UGT, and CES isoforms in
HLS9 and HLM samples; the quantification results were consistent with those obtained from
previously published isotope-labeled internal standard-based proteomics studies.

In summary, we have established a novel DIA data-based method for absolute protein
quantification at the proteome level with the capacity of quantifying proteins with shared
peptides. Given that DIA has become a preferred method in quantitative proteomics studies,
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we expect that this DIA-TPA approach will be widely used for the absolute quantification of
whole proteomes or specific proteins of interest.
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Significance

Data independent acquisition (DIA) has emerged as a powerful approach for relative
protein quantification at the whole proteome level. However, DIA-based label-free
absolute protein quantification (APQ) method has not been fully established. In the
present study, we present a novel DIA-based label-free APQ approach, named DIA-TPA,
with the capability absolutely quantifying proteins with shared peptides. The method was
validated by comparing the quantification results of DIA-TPA with that obtained from
stable isotope-labeled internal standard-based proteomic assays.
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Highlights
The MS2-based DIA-TPA quantifies more proteins than the MS1-based DDA-TPA.

DIA-TPA showed consistent results with stable isotope-labeled internal standard-based
proteomic assays.

DIA-TPA has the capability for absolute quantification of proteins with shared peptides.
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Figure 1.
Comparison of the number of proteins quantified by DIA-TPA and DDA-TPA in 36

individual HLS9 samples.
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Figure 2.
Average number of proteins determined by DIA-TPA and DDA-TPA at different

concentrations in HLS9 samples. Protein concentrations are divided into 0.2 pg/mg protein
intervals. DIA-TPA outperformed DDA-TPA in quantifying low abundant proteins.
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determined by DIA-TPA and DDA-TPA in HLS9 samples. Each dot represents one protein
in a given HLS9 sample. Correlation was determined by linear regression; (B) Histogram of
the distribution of the ratios between the concentrations determined by DIA-TPA and those
determined by DDA-TPA. The ratios were centered at one (i.e. 0 after log2 transformation)
indicating an excellent consistency between the two methods.
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Figure 4.
Heatmap of the concentrations of the 49 most abundant proteins determined by DIA-TPA in

HLS9 samples. Significant interindividual variability existed among the samples, and the
pooled samples displayed medium expression levels. Proteins with similar biological
functions, such as HBB and HBA1, tended to co-vary across different samples.
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Absolute CES1 protein concentrations in HLS9 samples determined by different APQ
methods. Correlation analysis between the log10 transformed protein concentrations
determined by SILAC APQ and by the label-free APQ methods DIA-TPA (A), DDA-TPA
(B) and TPA (C); the accuracies of DIA-TPA, DDA-TPA, and TPA compared to SILAC
APQ (D). Correlation analysis between the protein concentrations determined by SILAC
APQ and the values determined by the label-free APQ methods iBAQ (D), riBAQ (E), Top3
(F), emPAlI (G), and APEX (H), respectively. Correlation was determined by linear
regression. The accuracies of DIA-TPA, DDA-TPA, and TPA were 133.4% + 29.7, 143.7%
+ 31.5, and 130.8% + 27.8, respectively, relative to the concentrations determined by SILAC

APQ.
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Figure 6.

Absolute quantification of major hepatic DMESs by the DIA-TPA method. (A)
Concentrations of CYP1AZ2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4, 3A5, 3A7, 4Al1,
4F2, 4F3, UGT 1A1, 1A3, 1A4, 1A6, 1A9, 2B15, 2B7, CES1, and CES2 in pooled HLM
and HLS9 samples. The concentrations of the DMEs were higher in HLM samples than in
HLS9, and CES1 was the most abundant of measured enzymes across both HLM and HLS9
samples; (B) The quantification results are consistent with the data from previous labeled
internal standard-based absolute quantitative proteomic assays. The majority of the DME
concentrations obtained through the DIA-TPA analysis were within two-fold of the mean

values reported by previous assays using labeled internal standards.
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Figure 7.

Performances of DIA-TPA and DDA-TPA on the quantification of low abundant peptides.
Chromatograms of DIA-TPA and DDA-TPA for the tryptic peptides LCEDAVLNK (left
panel) and SVINDPIYK (right panel) of UGT2B17 were generated from the Skyline
software. The signal-to-noise ratios of the peaks of the two peptides were much greater in
DIA-TPA than in DDA-TPA, which is due to that MS2 signals used in the DIA-TPA analysis
are more selective relative to MS1 signals used in DDA-TPA.
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