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Toward a Consensus on Applying Quantitative 
Liquid Chromatography-Tandem Mass 
Spectrometry Proteomics in Translational 
Pharmacology Research: A White Paper
Bhagwat Prasad1,†, Brahim Achour2,†, Per Artursson3, Cornelis E.C.A. Hop4, Yurong Lai5, Philip C. Smith6, 
Jill Barber2, Jacek R. Wisniewski7, Daniel Spellman8, Yasuo Uchida9, Michael A. Zientek10, Jashvant D. 
Unadkat1,* and Amin Rostami-Hodjegan2,11,*

Quantitative translation of information on drug absorption, disposition, receptor engagement, and drug–drug 
interactions from bench to bedside requires models informed by physiological parameters that link in vitro studies 
to in vivo outcomes. To predict in vivo outcomes, biochemical data from experimental systems are routinely scaled 
using protein quantity in these systems and relevant tissues. Although several laboratories have generated useful 
quantitative proteomic data using state-of-the-art mass spectrometry, no harmonized guidelines exit for sample 
analysis and data integration to in vivo translation practices. To address this gap, a workshop was held on September 
27 and 28, 2018, in Cambridge, MA, with 100 experts attending from academia, the pharmaceutical industry, 
and regulators. Various aspects of quantitative proteomics and its applications in translational pharmacology were 
debated. A summary of discussions and best practices identified by this expert panel are presented in this “White 
Paper” alongside unresolved issues that were outlined for future debates.

Quantitative translation of information on drug pharmacokinet-
ics (PK) and pharmacodynamics (PD) requires models informed 
by data on physiological parameters that link in vitro studies to 
in vivo outcomes. These include the concentration of proteins in 
relevant tissues as well as experimental systems used for laboratory 
investigations. Owing to lack of specific substrates and optimized 
activity assays, activity is routinely measured in recombinant sys-
tems or cell lines and scaled up to in vivo predictions using abun-
dance data. Scientists engaged in drug discovery and development 
are familiar with principles guiding in vitro-in vivo extrapolation 
(IVIVE) of drug absorption, distribution, metabolism, and ex-
cretion (ADME), drug–drug interactions (DDI), quantitative 
systems pharmacology (QSP), and quantitative system toxicology. 
However, with expansion of these activities and positive views by 
regulatory agencies,1 the importance of abundance data for these 
initiatives is becoming much more widely recognized.

A significant obstacle to quantification of ADME and PD tar-
get proteins is that conventional methods (e.g., Western blotting) 
are not always applicable as antibodies and purified standards for 
these proteins (e.g., transporters and receptors) are frequently not 
available. Moreover, these conventional methods lack specificity, 

are low throughput, and can be cumbersome. Different variants of 
the same protein, due to single nucleotide polymorphisms (SNPs) 
or posttranslational modifications (PTMs), present another chal-
lenge to conventional methods and necessitate the use of ana-
lytical techniques capable of detecting changes in a single amino 
acid. Hence, the introduction of liquid chromatography-tandem 
mass spectrometry (LC-MS/MS)-based quantitative proteomics 
has overcome several disadvantages associated with previous tech-
niques. The high resolution and mass accuracy afforded by state-
of-the-art proteomic techniques allow quantitative elucidation of 
SNPs and PTMs in biological samples using targeted and global 
analyses. Quantitative proteomics also allows quantification of 
multiple proteins simultaneously in a sample. The global, hypoth-
esis-independent analysis of proteomes is a powerful approach in 
QSP research to identify pathways associated with drug PK and 
PD, as well as disease-related perturbations, which in turn are crit-
ical for better dose-response prediction.

Despite routine application of quantitative proteomics and its 
integration in translational modeling in certain areas, including 
prediction of clearance,2–6 DDI,7 and effects of covariates, such 
as age,8–11 disease,12,13 ethnicity,14,15 and genetics,9,14,16 lack of 
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harmonized practices in the implementation of the technique (and, 
hence, variability in reported abundances of the same proteins17) 
has led to some uncertainty in the outcomes of such applications, 
especially when there are insufficient clinical data for verification 
of predictions. Some variability can be due to differences in sample 
matrices used (e.g., cell lysates vs. membrane fractions), whereas 
other differences are potentially related to the measurement tech-
nique (e.g., targeted vs. global proteomics). These differences tend 
to propagate into discrepancies in predicted drug PK.17

The appropriate use of internal and external controls to address 
technical variability has not been uniform in published reports, and 
there are unreported assumptions that not only require transparent 
declaration but also robust justification. For instance, most current 
LC-MS/MS methods rely on quantification of one or more proteo-
typic peptide(s) of the target protein, and, therefore, quantification 
assumes proteins are completely recovered from tissue and digested 
to peptides stoichiometrically.18 Furthermore, for unbiased quantifi-
cation, peptide(s) need to be carefully selected for optimal ionization 
and detectability.19 Differences in sample extraction efficiency from 
in vitro systems (e.g., cell lines) and tissues can contribute significant 
technical variability. In addition, inadequately optimized and vali-
dated analytical methods represent another key source of variability.

To address these challenges, individual laboratories have re-
cently implemented significant optimization efforts, including 
systematic interlaboratory studies and the use of different sample 
preparation methods, instrumentation, and data acquisition ap-
proaches.17 However, a concerted effort and a consensus on best 
practices among users of quantitative proteomics in drug discovery 
and development is still lacking. Therefore, a workshop involv-
ing scientists from academia, the pharmaceutical industry, and 
regulatory agencies was organized in Cambridge, MA, under the 
auspices of the International Society for the Study of Xenobiotics 
on September 27 and 28, 2018, to address these gaps. The salient 
objective of the workshop was to bring key opinion leaders and 
current and future users of quantitative proteomics to share their 
experiences and viewpoints and to debate various aspects of quan-
titative proteomic techniques with respect to sample preparation, 
data analysis, and applications. The major questions discussed in 
the workshop aimed to gather independent observations from par-
ticipants into a consolidated viewpoint by the community.

1.	 Which techniques and approaches (e.g., global/targeted, rel-
ative/absolute, enriched fractions/cell lysates, and label-free/
label-based) are more suitable for specific ADME and PD 
applications?

2.	 Are enriched fractions essential or can tissue/cell homogenate 
be used for protein quantification?

3.	 What are the assumptions in using enriched fractions vs.  
tissue/cell homogenates?

4.	 Is “absolute quantification” necessary or can “relative quantifi-
cation” be used for certain applications?

5.	 What quality controls are necessary for accurate and precise 
quantification of proteins?

6.	 If and how should protein abundance data be normalized?
7.	 What are the best practices in applying proteomics data for  

in vivo translation?

8.	 What are best practices for data sharing and which informa-
tion should be reported in manuscripts?

This White Paper distills the discussions related to the above 
questions with a view to developing guidelines toward harmoni-
zation of quantitative proteomics in translational pharmacology 
research. Various unresolved topics have also been outlined for fu-
ture discussions and potential resolution in subsequent workshops. 
The report presents the main discussion points arranged based on 
the workshop breakout sessions on the basic proteomic workflow 
from sample preparation to proteomic techniques, followed by 
data analysis and reporting, and finally applications of proteomic 
data in translational pharmacology research. Recommendations 
for best practices in sample preparation, proteomic measurement 
techniques, and data reporting are included in each section.

BASIC PROTEOMICS WORKFLOW
A basic proteomics workflow is shown in Figure  1 and recom-
mended definitions of terms and techniques are proposed in Table 
S1. Most ADME proteins (such as CYPs, UGTs, and transport-
ers) are membrane bound and of low abundance, and, therefore, 
specific considerations have to be made for accurate and reproduc-
ible quantification to be achieved. These include selection of suit-
able peptides and the use of techniques with a wide dynamic range 
and low limit of quantification (LLOQ).

Biological samples used in ADME and PD applications include 
tissues, cell lysates, microsomes, cytosol, S9, membrane extracts, 
biological fluids, and recombinant systems. Sample protein is di-
gested using proteases, such as trypsin, LysC, chymotrypsin, or 
a combination of proteases, which is followed by desalting and 
peptide enrichment before analysis. Proteomic quantification 
involves liquid chromatography (LC) separation and mass spec-
trometry (MS) analysis of proteotypic peptide(s) of a protein 
(i.e., peptide(s) not present in any other protein in a particular 
sample).20 Peptide separation is achieved on nano-LC, micro-LC, 
or conventional-LC systems, which can be further improved 
using ion mobility separation prior to MS analysis.21,22 Analysis 
of precursor and product ions (mass filtering) can be achieved 
in space or in time depending on the mass analyzer. Selection of 
proteotypic peptides utilizes multiple in silico or experimental 
approaches and considers recommended criteria to ensure pep-
tides are representative of target proteins (Table  1). Depending 
on the experiment, peptides can be selected before or after data 
acquisition. Multiple data acquisition and data analysis options 
are available. Both label-free and peptide labeling approaches are 
used to control experimental variables in LC separation and MS 
analysis. Open source or vendor-specific software is available for 
data analysis.

SAMPLE PREPARATION APPROACHES
Sample preparation invariably follows several defined steps 
(Figure 2a):

1.	 Collection of high quality cell/tissue samples
2.	 Selection of the tissue section(s) to be processed
3.	 Homogenization/lysis
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4.	 Preparation of fractions (not used for analysis of tissue/cell 
lysates)

5.	 Extraction of proteins
6.	 Denaturation/reduction/alkylation of proteins
7.	 Digestion and spiking of standards
8.	 “Desalting/cleaning” of digests before LC-MS analysis

All these steps are prone to technical variability and loss of analyte, 
and, therefore, appropriate quality controls (QCs) and recovery fac-
tors are required at several stages to correct for any losses incurred.

Sample quality and characteristics
Sample quality is an important factor and characteristics depend 
on pathological assessment, time from surgery to storage, and long-
term storage conditions. The use of fresh, frozen, or formalin-fixed 
paraffin-embedded (FFPE) tissue requires different sample prepara-
tion considerations (particularly for homogenization) and can lead 
to differences in protein quantification. The use of fixed (e.g., FFPE) 
tissue is still considered particularly challenging; however, protocols 
for extraction and analysis of FFPE tissue at high protein recovery 
rates have previously been reported,23–25 with successful applica-
tion to laser microdissected cells from human colon26 and breast27 
samples.

In addition to tissue quality, the anatomic structure of the sample 
and tissue-specific characteristics are very important for downstream 
sample preparation. For example, in the kidneys, cortex preparations 

represent proximal tubules, whereas the medulla contains collecting 
tubules, which have different ADME protein expression patterns.28 
In the intestine, region-specific expression of drug-metabolizing  
enzymes (DMEs) (e.g., CYP3A4) and transporters (e.g., P-glycoprotein)  
is widely recognized.29,30 Therefore, recommended practice indicates 
that tissue weight, isolated sections, and description of anatomic char-
acteristics should be documented at all times. The anatomic region 
and tissue characteristics (such as fatty, scarred, fibrous, etc.) should 
inform decisions related to the choice of tissue fraction, sample prepa-
ration, and scaling method.12

Tissue/cell preparation
Tissue/cell homogenization is universally used as the first step 
in sample preparation; however, standardization of methods and 
guidelines on protocols are still lacking. Furthermore, different tis-
sues may require different homogenization techniques. Therefore, 
the type of sample (e.g., FFPE or fresh) and the available amount (e.g., 
biopsy or surgical samples) dictate the type of processing, buffers, 
and homogenization procedures. Complete and consistent homog-
enization and maximum recovery of proteins are crucially required. 
Some types of samples (e.g., fatty and fibrous tissue) are particularly 
challenging to homogenize. The recommendation is that efforts 
should be made to optimize buffers and settings of the homoge-
nizer, incorporate sonication steps, and optimize the volume of the 
homogenate in order to ensure consistent and complete tissue lysis. 
Homogenization can be labor intensive and, therefore, automation 

Figure 1  Basic LC-MS/MS quantitative analysis workflow. (a) Measurement of peptides in an LC-MS system. Additional separation such 
as ion mobility can also be added to the workflow to increase peptide resolution. (b) Various steps involved in LC-MS/MS analysis of 
peptides and associated proteomics techniques. Arrows denote steps where internal standards (or calibrators) can be introduced to address 
variability in sample processing, protease digestion, and matrix effect. Internal standards IS-1, IS-2, and IS-3 refer to SILAC protein/sample, 
QconCAT/PSAQ standards and heavy labeled peptide (AQUA) standards, respectively. Labeling of samples is carried out at different stages 
for SILAC (L1), ICAT (L2), and iTRAQ/TMT (L3). DDA, data-dependent acquisition; DIA, data-independent acquisition; FASP, filter-aided sample 
preparation;  GASP, gel-aided sample preparation; HLM, human liver microsome; ICAT, isotope-coded affinity tagging; IM, ion mobility;  IS 
(1, 2, 3), internal standards; iTRAQ, isobaric tags for relative and absolute quantitation; L (1, 2, 3), label;  LC, liquid chromatography; MRM, 
multiple-reaction monitoring; MS/MS, tandem mass spectrometry; PRM, parallel-reaction monitoring; PSAQ, protein standards for absolute 
quantification; QconCAT, quantitative concatemers;  SILAC, stable-isotope labeling by amino acids in cell culture; SWATH, sequential window 
acquisition of all theoretical fragment mass spectra; TMT, tandem mass tags; TPA, total protein approach.
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can be applied with larger sample batches (e.g., archived biofluids or 
tissues from longitudinal studies). In addition to homogenization, 
a brief sonication step can be used to break up any cells that remain 

in suspension. After complete tissue lysis is confirmed, normally  
visually or by measuring the amount of protein in homogenate (e.g., 
using a colorimetric assay), homogenates can either be prepared di-
rectly by subsequent protein digestion30–32 or further processed 
by enriching certain fractions (e.g., crude membrane/microsomes, 
plasma membrane, and cytosol).19,33,34 Total protein quantification 
prior to digestion can be highly variable depending on the type of 
assay used (e.g., bicinchoninic acid, Bradford, Lowry, and trypto-
phan-based fluorescence analysis). When comparing data from 
different laboratories, variability in total protein determination 
should be considered.

Whole-cell lysates and enriched fractions. Currently, the majority 
of laboratories working on ADME proteomics use membrane 
fractions, although there is growing interest in whole-cell lysates.17 
Theoretically, using cell lysates should constitute the best option 
for quantitative protein analysis because of reduced losses of 
analyte; however, signal from lysates tend to be lower with current 
analytical capability, and enrichment is, therefore, often used 
to improve the quality of analysis. This allows quantification of 
low abundance proteins by improving signal-to-noise ratios and 
reducing matrix complexity (Table  2A). However, enrichment 
usually leads to unpredictable protein loss that may require 
estimation in the form of loss/recovery factors.35 Scaling factors 
describing membrane protein per gram tissue (e.g., microsomal 
protein per gram liver/kidney (MPPGL/MPPGK)) are important 
for IVIVE, and these are estimated based on total protein yield 
relative to tissue mass, with large technical variability observed in 
these scalars. The workshop participants reported that typically 
~  50% of the crude membrane preparation is lost into other 
fractions,36 necessitating corrections based on assessment of 
enrichment markers. There is currently considerable debate about 
suitable markers and enrichment is likely dependent on protein 
localization. For example, Na+/K+ ATPase and calnexin have 
previously been used as markers for basolateral plasma membrane 
and reticular microsomal membrane, respectively.22,31,37

Table 1  Recommended criteria for the selection of 
proteotypic peptides in quantitative proteomics

Selection criteria Rationale and comments

Proteotypic 
sequence

Unique peptide sequence to the target protein

Unique mass (m/z) and fragmentation pattern 
(selective product ions)

Cleavable by 
widely used 
proteases

The peptide should not be mapped to a 
transmembrane domain

The sequence should be cleavable by proteases 
used for quantitative proteomics, such as trypsin 

and/or LysC

Absence of closely occurring cleavage sites in the 
sequence (R/K in the case of trypsin); also when 
trypsin/LysC are used, acidic environments (E, D) 

adjacent to cleavage sites are not favorable

Detectable by 
LC-MS/MS

Favorable hydrophobicity (LC) and ionizability (MS)

Optimal length; the ideal length depends on the 
LC-MS platform but generally sequences with 

6–20 amino acids are preferred

Absence of SNPs and PTMs except when these 
are targeted by the investigation

Stability Stable to spontaneous chemical modifications 
during handling and storage, such as deamidation 

(N, Q) and oxidation (M)

Complete and/or consistent alkylation should be 
ensured for peptides with cysteine (C) residues

Criteria can be used in targeted quantitative techniques (MRM, PRM) and 
certain global analyses (e.g., DDA-HiN, SWATH) for the selection of surrogate 
peptides to represent the proteins of interest.
C, cysteine; D, aspartic acid; E, glutamic acid; HiN, high N peaks approach; 
K, lysine; LC, liquid chromatography; LC-MS/MS, liquid chromatography-
tandem mass spectrometry; LysC, lysyl endopeptidase; M, methionine; MRM, 
multiple reaction monitoring; MS, mass spectrometry; m/z, mass-to-charge 
ratio; N, asparagine; PRM, parallel reaction monitoring; PTMs, posttranslation 
modifications; Q, glutamine; R, arginine; SNPs, single-nucleotide 
polymorphisms; SWATH, sequential window acquisition of all theoretical 
fragment mass spectra.

Figure 2  Overview of methods used for sample preparation and protein measurement using LC-MS/MS proteomics. (a) Various sample 
preparation and digestion techniques. Biotinylation is only applicable to cell lines. Immuno-enrichment can either be used at the protein or 
peptide level. Plasma membrane/total membrane/S9/microsomes/cytosol are fractions generated either using centrifugation or membrane 
extraction kits. (b) Various protein quantification assays. (c) LC-MS/MS data acquisition approaches. AQUA, absolute quantification peptides; 
DDA, data-dependent acquisition; DIA, data-independent acquisition; FASP, filter-aided sample preparation; iTRAQ, isobaric tags for relative 
and absolute quantification; LC-MS/MS, liquid chromatography tandem mass spectrometry; MRM, multiple reaction monitoring; PRM, parallel 
reaction monitoring; PSAQ, protein standards for absolute quantification; QconCAT, quantitative concatemer; SILAC, stable-isotope labeling by 
amino acids in cell culture; SWATH, sequential window acquisition of all theoretical fragment ion spectra; TMT, tandem mass tags; TPA, total 
protein approach.
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Table 2  Pros, cons, and recommended applications of various sample preparation, protein digestion, and LC-MS/MS proteomics 
methods used in translational pharmacology research

Technique Pros (P1–P52) Cons and assumptions (C1–C48)

Recommended 
applications in 

translational phar-
macology research 

(A1–A27)

A. Sample preparation

Whole-cell 
lysate

P1. Limited processing/handling
P2. Time-efficiency, cost-effectiveness, and 

minimal labor 
P3. Can be used to capture a proteomic 
fingerprint of the sample with high resolu-
tion and high sensitivity MS platforms (by 

global proteomics)
P4. The whole proteome can be analyzed 
and all protein is accounted for (by global 

proteomics)

C1. Highly complex matrix and low abundance 
of proteins make analysis of certain targets 

challenging
C2. Requires high-end MS platforms

A1. Proteome-wide 
analysis

A2. Elucidation of 
pathways and 

protein networks
A3. Acquisition of 

data for analysis 
using systems 

biology

Enriched frac-
tions (total 
membrane, 
HLM, plasma 
membrane, 
cytosol)

P5. Improved precision of membrane protein 
estimates, especially those expressed at 
lower abundance (using targeted or global 

proteomics) 
P6. The matrix is less complex than whole 

cell lysates
P7. Analysis can be done on standard to 

high-end MS platforms 
P8. Proteins localized to certain subcel-
lular compartments requires subcellular 

enrichment

C3. Labor and time-intensive compared to whole 
lysates

C4. Loss of protein is inevitable and recovery fac-
tors are needed, which are not always consistent

C5. A fraction of the proteome is analyzed because 
enrichment gives information on only the en-

riched fraction 
C6. Variable purity of enriched fraction and incon-

sistency of recovery make scaling back to tissue 
complicated

C7. Larger amount of tissue and number of cells is 
required compared to preparation of whole cell 

lysate

A4. Analysis of low 
abundance targets
A5. Generation of 

fractions used in 
metabolism stud-

ies (e.g., HLM)

Density-gradient 
centrifugation P6, P7

 
P9. Enrichment of membrane fractions allow 

improved detection of transporters and 
receptors

C3–C7 A6. Quantification of 
plasma membrane 

proteins (e.g., 
transporters)

Total membrane 
extraction kits P6, P7

 
P10. Enrichment of membrane fractions 
allow improved assessment of enzymes, 

transporters, and receptors
P11. Less labor-intensive than biotinylation 

and density gradient methods
P12. Works for low tissue amounts 

(10–100 mg)

C3–C6 A7. Quantification 
of membrane-
bound proteins 

(e.g., enzymes and 
transporters) 

Biotinylation 
of membrane 
proteins

P6, P7, P9 C3
C8. Marker proteins should be analyzed in all frac-

tions to generate recovery factors for IVIVE
C9. Biotinylation reagents can affect total protein 

quantification and digestion
C10. Biotinylation may affect membrane permeabil-

ity, resulting in labeling of cytosolic proteins

A8. Determination of 
plasma mem-
brane-resident 

transporter 
proteins

B. Solubilization and digestion techniques

FASP (and 
MED-FASP)

P13. Versatile sample preparation method 
applicable to different systems

P14. Sample digestion and cleaning are 
done on the filter

P15. Compatible with a variety of buffers 
and widely used solubilizing agents (SDS, 

deoxycholate) 
P16. Different filter cutoff molecular weights 

available (10, 30, 50, and 100 kDa)

C11. Not compatible with low amounts of sample 
protein

C12. Not compatible with high amounts of SDS and 
certain detergents (e.g., Triton and Tween) 

C13. Not compatible with fractions extracted using 
membrane extraction kits

A9. Quantification 
of ADME proteins 
in whole lysate or 
enriched fractions

(Continues)
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Technique Pros (P1–P52) Cons and assumptions (C1–C48)

Recommended 
applications in 

translational phar-
macology research 

(A1–A27)

Gel-based sam-
ple preparation/
GASP

P17. Sample digestion and cleaning are 
done in the gel

P18. Gels can resolve truncated proteins
P19. Compatible with membrane fractions 

extracted using kits
P20. Compatible with low amounts of 

protein
P21. Compatible with both LC-MS and blot-

ting techniques

C14. Not compatible with certain detergents (e.g. 
Triton and Tween) and chaotropes (urea)

C15. GASP is more cumbersome than FASP
C16. GASP reagents lead to propionamide modi-

fication of lysine residues, leading to missed 
cleavages

C17. Requires extra equipment
C18. Protein loss can occur in gels leading to 

requirement for recovery estimation

A10. Quantification 
in low amounts of 
complex samples 
that require thor-

ough cleaning

In-solution sam-
ple preparation

P19 and P20 C19. Cleaning of sample is required normally using 
solvent based protein extraction

C20. Solution sample preparation is more cumber-
some than FASP

C21. Removal of choatropes and detergents is 
challenging

A11. Quantification 
of fractions ex-

tracted with kits

New techniques: 
iST (integreated 
stage tips); 
SP3 (bead 
based sample 
preparation)

P20
P22. Proteins are cleaned and digested 

directly in the kit
P23. Comparable results to FASP

C22. These methods are not widely used, requiring 
further validation

A12. Quantification 
of ADME proteins 
in low amounts of 
protein samples 

C. LC-MS/MS proteomics approaches

Global 
(DDA)-TPA

P24. High coverage (whole proteome-wide 
quantitative analysis), e.g., thousands of 

proteins can be quantified
P25. Prior knowledge of proteotypic pep-
tides and MS parameters is not required. 
Universally available LC and MS methods 

are used 
P26. Unbiased analysis of all peptides and 

MS fragments allows global label-free 
quantification of all protein using a single 

or few protein standards or using TPA 
P27. Peptide internal standards are not 

needed 
P28. MS and MS/MS data generated using 

the untargeted approach can be used to 
develop targeted methods. This is particu-
larly applicable when developing methods 
for proteins not available in the literature
P29. Hypothesis-generating data are 

obtained, which can be archived in 
databases

P30. Post-translational modifications includ-
ing drug–protein adducts and covalent 

protein–protein interactions can be char-
acterized in an untargeted fashion 

P31. Structural information and added sepa-
ration can be achieved when ion mobility 

is used with LC-MS

C23. Longer LC run time and requirement of nano-
LC system

C24. Requirement of high resolution mass spec-
trometry (HR-MS) instruments (e.g., Orbitrap, 

TOF) for data acquisition 
C25. Not efficient if the purpose is to quantify a 

limited number of proteins 
C26. Cannot yet be used for assessment of poly-

morphic variants
C27. Highly homologous proteins may overlap

C28. The TPA method needs to be validated across 
laboratories to be established as a routine abso-

lute quantification method 
C29. Requires bioinformatics expertise not typically 

available in ADME/PD laboratories

A13. Proteome-wide 
quantitative finger-
print of a sample

A14. Method devel-
opment for new 

proteins 
A15. Systems 
biology and QSP 

applications 
A16. Unbiased 

characterization of 
PTMs

A17. Identification 
of protein-protein 

networks

Table 2  (Continued)

(Continues)
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Technique Pros (P1–P52) Cons and assumptions (C1–C48)

Recommended 
applications in 

translational phar-
macology research 

(A1–A27)

AQUA/MRM P32. High sensitivity
P33. High precision and reproducibility 

P34. Stable labeled internal standards ad-
dress matrix effect 

P35. Because most of the DMPK laborato-
ries have expertise on quantitative MRM 
analysis of small molecules, facile train-

ing is possible 
P36. Conventional triple quadrupole instru-

ments are used. HR-MS instrument are 
not required

P37. MS/MS parameters can be optimized 
using proteotypic peptide standards.

C30. Limited resolution and compromised selectiv-
ity due to interfering peaks 

C31. Limited coverage (10–40 proteins/run) 
C32. Prior knowledge of proteotypic peptides and 

MS parameters is required
C33. Quantification is based on limited number of 

peptides (1-3), which can be compromised if the 
selected proteins are prone to modification by 

PTM/SNP 
C34. Custom synthesis of proteotypic peptide 
standards is expensive and can take 3–4 weeks

C35. Does not account for the protease digestion 
efficiency associated with tissue samples

A18. Targeted analy-
sis of a limited 

number of low to 
high abundance 
DMEs, transport-

ers, and receptors 

QconCAT (MRM) P32–P34, P36 
P38. Labeled concatemers address matrix 

effects, sample loss during preparation 
and inconsistency in protease digestion 

P39. Unique advantage in allele-specific 
protein quantification and assessment of 

inter-correlations
P40. Transferability of the plasmid between 

laboratories and sustainability of stand-
ard protein if protein expression expertise 

is available

C30–C33
C36. Developing QconCAT peptides takes substan-

tial efforts, therefore, making it hard to switch 
peptides used to monitor protein expression

C37. Does not necessarily account for the protease 
digestion efficiency associated with tissue 

samples
C38. Potential contamination of light peptides in 

the heavy standard because complete labeling 
cannot be achieved. The subtraction of light pep-
tide signal from heavy peptide signal can yield 
erroneous results in the case of low abundant 

proteins 

A19. Assessment 
of protein-protein 
inter-correlations

A20. Allele-
specific protein 
quantification

PRM (MRM-HR) P32–P34
P41. High selectivity

P42. Unbiased targeted analysis of all 
theoretical fragments. A pre-selected list 
of peptide transitions to be monitored is 

not required

C24, C31, C32
C39. Compromised/moderate signal of low abun-

dant proteins

A21. Targeted analy-
sis of moderately 
to highly abundant 

proteins 
A22. Absolute and 

relative quantifi-
cation of target 

proteins

SWATH P24, P26–P30
P43. Allows both quantitative and discovery 

proteomics
P44. Gas-phase fractionation possible

P45. Greater sensitivity and coverage than 
DDA and LC-MSE

C23–C27, C29
C40. Low to moderate sensitivity 

A13–A17 and 
A21–A22

TMT/iTRAQ P46. Multiple samples can be analyzed in a 
single LC-MS run

P47. Increased sensitivity due to chemical 
devitalization

C41. Expensive reagents and cumbersome 
methodology

A15–A19 and 
A21–A22

SILAC/SILAM P48. High precision C38
C42. Limited to cell culture or expensive SILAC 

rodent models 
C43. Not practical technique for human tissue

A13–A17 (limited to 
cell culture/SILAC 

in animals)
A23. Cell culture 

experiments, 
such as enzyme 
induction and 
suppression 

A24. Rate of protein 
synthesis

PSAQ P49. Reliable absolute protein quantification C38 (if labeled protein is used as calibrator)
C44. Very limited coverage because of non-availa-

bility of protein standards

A25. Reliable 
absolute protein 
quantification 

Table 2  (Continued)

(Continues)
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Membrane enrichment is carried out using various centrifuga-
tion or membrane extraction methods, often as commercial kits. 
A substantial amount of published transporter data are generated 
using these kits; however, no systematic assessment of the quality of 
kit-enriched fractions has been reported. Although most reported 
analyses have been done on enriched fractions,36,37 consensus 
suggests that quantification in tissue homogenates will be widely 
used in the future, driven by rapid advances in LC-MS technology 
and the availability of new methods that provide higher yields of 
cellular proteins. When homogenates are analyzed with global 
proteomics, a larger number of proteins can be identified than is 
practically possible in enriched membrane preparations, such as 
plasma membrane fractions. Unbiased and reliable quantification 
of a larger number of proteins provides a more realistic profile of 
biological processes38; however, this is currently challenging for low 
abundance proteins, for which fewer unique peptides are identi-
fied.17 Another proposed approach requires analysis of all fractions 
from different cellular compartments followed by reconstruction 
of protein expression profiles using bioinformatics. Corrections are 
made by analysis of the homogenate.37 This is expected to generate 
a rich set of data that should allow better characterization of the 
system under study.36

Analysis of plasma membrane proteins. Plasma membrane fractions 
generated using gradient centrifugation suffer from higher plasma 
protein loss than crude membrane preparations; protein recovery 
is lowest in purified fractions, such as plasma membrane < total 
membrane fractions < homogenate. However, transporter proteins 
resident in the plasma membrane are preferentially quantified in 

purified fractions compared with total transporter protein, which 
can also be distributed into intracellular membranes. Plasma 
membrane fractionation techniques work under the assumption 
that only proteins localized on the plasma membrane at the time 
of extraction are available to carry out the relevant activity.39

Alternative methods proposed to assess plasma membrane trans-
porters/receptors use derivatization of cell-surface proteins before 
analysis using a chemical tag, such as a modified biotin moiety.40 
It is reasonable to assume that quantification of plasma mem-
brane-resident transporters (instead of normalizing to a membrane 
marker) should yield better scaling factors. However, the biotinyla-
tion protocol is cumbersome and requires several additional steps, 
which leads to the requirement for additional quality controls. In 
addition, to date, the biotinylation method has only been reported 
to be applicable to cellular systems and not to tissue samples.40,41 
Provided the abundance of plasma membrane transporters is not 
sensitive to cross-laboratory differences in culturing techniques, 
surface-labeling methods can provide valuable information for 
proteins in the plasma membrane of cells (e.g., hepatocytes), 
which could be used by others for future IVIVE without having 
to establish this technique in their laboratory.41 However, until 
this assumption is verified, researchers are recommended to quan-
tify cell-surface abundance of proteins in cells grown in their own 
laboratory.

Immuno-enrichment methods. To address the above-mentioned 
limitations of tissue lysates and enriched fractions, immuno-
enrichment represents a middle ground, which has recently yielded 
results of high precision.42 Enrichment with antibodies can 

Technique Pros (P1–P52) Cons and assumptions (C1–C48)

Recommended 
applications in 

translational phar-
macology research 

(A1–A27)

LC-MSE P24–P31, P44 
P50. Greater sensitivity and coverage than 

global DDA

C23–C27, C29
C45. Lower coverage than SWATH

A13–A17, A21–A22

Spectral 
counting

P51. Convectional method. Multiple 
software packages and expertise are 

available

C23–C27
C46. Requirement of software packages (e.g., 

APEX, Crux, emPAI calc, PepC, QSpec, QProt, 
and Spectral Index)

C47. Not state-of-the-art due to low precision/
accuracy

A26. Stoichiometric 
assessment

Ion intensity P52. Better precision than spectral counting C23–C27
C48. Requirement of software for peak pick-

ing and extracted chromatogram alignment 
(e.g., MapQuant, MaxQuant, OpenMS, Peaks 
Studio, Progenesis QI (Nonlinear Dynamics), 

ProSE (Proteios Software Environment), Serac, 
SpecArray, and SuperHirn)

A27. Global profil-
ing of biological 

samples

ADME, absorption, distribution, metabolism, and excretion; AQUA, absolute quantification standards; DDA, data-dependent acquisition; DME, drug-metabolizing 
enzyme; DMPK, drug metabolism and pharmacokinetics; FASP, Filter-aided sample preparation; GASP, gel-aided sample preparation; HLM, human liver microsomes; 
HR-MS, high resolution mass spectrometry; IM, ion mobility; iST, integrated stage tips; iTRAQ, isobaric tags for relative and absolute quantitation; IVIVE, in vitro-in 
vivo extrapolation; LC-MSE, liquid chromatography-mass spectrometry by collision energy alteration; LC-MS/MS, liquid chromatography-tandem mass spectrometry; 
MRM, multiple reaction monitoring; MRM-HR, high resolution multiple reaction monitoring; MS, mass spectrometry; PD, pharmacodynamics; PSAQ, protein standards 
for absolute quantification; PTM, posttranslational modification; QconCAT, quantitative concatemers; QSP, quantitative systems pharmacology; SDS, sodium dodecyl 
sulfate; SILAC, stable isotope labeling in cell culture; SNP, single nucleotide polymorphism; SP3, single pot solid phase–enhanced sample preparation; SWATH, 
sequential window acquisition of all theoretical fragment mass spectra; TMT, tandem mass tags; TOF, time-of-flight; TPA, total protein approach.

Table 2  (Continued)
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take place at the protein level,43 with applications in elucidating 
transcription regulatory networks, cell signaling pathways, and 
biomarker discovery, or postdigestion at the peptide level for 
peptide enrichment before LC-MS/MS.42 An example of such 
technique is Stable Isotope Standards and Capture by Anti-
Peptide Antibodies (SISCAPA), also referred to as immuno-
selected reaction monitoring technology.43 This approach allows 
reduction of matrix complexity within a whole-cell digest by 
enriching only the desired peptides, followed by MS analysis. 
Immuno-enrichment is not inherently capable of distinguishing 
between intracellular and plasma membrane proteins and adding 
a biotinylation step to this method could theoretically combine 
the advantages of the two techniques. In cell lysates, the lower 
reproducibility observed with the lower range of protein expression 
can be addressed by immuno-enrichment of peptides from these 
targets17; however, generating antibodies for all required targets 
with sufficient specificity remains a complex challenge, leading 
to limited proteome coverage.42 Multiplexing is also challenging 
with these technologies and the presence of protein variants 
(e.g., SNPs and PTMs) can lead to changes in the dynamics of 
interaction between the antibodies and their target analytes.

Protein extraction and digestion methods
Proteins are extracted using detergents before proteolytic diges-
tion. Detergents frequently used include sodium dodecyl sulfate, 
deoxycholate, or MS-compatible products, such as RapiGest and 
ProteaseMAX. Chaotropes, such as urea, are sometimes used for 
extraction and denaturation during digestion. Protease inhibi-
tors used in tissue homogenization and preparation of cellular 
fractions can affect proteolytic enzyme activity, which can com-
promise in-solution digestion protocols, and, therefore, samples 

should undergo solvent extraction, cleaning, or buffer exchange 
before proteolysis. The choice of protease is dependent on the pur-
pose of the experiment, and in routine analyses, the use of more 
than one protease is reported to increase the depth of analysis. 
Several views from the participants were in support of using pro-
teases in combination for incremental gain in identified peptides 
(i.e., increased coverage in the region of 20% in different labora-
tories when two or more proteases are used).44 Other advantages 
of using multi-enzyme digestion in global proteomics include 
improved sensitivity and precision.45 However, opposing views 
pointed to higher reproducibility across laboratories when using 
only trypsin and further questioned whether the value of using 
other proteases with trypsin justifies the additional cost. A point 
to consider is that the enzyme:protein ratio should always be opti-
mized for maximum digestion efficiency prior to the experiment, 
and, in the case of trypsin, the amount of enzyme used should 
allow minimal chymotryptic activity due to trypsin autolysis. 
Maximum digestion efficiency does not necessarily imply com-
plete digestion of proteins, and, therefore, time-dependent pro-
tein-to-peptide conversion during digestion should be monitored 
by quantifying the amount of processed protein and content of 
released peptides and assessing the extent of missed cleavages 
(Figure 3a,b). Measuring the concentration of released peptides 
provides an additional QC for optimal loading onto the LC-MS/
MS system.46

Three general types of sample preparation/protein digestion 
approaches are widely used: in-solution, gel-based, or filter-aided 
methods (Table  2B). These methods are used for various rea-
sons and certain applications are more suited to specific methods. 
Comparative investigations have previously assessed variants of 
the same method47 or similar methods48; however, no large-scale 

Figure 3  Practical considerations for sample digestion and quantification of proteins. (a) Time-dependent digestion profiles of two 
representative peptides used for targeted quantification. Typically, peptides are rapidly released during the first 0–4 hours when trypsin 
activity is at maximum. The trypsin digestion rate slowly reaches a plateau and sometimes peptides can degrade after reaching maximum 
release. The red dotted rectangle indicates the optimal time for terminating trypsin digestion to avoid regions of rapid formation or 
degradation when performing targeted analysis using multiple peptides. (b) In global proteomics, the yield of protein-to-peptide conversion and 
rate of missed cleavage can be monitored for optimal digestion before analysis. The profiles show digestion of a whole cell lysate using either 
trypsin or LysC. (c) Typical calibration curve showing linear signal range (dotted rectangle), LOD, LLOQ, and ULOQ. Signal below LLOQ can be 
detected but is not quantifiable. Rarely, signal in absorption, distribution, metabolism, and excretion liquid chromatography tandem mass 
spectrometry proteomics can be saturated (ULOQ). Time is measured in hours. LLOQ, lower limit of quantification; LOD, limit of detection; ON, 
overnight incubation; ULOQ, upper limit of quantification.
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systematic investigation or comparative head-to-head assessment 
of these three types of sample preparation has been reported. For 
samples on which all methods can be applied, participant labora-
tories with experience in using more than one method reported 
little difference in outcomes. For certain targets, complementarity 
is expected with some proteins tending to be better characterized 
by one method over the other. However, convenience and overall 
“fitness for purpose” seem to favor filter-aided methods, such as fil-
ter-aided sample preparation (FASP), over other approaches, espe-
cially for global proteomics. FASP is applicable to a wide, dynamic 
range of protein concentration and relies on filters to remove low 
and high molecular nonproteinaceous cell components and to 
digest and clean proteins. However, FASP is not applicable with 
very low amounts of protein and has been shown to be compatible 
with only certain detergents (e.g., sodium dodecyl sulfate and de-
oxycholate). Several emerging methods and kits, such as integrated 
stage tips49 and single-pot solid phase–enhanced sample prepara-
tion kits,50 provide alternative approaches. Applicability of these 
methods to tissue material, which is not easily extractable, such as 
liver or intestine, remains to be demonstrated. Modifications of 
gel-based preparation methods, including gel-aided sample prepa-
ration,48 which uses gel particles to trap proteins for efficient di-
gestion and cleaning, have also been suggested for complementary 
analysis and for very low amounts of protein. However, gel-aided 
sample preparation tends to generate higher levels of missed cleav-
age due to modification of lysine with acrylamide,48 and, therefore, 
peptides used for quantification should be chosen carefully.

Recommendations for best practice in sample preparation
Although measurement of enzymes and transporters can be made 
in homogenates or enriched fractions, the current state of the art 
indicates that measurements in whole tissue lysates are sometimes 
not sensitive enough for proteins expressed at low concentrations. 
However, this is increasingly addressed by peptide fractionation 
prior to analysis.51 Matrix effects and loss of sensitivity are more 
likely in homogenates, and the sensitivity gained by enriching pro-
teins should make the analysis of enriched fractions more precise 
and reproducible provided that the yield and reproducibility of 
subcellular fractionation is sufficiently controlled. Instruments 
used with whole-cell lysates are required to be of high resolution 
and stability of MS conditions over long runs should be ensured. 
New methods used to accurately describe plasma membrane-res-
ident proteins, such as biotinylation, show promise but are of 
limited use to cellular systems and have not reached routine im-
plementation. Immuno-enrichment can simplify the sample ma-
trix and improve specificity to the targets; however, application is 
still limited (due to a limited number of high quality antibodies) 
and the advantages offered by its use should justify the additional 
cost. It is worth noting that data generated using different “sys-
tems” from the same type of tissue (e.g., homogenate vs. enriched 
fractions from liver tissue), should not be used in combination for 
downstream applications.

Protein quantification is based on proteotypic peptides, and, 
therefore, considerable efforts should be made to maximize diges-
tion efficiency and release of peptides from proteins. The choice of 
sample digestion methods should be guided by the application and 

type of sample. The use of more than one protease can be advanta-
geous and is encouraged when there is a particular application that 
requires different cleavage patterns,52 reduced miscleavage, and/or 
higher proteome coverage.45

QUANTITATIVE PROTEOMIC METHODS
Proteomic approaches can be classified based on data acquisition 
methods and whether protein quantification is performed using 
chemical or metabolic stable-isotope labeling or label-free methods 
(Figure 2b,c). The selection of an optimal approach depends on 
the requirements of the study with respect to proteome coverage, 
sensitivity, and precision. Global proteomics provides comprehen-
sive proteome-wide quantification of a large number of proteins 
(100s–1,000s) in a biological sample. However, these techniques 
can be less sensitive and reproducible compared with targeted pro-
teomics for selected proteins. Targeted proteomics requires pro-
spective selection of proteotypic peptides for the target proteins 
and this quantitative strategy is applicable to the quantification 
of a limited number of proteins (10s–100s). Acquisition of global 
proteome-wide coverage requires high-resolution MS platforms 
(e.g., Orbitrap, time-of-flight (TOF)), whereas quantification of 
selected lists of low abundance proteins (e.g., enzymes, transport-
ers, and transcriptional factors) can be achieved in a targeted man-
ner using simpler low-resolution triple-quadrupole instruments. 
The success of some quantitative proteomic experiments requires 
chemical derivatization for better MS ionization and sensitiv-
ity,53,54 whereas stable-isotope labeling can address experimental 
variability.55,56 Because several published reviews and tutorials 
have covered quantitative proteomics in detail,57–60 we focus here 
on a critical summary of the advantages, limitations, and utility of 
technique in ADME and PD applications (Table 2C).

Data acquisition approaches
Data acquisition approaches for quantitative proteomics can be 
targeted, data-dependent acquisition (DDA), and data-indepen-
dent acquisition (DIA). High resolution (HR)-MS or low-resolu-
tion-MS (triple quadrupole) instruments can be used for targeted 
proteomics, whereas DDA and DIA approaches require HR-MS 
instruments. Multiple-reaction monitoring (MRM) is the most 
common targeted approach that relies on LC-MS/MS analysis of 
preselected proteotypic peptides. In MRM acquisition, precursor 
ions of target proteotypic peptides and a subset of their corre-
sponding product ions are measured. Mass filtering of precursor 
and product ions is generally achieved in space using triple-quad-
rupole instruments (Figure  1a). Only a limited number of pro-
teins (10–100) can be simultaneously quantified using MRM. In 
contrast, in targeted full scan MS/MS approaches, such as paral-
lel-reaction monitoring (PRM) or MRM-HR, all product ions are 
measured for the corresponding precursor ions across a large num-
ber of peptides. In general, MRM is more sensitive because of the 
use of triple quadrupole MS; however, PRM can be more precise 
and selective due to HR-MS analysis. The MS/MS fragmentation 
in PRM can be achieved using Orbitrap or Q-TOF instruments. 
PRM allows postacquisition transition refinement, which is 
very helpful when interfering peaks coelute with target ana-
lyte fragments. Currently, the majority of drug metabolism  and 
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pharmacokinetics (DMPK) laboratories use MRM proteomics 
because of the hypothesis-driven research focus, limited number 
of target proteins, sufficient sensitivity of triple quadrupoles, and 
pre-existing expertise on the LC-MS/MS technique.61

Unlike targeted approaches, DDA is a conventional untargeted 
(shotgun) method, which is capable of identifying and quantify-
ing thousands of proteins in a sample simultaneously. With DDA, 
several peptides can be used for quantification of each protein. 
Therefore, the quantification is not biased by the characteristics of 
one single peptide, and problems, such as coelution with other pep-
tides, poor ionization, and poor coverage of the protein sequence, 
are addressed. For DDA, both MS (survey scan) and MS/MS can 
be utilized for the quantification of proteins. The survey scan is per-
formed, and a fixed number of high-abundance precursor ions are 
selected using predetermined criteria (mostly based on intensity) 
and subjected to MS/MS analysis for identification. Alternatively, 
the MS/MS can be used for quantification, e.g., when using tan-
dem-mass tags (TMT) or isobaric tags for relative and absolute 
quantitation (iTRAQ). When the TopN criteria are applied, pep-
tides of low intensity may not be selected.60 However, often this 
limitation does not affect the quantification of the protein because 
other peptides can be selected. It is important to note that the old 
approach of spectral counting is considered less quantitative and, 
therefore, not recommended.

To address limitations of DDA, DIA is an emerging technique 
in global proteomics, which is capable of performing both deep 
untargeted (discovery) proteome coverage and targeted proteomic 
applications. DIA can be performed using high-speed Orbitrap 
and Q-TOF instruments. Unlike DDA, DIA reduces focus on 
highly abundant proteins by fragmentation windows (SWATH), 
collision energy alteration (LC-MSE),62 or the BoxCar ap-
proach.63 DIA approaches allow detection of all product ions of 
detectable peptide precursors present in a biological sample. These 
techniques combine the advantages of high-throughput shotgun 
proteomics and high reproducibility of MRM. In SWATH acqui-
sition, a set of precursor acquisition windows are preselected for 
fragmentation, allowing acquisition of complete, high-accuracy 
product ion spectra of all precursors selected in each isolation win-
dow. Drawbacks of SWATH include incompatibility with conven-
tional database searching, which would require development of 
vast peptide libraries specific to each setup (with correct retention 
times). Furthermore, coelution and cofragmentation of a mixture 
of precursor ions produce chimeric spectra. MS by collision energy 
alteration (MSE) of the full m/z window provides high-energy and 
low-energy fragmentation data. The major disadvantage of MSE 
or MSall compared to SWATH is that the data are more complex 
and convoluted, which leads to the requirement for highly special-
ized software and high computation power. Comparative investi-
gation showed that SWATH outperforms the MS of all precursor 
ions method (MSall) owing to better quality MS/MS spectra with 
identical MS/MS acquisition hit rates.64

Label-free or label-based protein quantification approaches
Selection of a data acquisition method alone is not sufficient for 
optimal quantitative results. Protein quantification usually re-
quires the use of an external/spiked-in standard. In label-free 

global quantification, peptide intensities are quantified and com-
pared across runs, which can also be compared with spiked-in un-
labeled standard proteins. In principle, label-free quantification 
is applicable to any type of sample, including materials that can-
not be metabolically labeled. High resolution and high accuracy 
data and optimal use of software tools are critical for the success 
of label-free methods. Whereas label-free quantification is widely 
used for measuring relative changes, it has also been implemented 
for determination of absolute protein abundances using the total 
protein approach (TPA).65 In TPA, the fractional amount of a 
protein in the sample is calculated by dividing the sum of signal 
from all peptides of the protein by the signal of all detectable pep-
tides in the sample.45 This promising approach allows calculation 
of concentrations of thousands of proteins in the sample without 
standards. However, wide proteome coverage is a prerequisite for 
successful application of TPA. Using MS data from analysis of 
whole-cell lysates in combination with the “histone ruler,”66 pro-
tein copy numbers per cell can be estimated. Theoretically, this 
approach may be less prone to errors as compared with targeted 
analyses because it does not rely on using standards and biochem-
ical determination of total protein in the sample. However, cor-
relation between the peptide amount and resulting MS signal is 
assumed to be consistent for all peptides. Therefore, experimental 
validation of this approach for absolute quantification by mul-
tiple laboratories is required. Recently, a TPA strategy that uses 
multienzyme digestion was proposed as an alternative to targeted 
methods for quantification of DMEs and transporters.45

Although label-free methods are attractive, they are not 
widely used in translational pharmacology because of limited 
accessibility and low sample throughput. Essentially, LC-MS 
is not inherently quantitative as peptide response depends on 
its characteristic ionization efficiency and detection, which 
can be influenced by the sample matrix. This results in variable  
response across peptides in a sample and across a batch of samples.  
This limitation can be addressed by spiking synthetic stable-  
isotope labeled (SIL) peptides, labeled protein(s), or incorporat-
ing a stable-isotope label into the analyte peptides. Isotope dilu-
tion methods, such as absolute quantification (AQUA) peptides, 
quantitative concatemers (QconCAT) and protein standards for 
absolute quantification (PSAQ), do not rely on chemical or met-
abolic labeling of the target peptides but use external spiked-in 
SIL peptides or proteins. In AQUA, a known quantity of a 
purified SIL peptide standard is added to the sample, allowing 
quantitation of a protein of interest in a complex mixture using 
MRM. Alternatively, an SIL peptide can be used as an internal 
standard, where a  light peptide standard is used as an external 
calibrator to generate a multiple-point calibration curve for 
more accurate quantitation across the dynamic range.16 In both 
cases, SIL peptides can address matrix effects and run-to-run 
instrument response variation. Although the term “absolute” is 
used in AQUA, it is essentially a peptide-based method and as-
sumes that the protein is completely digested (i.e., 100% diges-
tion efficiency), with no losses in purification steps. However, 
digestion efficiency was reported to be impacted by solvent ac-
cessibility to the chosen peptide and three-dimensional struc-
ture of the protein at the time of digestion.67 Additionally, this 
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approach does not account for peptide loss as spiking normally 
occurs just before LC-MS analysis. This drawback is perhaps one 
of the key reasons for the reported interlaboratory variability in 
protein abundance.17,68–70

QconCAT is a modification of the AQUA method that uses 
concatenated peptide sequences taken from target proteins into 
artificial proteins as spiked-in calibrators or internal standards. 
Multiple proteotypic peptides can be assembled in a single  
artificial protein, which allows multiplexed quantification and  
addresses intersample variability in protease digestion. However,  
similar to AQUA peptides, QconCAT does not account for pep-
tide losses due to sample handling and digestion efficiency bias 
caused by solvent accessibility to the peptide in the intact native 
protein. Recently, QconCAT has been utilized for allele-specific 
quantification of DMEs.71,72 PSAQ is another modification of 
AQUA, in which purified labeled proteins are used as spiked-in 
calibrators. Quantification using labeled protein standards is 
considered ideal for accurate measurements; however, puri-
fied labeled proteins are expensive73 and not available for most 
DMEs, transporters, and receptors. A purified unlabeled protein 
can also be used as an external calibrator to address variability in 
digestion efficiency.16,67

Isotope labeling by metabolic or chemical methods can also 
be used to address variability in protease digestion and MS ion-
ization. In stable-isotope labeling in cell culture (SILAC), control 
and treatment cells are cultured in light and heavy media to use the 
translational machinery of living cells to metabolically incorporate 
SIL amino acids.55,74 Incorporation of light and heavy amino acids 
into proteins creates proteomes that can precisely quantify the ef-
fect of treatment. The heavy and light samples are pooled before 
digestion and MS analysis. Although SILAC is generally used with 
cell culture, in vivo SILAC experiments are also feasible in rodents. 
This method is highly precise and can be applied in assessment of 
DDI potential, such as DME/transporter induction assays.75 The 
SILAC approach has also been adopted to generate global inter-
nal standards or super-SILAC mixes76 that can be used as spike-in 
standards for the analysis of sample proteins.

Another multiplexing approach is iTRAQ, which utilizes com-
mercially available kits for multiplexing 2, 3, 4, or 8 samples by co-
valently tagging primary amine groups of peptides.54 The iTRAQ 
reagents are isotopically labeled at different positions in such a 
manner that the total mass of the tag remains the same, but the 
fragments generated from the reagents report different masses. 
The samples are digested and incubated with the specific iTRAQ 
reagent before pooling. The pooled sample is analyzed, and the 
responses of specific reporter ions corresponding to individual 
samples generated on MS/MS analysis are reported. Using one  
reporter tag as calibrator, the remaining reporter peaks can be 
quantified. TMT labeling5 is similar to iTRAQ, and is available 
as 2-plex, 6-plex, 10-plex, and 11-plex formats. Unlike iTRAQ, in 
addition to primary amines, cysteine or carbonyl reacting TMT  
reagents are also available.

Recommended LC-MS techniques in DMPK and PD research
Factors that influence selection of proteomic approaches for DMPK 
and PD applications are (i) research aims (i.e., hypothesis-driven vs. 

hypothesis-generating), (ii) instrument accessibility, (iii) available 
expertise, and (iv) budget. In general, global proteomics is ideal 
for hypothesis-generating and discovery experiments, whereas tar-
geted proteomics is generally suited for hypothesis-driven research. 
Targeted techniques cannot be used to identify novel proteins 
or pathways. Rather, a rigorous discovery workflow should start 
with a preliminary discovery phase based on a global proteomic 
method, such as a shotgun DDA or a DIA experiment, followed 
by verification of target proteins using more accurate targeted tech-
niques, such as MRM or PRM. Targeted techniques will depend 
on prior knowledge collected in the initial discovery phase. Because 
triple-quadrupole MS is the most commonly used platform in 
DMPK/PD laboratories, AQUA is naturally a suitable quantifica-
tion approach, particularly if the number of target proteins is lim-
ited and when the proposed experiment is hypothesis-driven. It is 
recommended that at least two proteotypic peptides should ideally 
be used in targeted quantification to avoid false negatives in case 
of posttranslational modification, rare nonsynonymous SNPs, or 
peptide instability. Peptides embedded in the membrane should be 
avoided. A prototypic peptide that is validated by multiple research 
laboratories can be considered. Protein quantification is based on 
proteotypic peptides and, therefore, cannot be claimed as “absolute 
protein quantification.” Nevertheless, considerable effort should be 
made to explore and maximize recovery and digestion efficiency. In 
both MRM and PRM, the consensus is that multiple product ions 
(three or more) should be considered for reliable peptide quantifi-
cation. Because smaller product ions are susceptible to interference, 
larger ions should be considered in MRM whenever detectable, but 
monitoring the loss of small fragments, such as NH3 or H2O, is not 
recommended. A larger number of product ions should be moni-
tored at the method development stage and the list can be subse-
quently refined. If possible, the transition should include a product 
ion with an m/z value greater than that of the precursor to reduce 
interference. PSAQ is ideal for accurate measurements and should 
be encouraged whenever possible. Although it may be difficult to 
obtain standards for all the proteins, efforts can be made to gener-
ate authentic protein standards and share them across laboratories.

Label-free global proteomics is useful for simultaneous quantifi-
cation of a broad range of proteins. In the workshop, several views 
expressed preference for TPA over conventional AQUA/PSAQ 
targeted methods as a “gold-standard” technique for absolute quan-
tification; however, the majority was in favor of validated AQUA/
PSAQ assays for tier 1 applications (Table 3). Further validation by 
multiple laboratories is recommended to confirm TPA as a viable 
absolute quantification alternative for future clinical applications.

QconCAT has advantages when different variants of the same 
protein are targeted for phenotyping and when accurate descrip-
tion of expression intercorrelation is desired.71,72,77 However,  
developing QconCAT constructs takes substantial efforts,78,79 which  
makes it hard to switch peptides when the selected peptide fails. 
Furthermore, QconCAT does not necessarily ensure comparable 
digestion efficiency to the analyte protein. Flanking regions have 
been suggested to improve the quality of digestion80; however, the 
usefulness of this approach has yet to be proven. The claim that 
QconCAT addresses protease digestion efficiency can be tested 
by randomizing the sequences of proteotypic peptides in the 
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QconCAT or including the same peptide in different QconCATs. 
Both SILAC and QconCAT approaches have a limitation with 
contamination of light peptides in the heavy standard as complete 
labeling cannot be achieved. Subtraction of light peptide signal 
from heavy peptide signal was suggested, but it can yield erroneous 
results in the case of low abundance proteins.81

STUDY DESIGN, DATA ANALYSIS, QUALITY CONTROL, AND 
REPORTING
The strategy and experimental design in a specific project will  
invariably depend on the aim of the study and availability of  
instrumentation and expertise. The study plan should be in place 
before the investigation commences and participants in the study, 
including analysts and bioinformaticians, should contribute to the 
study design. Considerations for data analysis should be made in 
the design stage with attempts to minimize changes in the selected 
approach after data acquisition. Methods should be validated be-
fore the experiments and should follow published method vali-
dation guidance, such as the US Food and Drug Administration 
(FDA)82 or International Conference on Harmonization83 guide-
lines (e.g., tier 1 and tier 2, see Table 3).

Data analysis for targeted and global proteomics
Data acquired by targeted methods (mainly MRM and PRM) are 
analyzed based on initial selection of input, usually using univer-
sally available vendor-neutral software, such as Skyline84 (with its 
related web application Panorama85) or mProphet.86 In addition, 
default vendor software specific to different instruments can be 
used for assessing initial data output. Quantification is highly 

dependent on the choice of precursor and product ions moni-
tored. Recommended peptide selection criteria18 are generally fol-
lowed (Table 1). For MRM, the choice of the product ions should 
not be only based on intensity but also on the sequence.61 Criteria 
for targeted assay qualification (i.e., accepting data as reliable) in-
clude passing a minimum signal intensity threshold, coelution of 
peptide with standard, lack of interference from isobaric/isomeric 
peaks, and performance of the assay on quality control samples.

Compared with targeted data analysis, global data processing 
is more complex, which involves advanced bioinformatic tools, 
and the expertise of such analysis is still confined to core LC-MS 
facilities. Different software packages are used for this purpose 
depending on the type of data acquisition. Analysis of data-de-
pendent acquisition output can either rely on signal intensity66,87 
or spectral counting,88,89 with peak intensity being the more pop-
ular and arguably the more reliable approach.90 Intensity-based 
processing can be carried out using different software, including 
Progenesis QI (vendor-specific), MaxQuant, Proteios, Peaks, 
and OpenMS (open access). Comparative literature suggests 
that these software packages have similar performance and that 
quantitative output is sensitive to parameter settings.90 Spectral 
counts can be carried out using packages such as emPAI calc, 
PepC, QSpec, QProt, and Spectral Index. Another commonly 
used software, Mascot, also has an in-built emPAI calculator, 
which provides quantitative output with identification reports.

Normalization of target protein abundance
Data normalization is important for comparison of protein abun-
dances across samples. Total protein amount measured using 

Table 3  Designating DMPK/PD applications using a tiered, fit-for-purpose approach

  Characteristics DMPK/PD applications Optimum LC-MS approaches

Tier 1: Precise and 
accurate assays

• Absolute protein quantification
• The ability to measure repeatedly sets 

of analytes of interest within and 
across samples/experiments (A)

• These assays use internal standards 
for each analyte, for confident detec-

tion and precise quantification (B)
• High level of validation required

• Protein complex stoichiometry 
(hetero-complexes)

• Systems biology and QSP modeling 
• Cross-laboratory comparison 

• Quantification and comparison of mul-
tiple proteins in different samples

• Assessment of isoform distribution 
and allelic variants

• Long-term use of historical protein 
abundance data in PBPK modeling 

• Protein networks and alterations in 
disease

• MRM/PRM using PSAQ 
standards

• MRM using AQUA/
QconCAT standards

Tier 2: Precise 
assays

• Characteristics A and B • Use in PBPK modeling and IVIVE 
• Protein biomarker analysis 

• Interexperiment comparison
• Induction/suppression of abundance 

relative to control condition
• Interorganism differences

• MRM/PRM using AQUA/
QconCAT standards

• Global TPA

Tier 3: 
Semiquantitative 
assays

• High-throughput (shotgun proteomics)
• High coverage

• Method development
• Semiquantitative analysis 

• Regional and subcellular localization 
of proteins

• Biomarker discovery

• Discovery-scale DDA, DIA/
SWATH

AQUA, absolute quantification; DDA, data-dependent acquisition; DIA, data-independent acquisition; DMPK, drug metabolism and pharmacokinetics; IVIVE, in 
vitro-in vivo extrapolation; LC-MS, liquid chromatography-mass spectrometry; MRM, multiple reaction monitoring; PBPK, physiologically-based pharmacokinetics; 
PD, pharmacodynamics; PRM, parallel reaction monitoring; PSAQ, protein standards for absolute quantification; QconCAT, quantitative concatemers; QSP, 
quantitative systems pharmacology; TPA, total protein approach.
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colorimetric assays (e.g., Lowry, Bradford, and bicinchoninic acid 
assays) is traditionally applied for prenormalization or postnormal-
ization of abundance levels, leading to values expressed in units of 
pmol/mg or fmol/μg protein. However, this measurement is prone 
to errors due to incompatible buffer composition, the presence 
of surfactants, incomplete sample homogenization, and incor-
rect calibration. Consensus suggests that these methods should 
be improved or replaced with a more robust approach because of 
reported technical variability.91 A more recent alternative, which 
relies on tryptophan fluorescence, allows assessment of protein 
and peptide yield.46 Tissue mass can also be used for normaliza-
tion but has the limitation of being less applicable to in vitro sys-
tems. The use of relative expression factors (absolute scaling factor/
relative expression factor70,92) may eliminate differences in values 
used for normalization, where bias from one method used in the 
same laboratory is expected to be consistent.70 The most promising 
method may be the identification of robust and universal marker 
proteins (e.g., housekeeping proteins), which will require rigorous 
validation. A distinction should be made between the use of marker 
proteins for normalization of abundance and those used for estima-
tion of recovery/enrichment. The latter function can be served by 
several well-established protein markers, such as organelle-specific 
proteins with stable subcellular localization for subcellular mem-
brane enrichment and cell-specific markers for tissue enrichment.37

LLOQ and reliable protein measurements
Most ADME proteins are of low abundance and, therefore, the 
LLOQ should be clearly established (Figure 3c). This parameter 
is normally determined using multiple measurements (normally 
three) of serial dilutions of the analyte in an appropriate matrix 
until measured amounts are too low to yield consistent quanti-
fication (e.g., coefficient of variation  > 20%). A matched matrix 
approach is recommended, where a blank matrix from a different 
species, tissue, or cell lysate can be used as diluent for the sample of 
interest. However, selectivity (lack of interference) should be care-
fully examined in the diluent matrix before use. Serial dilution 
of heavy internal standards in an appropriate protein matrix can 
also be used to confirm the LLOQ. Signal to noise ratio of >5 is 
a minimal consideration for method validation when ≥2 product 
ions are used for quantification. Product ion quantification data 
should correlate and variability between them should be limited.

The LLOQ can be different for different peptides or for differ-
ent product ions from a peptide. For example, it is possible that 
one peptide is detected in all samples but the second peptide is 
only detected in some samples, and, therefore, it could be mis-
leading if peptide responses are averaged in such cases. It is recom-
mended that protein data should be presented based on individual 
peptides or the peptide with higher intensity should be used as a 
quantifier and the other peptide can be used as a qualifier. When 
the qualifier is confidently identified above the limit of detection, 
reporting these values as below the LLOQ should be encouraged, 
with appropriate description, in order to caution against skewed 
representation of the mean toward abundant measurements. 
When multiple peptides from the same protein are used, individ-
ual peptide values should be assessed for correlation and fold ratios 
between their values. This serves to ascertain agreement between 

peptide measurements in terms of quantification and rank order 
of samples. In global proteomics, LLOQ determination is more 
challenging due to the heavy dependence on data analysis tools 
and because several peptides (with different LLOQs) are normally 
used together for quantification. Therefore, ideally, samples con-
taining peptides with low signals should be repeated on multiple 
occasions, and the LLOQ should be determined based on the co-
efficient of variation between the resulting measurements.

Elements related to QC
The proteomic workflow requires assessment at each stage. 
Several steps were identified by participants as necessary QCs, 
which include:

1.	 Assessment of protein recovery/loss using house-keeping 
proteins.

2.	 Assessment of digestion efficiency using exogenous proteins 
codigested with analyte proteins, such as BSA or QconCAT 
constructs designed for this purpose. This can be done by 
monitoring missed cleavages and recovery of peptides at several 
intervals during digestion.

3.	 Assessment of protein-to-peptide conversion and miscleavage 
rates in global proteomics.

4.	 Assessment of heavy peptide stability (for targeted proteomics).
5.	 Assessment of subcellular markers for homogenization and en-

richment performance, monitored at different stages of sample 
processing.

6.	 Assessment of day-to-day and batch-to-batch variability 
(reproducibility).

7.	 Assessment of instrument stability over long runs using inter-
nal standard response.

8.	 Assessment of linearity of the assay and its LLOQ.
9.	 Assessment of target protein yield in each fraction when frac-

tionation is used to ensure consistency in comparing/scaling 
between different samples.

The required QCs should be communicated in published re-
ports in order to support the reproducibility and, hence, the cred-
ibility and transferability of ADME proteomic data. Concerns 
that QC steps are not receiving the required level of attention 
are now more widely expressed and this should be emphasized 
in guidelines on best practice. A universal sample (e.g., tissue ho-
mogenate, microsomes, cell lysate, or customized QconCAT sam-
ple) that expresses quantifiable amounts of the target proteins can 
be used as a positive QC. Such positive control could be shared 
across laboratories to establish intralaboratory reproducibility. 
Efforts should be made to generate and share such universal sam-
ples (a similar approach is used in the field of therapeutic drug 
monitoring).

Reporting of quantitative proteomic data
There is overwhelming consensus within the proteomics com-
munity that data sharing should be more actively encouraged. 
This can be a requirement by journals for publications to be ac-
cepted or by granting bodies before a grant is awarded. Data can 
be made available to scientists, regulators, clinicians, and public 
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members in a central repository, such as ProteomeXchange in 
the Pride database,93 and guidance should be in place to prevent 
unfair use of the data. Findings can be reported according to 
guidelines proposed by the Clinical Proteomic Tumor Analysis 
Consortium  (CPTAC).61,94 Reporting of experimental details 
must be comprehensive and should include61:

1.	 Study design
a	 Type and number of individual biological samples (power 

calculation)
b	 Replication (methodological, technical, and analytical)
c	 Type of sample preparation and LC-MS methods used

2.	 Assay development and optimization
a	 Efficiency of digestion (missed cleavage and time-dependent 

release of peptides)
b	 Stability of sample and standard peptides
c	 Performance of QC samples

3.	 Assay performance
a	 Specificity/selectivity
b	 Precision/reproducibility
c	 Linearity and dynamic range
d	 LLOQ/lower limit of detection for each analyte

4.	 Analytical validation and QC
5.	 Software and parameter settings used for file conversion and 

data analysis.

Manuscripts and presentations reporting quantitative pro-
teomic data should include all experimental assumptions and a 
complete description of experimental conditions. Experimental vs. 
biological variability should be described, and, finally, the purpose 
of the experiment should be clearly stated with the (predefined) 
acceptance criteria.

APPLICATIONS OF QUANTITATIVE PROTEOMICS IN 
TRANSLATIONAL PHARMAOCLOGY
Key applications of quantitative proteomics in translational 
pharmacology (PK and PD) research are outlined in Figure 4. 
These highlight the relevance of such data to the discipline of 
clinical pharmacology as the demand for more mechanistic un-
derstanding of the handling of drugs in various patient groups 
and variations in drug action in patients becomes the norm, not 
only by regulatory agencies but also healthcare providers. There 
are indications suggesting that such practices should be viewed 
in their post-“hype” era and not just based on promise and hope 
of impact.1

Proteomic approaches offer an effective alternative to address the 
gaps associated with availability of functional probes92,95,96 by pro-
viding the link for connecting in vitro data to in vivo observations 
and predicting the differences between animals and humans, as well 
as differences between patients with various comorbidities. This 
covers a wide array of DMEs, transporters, and pharmacologically 
relevant targets, such as receptors and enzymes. This also recognizes 
the limitations associated with pharmacometrics and purely top-
down data analyses as opposed to the more holistic QSP approach.97

Protein quantification is based on proteotypic peptides, and, 
therefore, to ensure consistent protease digestion, conserved 

proteotypic peptides should be used to assess differences between 
various groups (particularly interspecies differences) in the absence 
of purified protein standards. For cross-species differences, a “ma-
trix approach” is recommended that relies on multiple peptides, 
each of which is conserved between at least two different species. 
The matrix approach allows estimation of the relative abundance 
of a certain protein across multiple species that have distinct se-
quences through stepwise inference of relative quantification 
until a matrix is built. In this case, protease digestion could also 
be affected by differences in the regions flanking the conserved se-
quences and such differences should be noted in publications. This 
relative approach can also be applied to comparison of tissues from 
different patient groups; for example, the abundance of proteins 
in tissues of interest can be measured relative to controls.9,12,13 It 
should be emphasized here that differences between populations in 
protein affinity for the drug (Km) or drug turnover (kcat) cannot be 
addressed by proteomics, and most currently used IVIVE methods 
assume that differences in protein function between the control 
and target populations are due to abundance. However, differences 
in affinity and turnover caused by SNPs can be adequately identi-
fied in vitro when genotype and abundance data are available.

Scaling drug disposition from in vitro systems (e.g., microsomes, 
cell lines, or vesicles) to tissue(s) also makes several assumptions. 
First, the clearance is assumed to be directly proportional to the 
abundance of the “active” protein both in vitro and in vivo. Second, 
in the case of transporters, the proportion of transporters in the 
plasma membrane should either be measured in both systems or 
is assumed to be similar in vitro to in vivo.41 When transporter 
clearance is measured using overexpressed vesicles, the proportion 
of inside-out vesicles should be measured and a correction should 
be incorporated prior to IVIVE. Third, the mechanism of metab-
olism/transport in vitro is replicated in vivo; for example, stoichi-
ometry of DMEs and coenzymes/cofactors (CYP reductase and 
cytochrome b5) in metabolic clearance predictions or membrane 
potential in transporter studies.2 Fourth, as indicated above, the af-
finity and kcat of the protein for the drug is assumed to be the same 
in vitro and in vivo. That is, an assumption is made that any in vivo 
endogenous factors (e.g., solutes and plasma proteins) that can alter 
the affinity or kcat of the protein are also present in the in vitro sys-
tem. Recent evidence suggests that this may need to be taken into 
consideration for organic anion transporting polypeptides.98,99

If values from several laboratories are to be integrated for IVIVE, 
absolute protein quantification (i.e., tier 1) is critical. For example, 
absolute protein levels are essential if information on the abundance 
of a DME or transporter in human tissues from one laboratory is 
to be used in conjunction with information from another labora-
tory on transporter/metabolic clearance of a drug in a recombinant 
system. To accomplish this successfully, quantification of proteins 
should be standardized across laboratories. Indeed, harmonization 
was the goal of this workshop. However, until such standardization 
is achieved, an alternative approach to IVIVE is recommended 
using relative scaling approaches, such as absolute scaling factor/
relative expression factor.70,92,100 In this approach, if both datasets 
are generated in the same laboratory and relative protein extraction 
and digestion efficiencies for cell and tissue samples are similar, a rel-
ative expression factor can be established among systems for IVIVE 
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(Table 4). This approach has been successfully used for IVIVE of 
transporter-based clearance of drugs.2,3

CONCLUSION
The attendees of the Cambridge Workshop had the vision that with 
the increasing utility and popularity of quantitative proteomics, there 
is an urgent need to consolidate experiences of various groups working 
in the field and to create a structure of collective wisdom where con-
sensus can be achieved. The workshop was successful in conveying the 
critical need of optimized and harmonized practices for quantitative 
proteomics in translational pharmacology. The current report is a cul-
mination of efforts and contributions by the attendees and the authors 
are grateful to all participants on whose behalf this White Paper was 
prepared. Although this White Paper addresses several issues related to 
different methodological and application themes, various unresolved 
points are outlined, which the organizers aim to address through more 
coordinated research and participation in similar future workshops.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).

Table S1. Recommended definitions of terms and techniques used in 
quantitative proteomics.

Figure 4  Applications of relative and absolute proteomic quantification in translational pharmacology research. Top. “Absolute” quantification 
is needed when comparing multiple proteins in a sample (protein network analysis), whereas “relative” quantification works equally well if 
a single protein is compared across samples (effect of polymorphism, age, disease, etc.). Bottom. Quantitative proteomics applications in 
translational pharmacology research. The labels (1, 2, and 3) on different applications indicate the requirement for tier 1, tier 2, and tier 3 
assays (see Table 3). The colors on the applications refer to suitability of “absolute” (green), “relative” (blue), or both types of proteomic 
measurements for the application.

Table 4  Theoretical example illustrating the process of 
generating consistent cross-laboratory IVIVE scaling factors 
with consistent (but suboptimal) protein digestion efficiency

  Lab 1 Lab 2 Lab 3

Km (µM) 10 10 10

Vmax (cell line) (pmol/min/
mg protein)

100 100 100

Protein abundance in cell 
line (pmol/mg protein) [A]

25 50 75

Protein abundance in tissue 
(pmol/mg protein) [B]

5 10 15

IVIVE scaling factor 
[SF = B/A]

0.2 0.2 0.2

Clearance (in vivo) = [Vmax/
Km]cell line × SF

2 2 2

IVIVE, in vitro-in vivo extrapolation; Km, protein affinity for the drug; Vmax, 
maximal rate of metabolism.
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