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Review Introduction

Protein quantification data on drug metabolizing enzymes and transporters (collectively referred as 

DMET proteins) in human tissues are useful in predicting interindividual variability in drug 

disposition. While targeted proteomics is an emerging technique for quantification of DMET 

proteins, the methodology involves significant technical challenges especially when multiple 

samples are analyzed in a single study over a long period of time. Therefore, it is important to 

thoroughly address the critical variables that could affect DMET protein quantification.
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1. Introduction

Drug metabolism and drug transport are the primary mechanisms determining drug 

disposition in the body, for which the liver, intestine, kidney and brain play important roles. 

Interindividual variability in drug disposition poses a significant challenge during drug 

development and clinical practice. Demographic, biological and genetic factors such as age, 

sex, ethnicity, disease condition and genotype can affect activity or expression of drug 

metabolizing enzyme and transporter (DMET) proteins. Moreover, the effect of these 

population variables on DMET proteins is usually non-monotonic. For example, unlike the 

major cytochrome P450 (CYP) and uridine 5′-diphospho-glucuronosyltransferase (UGT) 

enzymes where age-dependent increase is observed in the protein abundance from neonates 

to adults (1, 2), CYP3A7 is a predominant fetal liver enzyme, protein abundance of which is 

steeply diminished after birth (3). Some enzymes such as CYP3A4 (4), CYP2B6 (5) and 

UGT2B17 (6) show gender-dependent activity. The enzyme activity or abundance of 

multiple hepatic DMEs are differentially regulated in disease status. For example, a 

significantly lower hepatic expression or activity of DMEs and transporters in patients with 

liver cirrhosis is reported as compared to the non-cirrhotic subjects (7, 8). Further, splice 

variants of DMET proteins such as CYP3A5 and CYP2C19 result in complete loss of 

activity (9, 10), while a non-synonymous single nucleotide polymorphism (SNP) of hepatic 
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organic anion transporting polypeptide 1B1 (OATP1B1), c.463C>A, is associated with 

increased transporter function in human (11). These factors can affect safety and efficacy of 

narrow therapeutic window drugs justifying the need to characterize the inter-interindividual 

variability in DMET protein activity or abundance.

Because clinical studies to determine inter-individual variability in DMET protein activity 

are not routinely feasible, in vitro activity or quantification of DMET protein abundance in 

human tissues relevant to drug disposition could be used as an alternate to predict variability 

in drug pharmacokinetics when integrated into physiologically-based pharmacokinetic 

(PBPK) models (8, 11–14). However, specific probe substrates to quantify in vitro activity 

for most of the DMET proteins, other than CYPs, are not often available. Regarding protein 

quantification, the conventional methods such as Western blot are less selective, 

cumbersome and lack in high-throughput. Although Western blot could also be quantitative 

when combined with a calibration curve prepared from a purified protein, this practice is 

less common and relative quantification is generally used (15). mRNA expression analysis is 

simple, multiplexed and rapid, but protein activity or abundance often poorly correlate with 

the mRNA signal, particularly in banked tissue samples (16, 17). Considering these 

limitations, targeted proteomics has emerged as an important technique to determine 

interindividual variability in DMET protein abundance in tissues relevant to drug disposition 

(Table 1).

The technique as shown in Figure 1, utilizes liquid chromatography coupled to tandem mass 

spectrometry (LC-MS/MS) that relies on selective quantification of the unique surrogate 

peptide(s) of the target protein in the protease-digested biological sample. The notable 

advantages of LC-MS/MS or selective or multiple reaction monitoring (SRM or MRM) 

proteomics are its ability to quantify multiple proteins in a sample (i.e., multiplexing), 

selectivity and reproducibility (47, 48). Besides its application in determining DMET protein 

interindividual variability, LC-MS/MS proteomics is proving to be an important technique in 

the field of drug metabolism and pharmacokinetics (DMPK), e.g., in vitro model validation 

(49, 50), in vitro to in vivo extrapolation (IVIVE) of drug clearance (51, 52), differential 

tissue or sub-cellular localization of proteins (48, 53), characterization of reactive 

metabolite-protein interaction (54) and protein biomarker discovery (e.g., exosome 

proteomics) (55). The approach has also been used to determine enzyme induction potential 

of drugs (56) and interspecies differences in protein abundance of DMET proteins, which 

affect animal model selection for drug toxicity studies (27, 57–59). Further, LC-MS/MS 

proteomics is a powerful tool to detect highly homologous proteins. For example, Mdr1a and 

Mdr1b are highly homologous proteins with >90% sequence similarity. However, by using 

specific peptides for each isoforms, NTTGALTTR (Mdr1a), NSTGSLTTR (Mdr1b), we 

selectively quantified these isoforms in mice placenta and brain (60). Similarly, highly 

homologous proteins such as human CYP3A4, CYP3A5 and CYP3A7, and UGT2B15 and 

UGT2B17 can be selectively quantified by using surrogate peptides (61).

While LC-MS/MS proteomics is emerging, it is not routinely used by a majority of DMPK 

laboratories, especially due to the shortage of technical expertise in this area. There are 

many methodological challenges that need to be thoroughly addressed for optimum protein 

quantification, especially when the technique is applied to analyze a big cohort of samples 
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over a long period. We have previously reported optimized quantitative proteomics method 

development protocol for DMET proteins (47, 61) and discussed the potential applications 

of quantitative proteomics data in the precision medicine (13). In this report, we discuss the 

critical issues and optimized practices for DMET protein quantification in human tissues or 

cells to detect subtle changes in the protein abundance due to the inter-individual or 

biological differences. Issues such as surrogate peptide quality, ion suppression in MS 

source, sample loss during processing, incomplete or inconsistent protein digestion, inter-

day variability and tissue quality are discussed with case examples. The recommended best 

practice to address these issues is also summarized.

2. Importance of quantitative DMET proteomics in PBPK modeling

There are four major limitations of the current PBPK models, which could be resolved by 

using quantitative proteomics data, i.e., i), non-availability of protein abundance data for 

non-CYP enzymes such as alcohol dehydrogenases (ADHs), aldehyde dehydrogenases 

(ALDHs), and aldehyde oxidase (AO), ii) lack of comprehensive extra-hepatic DMET 

protein abundance data, iii) minimal information on interindividual variability in DMET 

protein abundance or activity, and iv) scarcity of abundance data on DMET proteins in 

preclinical species for allometric scaling purpose. Following section highlights the 

importance of quantitative DMET abundance data in predicting interindividual variability 

associated with age, sex, ethnicity, disease condition and genotype.

While a clinical PK study utilizing specific substrate is the gold-standard to characterize the 

variability, human studies are challenging to conduct because of the ethical and logistical 

hurdles such as lack of specific in vivo probes, potential side effects, medical costs, and low-

throughput. Further, it is difficult to quantify in vitro activity of the transporters and a 

majority of the DMEs because of the non-availability of good in vitro models. Primary cells 

such as human hepatocytes isolated from the fresh tissues are also associated with altered 

expression or localization of these proteins (50, 62). Therefore, quantitative DMET 

proteomics data from banked human tissues could be used as an important alternate to 

predict interindividual variability in DMET protein activity. For example, since clinical trials 

are not routinely conducted during drug development on orphan populations such as 

children, DMET proteomics-based PBPK models could help in making appropriate decision 

when giving first-dose of a drug to such populations based on studies on adults. It has been 

previously demonstrated that drug transporters and DMEs can be precisely quantified in 

human tissues and the data obtained can be used to predict the effect of genetic variation 

(11), age (26) and disease condition (8).

Moreover, estimation of local tissue concentration is important to prediction of toxicity and 

efficacy of drugs. Since DMEs and transporters can dramatically affect tissue concentration 

without influencing systemic drug exposure (63–65), it is important that the tissue based 

PBPK models are developed. For that matter, when a drug is a substrate of uptake or efflux 

transporters, any drug-interaction affecting the transport function can cause differential 

effect on the plasma vs. tissue concentrations, e.g., inhibition of P-gp at the blood-brain 

barrier results differential effect on brain vs. plasma concentration of its substrate (66). Such 

hidden interactions and their variability across population could be predicted using 
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population PBPK models by integrating proteomics data with the in vitro kinetics data. Such 

approaches would be particularly important in cancer precision therapeutics, where targeted 

delivery is warranted for optimum safety and efficacy (67).

3. Critical issues and optimized practices in DMET proteomics towards 

determination of interindividual variability

Tissue proteomics generally involves a number of processing steps such as homogenization, 

protein extraction, protein solubilization, denaturation, reduction of disulfide bonds, 

alkylation of cysteine residues, desalting, enzymatic digestion, LC separation, and analysis 

by MS (47). Each step encompasses various factors which if not controlled could add 

significant technical variability to the protein quantification results. Reducing technical 

variability is not only important in accurate estimation of biological variability, it is also 

essential for the accurate study design and estimating statistical power (68). The number of 

samples needed to obtain statistical significance increases considerably with the technical 

variability (Figure 2) and could become prohibitive to measure the inter-individual 

variability as study requires longer time for analysis, and increased study cost (68). Such 

technical variability can be controlled by considering critical methodological factors 

discussed in this section.

3.1. Surrogate peptide qualification

Selection of optimum surrogate peptide(s) is the first critical step in protein quantification. 

An ideal peptide should be unique, sensitive, stable, soluble and LC-MS compatible (Figure 

3A) (47). The surrogate peptides should have optimum peptide length (6-22 amino acids). 

Reactive residues should be avoided; however, although cysteine (C) residue is highly 

reactive, it can be masked by iodoacetamide and therefore they should not present a 

significant technical issue. Peptides from transmembrane regions are difficult to extract and 

should be avoided. Peptides containing unstable residues (e.g., M and W), prone to 

autoxidation, should be given less priority. Peptide containing a residue susceptible to 

change due to non-synonymous single nucleotide polymorphism (SNPs) should be excluded 

unless they are the target of the study. For example, inclusion of a peptide with UGT2B15 

SNP, rs1902023 could lead to erratic results (Figure 3B). UGT2B15 peptides, SVINDPVYK 

and NYLEDSLLK are unique, however, in the second peptide, tyrosine (Y) at 85th position 

can be replaced by aspartic acid (D) due to gene variation (69). Quantification of UGT2B15 

using surrogate peptide, NYLEDSLLK (position 84 to 91) yielded half or zero protein 

abundance, as compared to the reference allele, in samples with heterozygous or 

homozygous variations, respectively (Figure 3B). Nevertheless, this information is useful for 

identifying non-synonymous variants. Highly homologous proteins, different only in leucine 

(L) or isoleucine (I) are not distinguished by LC-MS/MS due to similar mass-to-charge 

ratios of these peptides. For example, peptide, AGQLISELFTNR (a surrogate peptide of a 

non-hepatic carboxylesterase (CES) isoform, CES4), shows strong false positive signal in 

the liver digest as the latter has the same parent and the fragment ions to that of 

AGQLLSELFTNR representing hepatic CES isoform (CES1) (Figure 3C). Similarly, with 

respect to the liver and intestine, SAISIAEDEEWK is unique to CYP3A4 but CYP3A5 also 

contains isomeric proteotypic sequence SAISLAEDEEWK, which can cause overestimation 
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of protein abundance. Thus, if the surrogate peptides contain L or I, a homology search 

should be done to ensure that there is no other peptide in the sample matrix which is only 

different in these isomeric amino acids. A similar trend can be seen in much rarer occasions 

with sequence variants containing lysine (K) and glutamine (Q), which also have very close 

molecular weights, especially if K is not cleaved by trypsin such as when followed by a 

proline (P). Post translational modification (PTMs), which can affect native protein 

quantification should also be avoided unless a specific study targeting stoichiometric 

dynamics of modification is desirable (70). If possible, exclude sites prone to missed 

cleavage, consecutive dibasic or tribasic residues (commonly referred as ragged ends, RR, 

KK, RK, and KR), C-terminal prolines to the peptide bond and proximity of the cleavage 

site to acidic residues (namely glutamic (E) and aspartic (D) acids) (47). Some issues with 

ragged ends (KR and KK) can be addressed if a prior digestive step using Lys-C is included. 

Lys-C is an enzyme which can efficiently target the C-terminal bonds of K and has been 

shown to be compatible with quantitative proteomic experiments (71). Unlike trypsin, Lys-C 

can cleave K followed by proline (P), making it ideal for sequential protein digestion 

followed by trypsin to decrease missed cleavages. Solubility and stability of peptide 

standards should be predicted while selecting peptide and these parameters should be 

validated by experimentally determining the same (47).

Once the surrogate peptide is selected, the corresponding heavy peptide should be procured. 

Then, the multiple daughter ions generated from same parent ion of a target peptide should 

be superimposable and qualified by corresponding heavy peptide transitions (Figure 3D). 

Contamination of light peptide in the heavy peptide standard should also be checked to 

avoid false positive results.

3.2. Matrix effect, ion suppression or enhancement, and sample loss during sample 
preparation

Because of the complexity of biological matrices, ion suppression or enhancement is very 

common in peptide quantification by conventional LC-MS/MS. Such effect is generally 

caused by lipids and other small molecules such as salts, buffers and peptides that co-elute 

and compete with peptides for ionization (72). Desalting by liquid-liquid extraction (26) or 

solid-phase extraction(73) before and/or after trypsin digestion reduces matrix complexity 

for the subsequent LC-MS/MS analysis. In addition, the mobile phase gradient can be set to 

elute all the polar buffer or salts and lipids to the waste before and after target peptide 

elution, respectively. For example, in a 30-min method, we usually divert the effluent to the 

waste for first five minutes and the last five minutes to avoid contamination of the MS 

source. Such flow diversion significantly helps in removing impurities affecting ionization.

While sample cleaning is an important step, the matrix effect can be assessed by using heavy 

labeled peptide as internal standard. Figure 4A shows correlation of a light peptide generated 

from bovine serum albumin (BSA) (the exogenous protein internal standard) and its 

corresponding heavy internal standard peptide. Since the known amounts of protein and 

peptide internal standards were added to all the samples, we expected a narrow range of 

distribution for these analytes. However, because of the differential ion suppression across 

samples, the correlation plot shows a wide linear distribution range indicating ion 
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suppression which is addressed by the heavy peptide. Other than normalizing ion 

suppression and poor spray stability, addition of heavy peptides provides high degree of 

confidence because of the following additional reasons (74). First, heavy peptide is almost 

identical in the physicochemical properties and co-elutes with the light target peptide. 

Second, heavy peptide yields the corresponding fragment ions of the light peptide. Third, 

heavy peptide is generally identical in relative abundances of the fragment ions as the light 

peptide. And finally, the heavy peptide also serves as a control for sample concentration 

change due to evaporation or non-specific binding to the LC-MS/MS vial.

Sample loss during processing can be addressed by including an exogenous protein as an 

internal standard, which is spiked into the homogenized sample before protein denaturation 

(26, 46) Especially desalting by liquid-liquid extraction before trypsin digestion is a delicate 

step, where sample loss is generally unavoidable. As shown in Figure 4B, additional of BSA 

as an exogenous protein in the protocol resulted significant reduction of % coefficient of 

variance (%CV) in quantification of INEGFDLLR, a surrogate peptide for hepatic ADH1C 

(46).

The quality of peptide signal can be verified by plotting correlation between multiple 

fragments or SRM transitions generated from a peptide across different samples as long as 

the total protein concentration in the sample used for digestion was the same (Figure 4C). 

Since ion suppression can equally affect the fragment ions, ideally multiple peptides of a 

protein can be used to measure whether the variability in peak response reflects the true 

biological variability (Figure 4D).

3.3. Incomplete vs. inconsistent protein digestion and the concept of absolute scaling 
factor (ASF)

While most of the published data on DMET protein quantification are presented as absolute 

values e.g., pmol/mg total protein, it is important to acknowledge that these data are 

generally based on light or heavy peptide as a calibrator. This problem can only be addressed 

if a purified protein standard is available to generate calibration curve and undergoes the 

same processing steps as the samples (26). However, since analytical grade proteins are not 

routinely available, synthetic peptides are commonly used as a calibrator. If the latter is the 

case, it is important that the protein of interest is completely digested to its peptide 

fragments. While maximum digestion efficiency can be reached by changing digestion time 

or protease concentration, applying micro-wave assisted digestion, and adding different 

surfactant and solubilizing agents or protease type (Lyc-C plus trypsin) (21, 71, 75), it is 

usually difficult to prove whether digestion is complete (100% efficiency). Peptide stability 

is an important factor determining apparent digestion efficiency as some peptides degrade 

faster than others (76).

It is a common apprehension in the PBPK field that the protein quantification data, which is 

generated using a peptide calibrator may not be applicable to IVIVE or to predict 

interindividual variability as these are not absolute values due to incomplete digestion 

inefficiency (77). However, in our opinion irrespective of digestion efficiency, inter-system 

or interindividual variability (relative fold difference) in DMET protein abundance can be 

accurately measured if the extraction and digestion efficiency remain reproducible across 
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samples. We propose the concept of absolute scaling factor (ASF) which relies on the fact 

that if the % extraction and digestion efficiency between samples remains consistent, the 

values obtained by using peptide calibrator will indicate true fold biological variability. 

Quantification of two peptides for OCT2, LNPSFLDLVR and SPGVAELSLR in HEK293 

cells and kidney tissue homogenates yields the same absolute scaling factor 

(Expressionin vivo/Expressionin vitro) (Figure 5) for IVIVE, although absolute protein 

abundance values are different using peptides as calibrators. ASF can also be applied to 

compare transporter expression between different primary cells or cell-lines. This concept is 

essentially like relative expression factor (REF), which is generally used for the IVIVE of 

transporter mediated drug clearance (11, 78, 79).

Pre-digestion variables such as sample matrix and reagent quality can also affect peptide 

yield. Arnold et al., demonstrated matrix-dependent effect on trypsin digestion and absolute 

quantification of ALDH1A1 (76). A comprehensive study by Walmsley et al., (80) revealed 

the origin of trypsin as a significant source of variability in proteomics. Notably, bovine 

trypsin produced a significantly higher number of missed cleavage peptides, whereas 

porcine trypsin resulted in more semi-tryptic peptides. On the other hand, recombinant 

trypsin is free of chymotrypsin and exhibits high specific activity (80). Moreover, variable 

digestion kinetics patterns are often observed when using different trypsin sources (80). 

Other variables such as protein loss during enrichment or desalting step (e.g., methanol-

chloroform-water extraction) (46) and sample-to-sample trypsin digestion artifacts, should 

be considered. While the apparent trypsin digestion efficiency could be protein or peptide-

specific, addition of exogenous protein such as BSA, beta-casein, beta-galactosidase (25, 29, 

81) is an important control for pre-digestion variables (Supplementary Figure 1). Effect of 

surfactant, reducing or alkylating agents on digestion efficiency can be reduced by a 

desalting step such as solid-phase extraction (73) or the use chloroform-methanol-water 

extraction (26) before trypsin digestion.

3.4. Data analysis variables and recommended controls

SRM analysis of peptides is a three step process, which involves peptide parent ion selection 

in the first quadrupole (Q1), fragmentation of the selected ion in the second quadrupole (Q2) 

and selection of the specific fragments in the third quadrupole (Q3) (Figure 1). However, 

simultaneous monitoring of multiple SRM transitions increases the total cycle time which 

compromises the number of data points for each peptide signal. To avoid this problem, 

scheduled SRM approach involving multiple retention time windows based on peptide 

hydrophobicity, is recommended (47). The scheduled SRM approach enables analysis of 

significantly more number of peptides per LC-MS run. This is more useful during method 

development as retention time can be predicted by using theoretical sequence specific 

retention time calculation as previously discussed by us in detail (61). As a quality check, 

signals of multiple daughter ions or transitions of a parent should be superimposable, elute at 

predicted retention time and qualified by corresponding heavy transitions (Figure 3D). There 

could be other superimposable higher intensity signals (ghost peaks) in the specific retention 

time window, which should to be identified by using heavy labeled peptide to avoid false 

positive results (Figure 3D).
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Ideally the lower limit of quantification (LLOQ) is established by spiking standards into 

blank matrices. However, blank matrix for qualification of endogenous proteins in a tissue 

sample is not available. The light peptide standards are usually spiked into a buffer to 

generate a calibration curve (11). Alternatively, calibration curve made by spiking of known 

heavy standards in to the matrix/buffer also provides estimates of dynamic range and LLOQ 

(Supplementary Table 1). For specific proteins, LLOQ can also be verified by using gene-

deletion or splice variant samples. For example, in the case of UGT2B17, we estimated 

LLOQ based on light peptide response in the UGT2B17 gene deletion (del/del) sample 

(unpublished data).

Inter-day data variability can be caused by many small changes in the sample preparation 

and LC-MS/MS platform: different trypsin batches, different batches of buffer, decay in 

performance of columns, electrospray tips, inlet capillaries and instrument components, 

drifts in calibration and tuning, etc. Re-analysis of a pooled or specific sample across 

different batches addresses such inter-day variability. For example, for each day, the data can 

be normalized to the quality control. Instead of analysis of samples in triplicates in a single 

batch, we recommend repeating the whole experiment (digestion and LC-MS/MS analysis) 

independently on three different days. This establishes the robustness of the method. While 

the standard deviation in repeat analysis is high, there is more confidence on the data quality. 

Table 2 shows a systematic three-step data normalization strategy used in our laboratory to 

perform protein quantification data analysis.

3.5 Additional challenges in quantitative DMET proteomics

Quantification of proteins in a non-homogenous tissue (kidney, brain, and intestine) requires 

information on location of the dissection region. For example, different brain cortex regions 

are perfused differentially and vary in neuroanatomy, which can result in differential protein 

abundance. If such information is available, intersegment variability in the protein 

abundance can be quantified as a confounding factor in the interindividual variability 

determination (29).

It is important for transporter quantification in primary cells or overexpression cell-lines to 

address that the transporters are correctly expressed in the plasma membrane. Intracellular 

accumulation of non-functional transporters due to dysfunctional trafficking quantified by 

the crude membrane fractions, could be misleading when these data are used for IVIVE. 

Isolation of pure plasma membrane fractions, though difficult, could be achieved (82). 

Variability in subcellular fraction purity, yield and enrichment could be confounding in 

determining interindividual variability. Use of marker proteins specific to each subcellular 

fraction can be promising. For example, although Na+/K+−ATPase is expressed only in the 

basolateral membrane, it can serve as a plasma membrane marker to evaluate if drug 

transporters are co-expressed with the marker (49).

The ultimate success of protein measurement can be established by evaluating correlation of 

protein abundance with activity of specific substrates. Ohtsuki et al. showed that in 17 liver 

biopsy samples, the protein expression levels of CYP3A4, CYP2B6, CYP2C8 and 

CYP2C19, CYP2E1, CYP1A2, CYP2C9 and CYP2D6 reasonably correlate with the 

corresponding enzyme activity (r2=0.68 to 0.95) (16). In our hands, CYP3A4 expression 

Bhatt and Prasad Page 8

Clin Pharmacol Ther. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



data correlate well with 4-OH-midazolam formation (Supplementary Figure 2, unpublished 

data). Recently, Kumar et al. showed that proteomics data correlate well with activity of 

OATP1B1 and BCRP in cell lines expressing the proteins (49). Principal component analysis 

(PCA) of multiple proteins in a data set can identify poor quality samples, considering that 

the quality of sample affects all the proteins in the same manner (Supplementary Figure 3).

Inter-laboratory variability in absolute quantification of DMET proteins (83) highlights the 

major limitation of the technique. All the variable affecting technical variability which we 

have discussed may differ laboratory-to-laboratory. Purity of protein or peptide standards 

provided by suppliers is crucial for absolute quantification. Another major challenge is to 

verify quality of archived tissue samples. Information on procurement, storage and handling 

of tissue samples as well as detailed demographics should be available to tease out some 

confounding factors to interindividual variability determination.

Inherently low sensitivity of LC-MS/MS detection (as compared to fluorescence detection), 

cost of instrument and non-availability of skilled manpower in the field are other challenges. 

Moreover, invasive nature of tissue sample procurement restricts application of tissue 

proteomics to the available samples from tissue banks.

6. Recommended best practices

Hypothesis-driven LC-MS/MS experiment offers high selectivity, dynamic range, large 

capacity for multiplexing (up to hundreds of proteins per analysis in scheduled SRM), cost-

effective transition from assay development to tissue sample analysis. During method 

development, basic reliability of assay can be achieved by i) ensuring complete co-elution or 

overlap of the entire set of monitored fragment ions for both heavy and light for each 

analyte, ii) establishing that the m/z and relative ratios of precursor and fragment ions for the 

analyte measured compared with those of an authentic standard spectrum, iii) correlating the 

observed retention of the peptide to the predicted (or previously observed) retention of an 

authentic peptide, and iii) ensuring reproducibility of the results across multiple biological or 

full process replicates (72). We propose a systemic strategy as outlined in Figure 6. Briefly, 

full-process triplicates, addition of external protein standard in the sample, addition of 

pooled heavy internal standards in each sample and use of pooled quality control samples to 

obtain robust proteomics data are critical steps for optimum results. While the targeted SRM 

or MRM proteomics was the focus of this review, the best practices discussed above can be 

applied to other emerging quantitative proteomics approaches such as data-independent 

analysis sequential window acquisition of all theoretical fragment ion spectra (SWATH) 

(84), and parallel reaction monitoring (PRM) (85).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DME Drug-metabolizing enzyme

DMET drug metabolizing enzyme and transporter

LC-MS/MS liquid chromatography coupled with tandem mass spectrometry

MRM multiple reaction monitoring

PK pharmacokinetics

PBPK physiologically based pharmacokinetic

SRM selective reaction monitoring
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Figure 1. 
The LC-MS/MS tissue proteomics workflow. Tissues are homogenized, proteins are 

solubilized and digested. The digest is separated by LC, and the surrogate peptides are 

analyzed by triple quadrupole MS instrument in SRM mode (revised from Prasad et al. 

(47)).
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Figure 2. 
Effect of technical variability (%CV) on number of samples needed to observe 10, 25 and 

50% effect with 80% power with alpha value of 0.05.
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Figure 3. 
A. Generic peptide selection workflow and criterion used by our laboratory. First, Uniprot 

Entry number, i.e., unique and stable identifier, is obtained (http://www.uniprot.org). Using 

the Uniprot Entry number, MS-responsive peptides and corresponding SRM transitions are 

selected (http://www.srmatlas.org). These transitions are imported in Skyline software 

(https://skyline.ms/project/home/software/Skyline/begin.view), where topological location 

of peptides, reported SNPs, PTM sites and variants can be identified using Protter tool 

(http://wlab.ethz.ch/protter/start/). Surrogate peptides should be unique to the protein of 

interest, which can be confirmed by MS-homology search such as by using Protein 

Prospector (http://prospector.ucsf.edu/prospector/mshome.htm). By using sequence specific 

retention calculator (http://hs2.proteome.ca/SSRCalc/SSRCalcX.html) hydrophobicity and 

subsequent retention time can be estimated. For example, for a specific LC column, buffer 

composition and gradient flow, we derived a simple regression equation between 

hydrophobicity and actual retention time of known peptide standards that we use for our 

predictions of retention time. Critical peptide characteristics are summarized in the Figure 

1A on the bottom inset (47, 61). B. Inclusion of peptide with non-synonymous SNP of 

UGT2B15 could lead erratic interpretation of interindividual variability in protein 

abundance. UGT2B15 peptides, SVINDPVYK and NYLEDSLLK are unique, however, in 

the second peptide, tyrosine (Y) at 85th position can be replaced by aspartic acid (D) due to 

genetic polymorphism. Relative quantification of UGT2B15 across samples using 

NYLEDSLLK resulted half or no abundance in donors harboring heterozygous or 

homozygous variants, respectively, as compared to the reference allele. C. Highly 

homologues proteins, different only in isomeric leucine or isoleucine are not distinguished 
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by LC-MS/MS. For example, peptide, AGQLISELFTNR (a surrogate peptide of a non-

hepatic carboxylesterase (CES) isoform, CES4), shows strong false positive signal in the 

liver digest as the latter has the same parent and the fragment ions to that of 

AGQLLSELFTNR representing hepatic CES isoform (CES1) (inset). D. Typical extracted 

ion chromatogram of light and peptide TVLAVFGK in trypsin digest of the kidney tissue 

sample. Peaks for multiple daughter ion coming from same parent ion should be 

superimposable and qualified by corresponding heavy peptide transition. For example, peak 

at retention time 14.2 minute qualifies the correct peak.
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Figure 4. 
A. Effect of ion suppression or sample loss during processing on peak areas of light (x-axis) 

and heavy (y-axis) peptides of BSA added as an exogenous protein internal standard. Known 

amount of BSA and the corresponding heavy labeled peptide were added in each sample and 

the correlation plot was made between peak areas of light and heavy BSA peptide, 

LVNELTEFAK. Both spiked light (protein) and heavy (peptide) internal standards indicate 

sample loss, which can be corrected by normalizing response of the light peptide by the 

heavy peptide. B. % CV of a model protein, ADH1C analysis done on three consecutive 

dates on full processing replicates. BSA can address inter-day trypsin digestion variability 

and/or sample loss during the sample preparation. Y-axis is % coefficient of variation of 

peak area ratio of the ADH1C peptide, the BSA peptide and the ADH1C peptide normalize 

to the BSA peptide, respectively. X-axis is sample number. Normalization of the data with 

the BSA significantly reduces the % coefficient of variation. C. Correlation between peak 

areas of two daughter ions of the ADH1C surrogate peptide, GAIFGGFK. D. Correlation 

between % relative abundance (normalize to quality control sample) of two ADH1C 

surrogate peptides, GAIFGGFK and INEGFDLLR.
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Figure 5. 
Concept of absolute scaling factor (ASF). While peptide yields due to differential trypsin 

digestion efficiency of individual peptides could be different, ASF remains constant. 

Therefore, irrespective of absolute quantification, ASF can reliably predict interindividual 

variability or extrapolated drug clearance from cell system to in vivo. For example, OCT2 

abundance can differ between two peptides, however estimated ASF values (kidney tissue 

vs. HEK293 cells) will remain the same for IVIVE purpose and prediction of interindividual 

variability.
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Figure 6. 
Optimized workflow of quantitative proteomics analysis applicable to large cohort of 

biological samples for accurate determination of interindividual (biological) variability.
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Table 1

Representative published proteomics studies on quantification of DMEs/transporters to determine 

interindividual variability in human.

Proteins Tissue Population/sample
(number of samples)

Reference

CYPs, UGTs, CYP reductase and 
transporters

Jejunum Tissue from obese donors (24) (18)

UGTs Liver Nontumorous liver samples (48) (19)

CYPs, UGTs, CYP reductase and 
transporters

Liver Livers (17) (16)

UGTs Liver, kidney, and intestine HLM (9 individual donors)
Pooled HLM, HKM and HIM
HIM (3 individual donors)

(20)

UGTs Liver, intestinal, and kidney Pooled HLM, (21)

CYPs, UGTs Liver Hepatocellular carcinoma (HCC) tissue (15) and pooled 
HLM

(22)

CYPs and UGTs Jejunum
Liver

Jejunum (3)
Pooled HLM and HIM

(23)

CYPs and UGTs Liver HLM pool (50)Individual HLM (23) (24)

UGTs Liver Individual HLM (n = 60)
individual S9 fractions (n = 59)

(25)

CESs Liver Pediatric (136) and adults (35) (26)

OATPs and P-gp Liver Tissue (5), hepatocytes (12) (11)

CYP2C19 Liver HLM (347) (10)

Transporters Liver Tissue (55) (27)

MRP2 Liver Tissue (51) (17)

BCRP Liver Tissue (65) (28)

Transporters Kidney Cortex tissue (41) (29)

Transporters Intestine Six organ donors (one female, five males) (30)

Aldehyde oxidase Liver Pooled cytosol (31)

Transporters Liver and Kidney Tissue (25)

CYP2D6 Liver CYP2D6.1 and CYP2D6.10 supersomes and pooled HLM (32)

CYPs Liver 12 individual HLM (32, 33)

CYPs, UGTs, transporters Liver, Kidney Pooled HLM, HKM, and HIM (13) (34)

CYP4F2 Liver Pooled HLM (n=50) (35)

CYP3A7 Liver Fetal liver microsomes (16) (36)

Transporters Blood-brain barrier (BBB) Brian microvessels (7) (37)

Transporters and DMEs BBB Brian microvessels (12) (38)

CYPs Liver Livers (100) (39, 40)

FMOs Liver HLM pool, Individual adult HLM (9), Livers (7-fetal and 
16 pediatric donors)

(41, 42)

Transporters Intestine Distal jejunum (n=3) and distal ileum (n=1) enterocyte 
membranes

(43)

CYP2D6 Liver HLM (30) (44)

UGTs Kidney Kidney (12 normal and 14 neoplastic) (45)

ADHs and ALDH1A1 Liver Cytosol, pediatric (137) and adults (57) (46)
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