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Graphical Abstract 

 

 

Highlights 

 Development of QconCAT proteomic assay to characterize CYP2B6 K262R polymorphism  

 Simultaneous phenotype determination and quantification of each allele product  

 Assessment of correlation between CYP2B6 genotype and phenotype  

 Assessment of correlation between allele-specific CYP2B6 levels and its activity 
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Abstract 

Clinically-relevant proteins are routinely characterized by targeted proteomic methods, which offer high 

accuracy and reproducibility. However, assays developed for these techniques lack distinction between 

different alleles expressed in biological samples. The significance of assessing such variations in genes 

relevant to pharmacology will depend on their prevalence and effects on drug therapy. We propose 

quantitative allele-specific proteomics for simultaneous abundance measurement and determination of 

missense polymorphisms. We employed a targeted proteomic strategy using a QconCAT standard 

which included two surrogate peptides (at 1:1 ratio) for a prevalent variation of CYP2B6 (K262R) so 

that the two variants could be quantified directly. Measurement was carried out in 24 human liver 

samples, out of which 21 were genotyped. Allele-specific analysis of CYP2B6 expression was accurate 

and precise (CV<9%), leading to determination of allele expression ratios (variant to wild type) for 

heterozygous (1.006 ± 0.079, n = 12) and homozygous (0.005 ± 0.004, n = 8) phenotypes. The 

abundance of CYP2B6 was 7.4 ± 7.8 pmol mg-1 microsomal protein and showed good correlation with 

activity (Rs = 0.91, p<0.0001; R2 = 0.93). Comparable abundance (and activity) appeared to be 

associated with genotypes that express at least one wild type allele, which was corroborated by turnover 

values. This proof-of-principle study demonstrates the possibility of simultaneous determination of 

CYP2B6 phenotype and abundance by independent assessment of allele products.         

Abbreviations 

CYP, cytochrome P450; HLM, human liver microsomes; LC, liquid chromatography; MRM, multiple 

reaction monitoring; MS, mass spectrometry; MS/MS, tandem mass spectrometry; QconCAT, 

quantification concatemer; wt, wild type. 
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1. Introduction 

Optimization of drug therapy using computational quantitative systems pharmacology  models requires 

‘systems’ information to be collected at different levels, including genotype and protein abundance for 

the target patients, and in vitro data for the drug against target proteins (e.g. enzymes, transporters and 

receptors) [1]. This highlights the potential role of ‘omic’ strategies, including quantitative proteomics, 

in informing and refining these models. A range of state-of-the-art proteomic approaches are currently 

available, with specific advantages and limitations, which determine their applications in pharmacology 

research [2]. Targeted proteomic quantification has traditionally relied on the use of standard peptides 

that are selected to allow quantification of the protein of interest, with one of the main criteria being 

avoidance of polymorphisms [3]. Advances in methodology allow us to turn the polymorphism 

challenge into an opportunity - we propose that clinically significant missense polymorphisms should 

be characterized to allow patient-to-patient variation in drug clearance to be better elucidated. A 

clinically significant polymorphism is arbitrarily defined as one that is prevalent (>1%) in a certain 

population and is shown to affect activity [4].    

Drug and xenobiotic metabolic clearance is mainly driven by the activity of cytochrome P450 (CYP) 

enzymes, which are encoded by 57 functional genes, out of which 12 isoforms belonging to three 

families are the main contributors to drug metabolism (CYP1A1, 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 

2D6, 2E1, 2J2, 3A4 and 3A5). The CYP enzymes with the highest contribution to drug metabolism are 

hepatic CYP3A4/5, 2D6, 2C9, 1A2, 2B6 and 2C19, accounting for approximately 85% of drug 

metabolism pathways [5]. These enzymes have a highly polymorphic nature; some variants have similar 

activity to the wild type, but others are profoundly different. Therefore, identification of polymorphic 

variants of clinical significance and characterization of their protein products is required to improve 

drug pharmacokinetic predictions [6].  

While the most widely studied cytochrome P450 enzymes for polymorphism are CYP2D6 and 

CYP2C9, the importance of CYP2B6 in drug metabolism has emerged recently owing to its inducibility, 

polymorphic nature and numerous substrates, including narrow therapeutic index drugs, such as the 

anti-cancer drug cyclophosphamide and the non-nucleoside reverse transcriptase inhibitor efavirenz, 
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which is used against HIV [7]. A number of CYP2B6 polymorphisms with clinical consequences are 

highly prevalent in certain populations. For example, the variation K262R (CYP2B6*4, *6, *7, *13, 

*16, *19, *20, *26, *34, *36, *37 and *38), which can lead to alterations in expression and catalytic 

activity, is particularly prevalent in South Asians, Africans and Caucasians [4].  

We have previously described the principle of quantitative allele-specific proteomics (Q-ASP) of 

enzymes to characterize missense polymorphisms [8,9], however we did not provide details of the 

validation and application of this method. The aim of this study is therefore to describe the allele-

specific assay and to demonstrate its application to CYP2B6 K262R variation. This application is 

intended to assess the possibility of simultaneously predicting the enzyme polymorphism (by 

determining the phenotype) and measuring its protein concentration using allele-specific proteomics in 

a well-characterized set of liver samples.  

2. Materials and Methods 

2.1 Characteristics of human liver microsomal samples  

Individual human liver microsomal (HLM, n = 24) samples and one microsomal pool from 50 human 

livers were provided by Pfizer (Groton, CT) with associated demographic information, total cytochrome 

P450 content, genotype and enzyme activity data. The individual sample set included 23 liver 

microsomal samples from Caucasian subjects and one from an African American donor. The samples 

were acquired from BD Gentest or Vitron with ethical cover by the suppliers. Preparation of 

microsomes by the suppliers followed a standard protocol. CYP2B6 genotype information was 

available for 21 samples and 3 samples were not genotyped. Total cytochrome P450 was estimated for 

each individual sample using CO-difference spectroscopy. The pooled sample was used in this study 

for assay development. Table S1 shows characteristics of the sample donors.   

2.2 QconCAT standard  

The QconCAT standard (MetCAT), designed for the quantification of drug-metabolizing enzymes [8], 

included standard peptides for the quantification of 15 CYP enzymes in addition to peptides common 

to CYP sub-families. QconCAT expression and quality assessment is summarized in Supplementary 
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Methods. The QconCAT sequence also included two allele-specific peptides representing CYP2B6 

K262R polymorphism (Table 1).  

2.3 Sample preparation for proteomic analysis of CYP2B6  

Sample preparation for LC-MS analysis of CYP2B6 was performed as described previously [8,9]. 

Briefly, microsomal protein content in the samples was determined using the Bradford method. The 

amount of sample protein prepared was 26-46 µg from individual microsomal samples using a gel-

based method after solubilization in 5% w/v SDS. Microsomal samples and isotope-labeled QconCAT 

standard (expressed in Escherichia coli) were diluted 1:10, loaded on 10% w/v SDS-PAGE gels and 

analyzed in duplicate. Sample gel bands were excised between 45 and 65 kDa (and 78 kDa for the 

QconCAT). Protein disulfide bonds were reduced using dithiothreitol (10 mM, 50°C, 30 min) and 

alkylated with iodoacetamide (55 mM, room temperature, in the dark, 1 hour). Proteolysis was carried 

out in 25 mM ammonium bicarbonate buffer, pH 8.0, using lysyl endopeptidase (1% w/w, 30°C, 4 

hours) followed by trypsin (1% w/w, 37°C, overnight). Sample peptides were collected, spiked with 

QconCAT digest and transferred to MS vials for LC-MS analysis.   

2.4 Global proteomic analysis of CYP2B6  

Global proteomic analysis was performed to assess the feasibility of detecting the CYP2B6 peptide 

harboring the K262R polymorphism by LC-MS proteomics. Prepared liver digests (45 ng) from a subset 

of human liver microsomes (n = 4) were analyzed on a nanoACQUITY™ UPLC® system (Waters, 

Manchester, UK) connected to a SYNAPT™ G2-Si mass spectrometer (Waters). Peptides were injected 

onto a Symmetry C18 trap column (5 μm, 180 μm × 20 mm) and eluted onto a HSS T3 analytical 

column (1.8 μm, 75 μm × 250 mm). The LC program consisted of a gradient (3 to 60%) of acetonitrile 

in HPLC water (with 0.1% v/v formic acid) over 40 min at a flow rate of 300 nl min-1. MS was 

performed based on high-definition MSE [10]. Data analysis was done using MassLynx v4.1 and 

ProteinLynx Global Server (PLGS) v3.0.2 with IdentityE (Waters) search engine for data-independent 

acquisition. A list of all identified CYP2B6 peptides was then extracted. 
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2.5 Targeted allele-specific proteomic analysis of CYP2B6  

After confirming the detection of the polymorphic peptide (ETLDPSAPK) using global proteomics 

(Table S2), targeted allele-specific quantification was carried out to assess the levels of the two variants. 

The QconCAT sequence included heavy isotope-labeled versions of the two surrogate peptides 

(ETLDPSAPK, ETLDPSAPR). Microsomal material (0.6-1.3 µg) from 24 liver samples was analyzed 

using scheduled multiple reaction monitoring (MRM) on a nanoACQUITY nano-HPLC system 

(Waters, UK) coupled to a TSQ Vantage triple quadrupole mass spectrometer (Thermo Fisher 

Scientific, USA) operated using Xcalibur v2.0.6 (Thermo Fisher). Peptides were eluted from a Waters 

HSS T3 C18 analytical column (1.8 µm, 75 µm × 150 mm) at a flow rate of 300 nl min-1 with a gradient 

of 3% to 50% acetonitrile over 40 min. Skyline v1.4 was used to design the transitions (Table 1) and 

Skyline v4.2 was used to analyze the data. Samples were interspersed by blanks, which were analyzed 

to assess carry-over. For quantitative assay development, a pooled sample from 50 livers (30 µg) was 

prepared and analyzed using the designed assay to assess technical, analytical, intra-day and inter-day 

variability. Linearity was evaluated by analyzing a range of 0.08-2.31 µg of microsomal pool protein.  

2.5 Targeted proteomic data analysis  

Data analysis followed our previously published methodology [9] with additional considerations for the 

purity of the QconCAT standard. Skyline v4.2 was used for analysis of MRM data. Quantitative ratios 

were calculated based on signal intensity (area ratios) of three fragment ions from each peptide. Allele-

specific measurement of CYP2B6 was performed by measuring surrogate peptides for each allele 

separately (ETLDPSAPK for wild type, ETLDPSAPR for variant). For example, to characterize 

CYP2B6 K262R in liver sample 1 (genotyped as *1/*6), the abundance of CYP2B6 was measured 

using Equation 1 and the ratio of variant to wild type was determined according to Equation 2.  

[CYP2B6] =  [CYP2B6 ∗ 1]  + [CYP2B6 ∗ 6] = [ETLDPSAPK]  + [ETLDPSAPR]                (1) 

𝑅𝑣𝑎𝑟𝑖𝑎𝑛𝑡 𝑤𝑡⁄ =  [CYP2B6 ∗ 6] [CYP2B6 ∗ 1] ⁄ =  [ETLDPSAPR] [ETLDPSAPK] ⁄                      (2)   

The terms [ETLDPSAPK] and [ETLDPSAPR]  refer to the concentration of the two variant peptides in each 

liver sample measured using LC-MS/MS as previously described [9].  
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2.6 Assessment of catalytic activity and drug turnover 

CYP2B6 catalytic activity rates were determined as previously described [11]. Briefly, the metabolite 

of mephenytoin (N-desmethyl mephenytoin) was monitored using HPLC-SRM MS/MS. The internal 

standard used was the deuterated version of the metabolite. Vmax and abundance data were used to 

calculate mephenytoin turnover (kcat) as follows: 

  𝑘cat =  Vmax  [CYP2B6] ⁄                                                                                                          (3)   

2.7 Statistical data analysis 

All statistical data analyses were performed using Microsoft Excel 2010, GraphPad Prism® v7.04 

(GraphPad Software, La Jolla, California, USA) and R v3.5.2. Spearman rank-order correlation (Rs) 

test was used to assess abundance-activity correlation, and the level of scatter was evaluated by linear 

regression (R2). Analysis of variance (ANOVA) was used to assess differences between genotype 

groups. The p-value cut-off was set at α = 0.05 and Bonferroni-corrected (αʹ = 0.017) for iterative post-

hoc analyses using Tukey-Kramer test (four sub-sets with ≥ 3 samples). Principal components analysis 

(PCA) was used for multivariate analysis to differentiate sources of variability in abundance.  

3. Results  

3.1 Quality assessment of allele-specific proteomic measurement 

Quality assessment of the expressed QconCAT (MetCAT) standard is shown in Supplementary 

Results. Global proteomic data showed the feasibility of detecting the polymorphic peptide in human 

liver samples (Table S2). To assess the quality of targeted proteomic quantification using the 

QconCAT-MRM assay, quality control measurements were carried out on a pooled sample of 50 livers. 

These showed analytical variability (estimated as %CV) within 4% for both CYP2B6 peptides (<3% 

for the wild type peptide, ETLDPSAPK, and <4% for the variant peptide, ETLDPSAPR). Technical 

variability was higher (7-8%) for the two peptides (Fig. 1A). Intra-day and inter-day technical 

variability was assessed as within 9% for both peptides (<3% and <9%, respectively, for ETLDPSAPK, 

and <4% and <9%, respectively, for ETLDPSAPR) (Fig. 1B). Linearity was demonstrated for the two 

peptides over a practical range (0.07-2.31 µg) of microsomal protein (Fig. 1C). This translated to a 

measured peptide range of 0.63-21.20 fmol of ETLDPSAPK and 0.28-7.20 fmol of ETLDPSAPR. The 
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amount of protein analyzed from the 24 individual samples was in the range 0.60-1.30 µg and the 

measured peptide was in the range 0.75-10.84 fmol and 0.31-6.51 fmol of ETLDPSAPK and 

ETLDPSAPR, respectively. This analysis confirms precision and linearity of the assay for the purpose 

of the quantification of CYP2B6 in the 24 individual samples.  

3.2 Phenotype determination from allele-specific proteomic data 

The two variant peptides were analyzed in each individual sample and were readily distinguishable in 

the MS/MS data. Phenotype characterization was therefore possible and was in all cases in agreement 

with available genotype data (n = 21) (Fig. 2). Subjects could be classified to “heterozygous”, 

“homozygous (wild type)”, and “homozygous (variant)” for the particular polymorphism (K262R). This 

assessment could be done based on the LC-MS/MS signal independently from abundance measurement. 

Fig. 2A shows examples of allele-specific analysis and Fig. 2B shows assessment of allele expression 

in genotyped samples (n = 21). For heterozygous livers, the percentage of the abundance of the variant 

allele (relative to total CYP2B6) was consistently approximately 50% (50.25% ± 1.66%, range 48%-

52%) or expressed as a ratio of variant to wild type allele: 1.006 ± 0.079. For homozygous (wild type) 

livers, the percentage was almost zero: 0.48% ± 0.45%, range 0.1%-1% (variant to wild type ratio: 

0.005 ± 0.004), indicating the absence of the variant allele product. This is shown in Fig. 2B and 

Table 2. One additional liver (Sample 21) was also genotyped (homozygous for the variant *6); the 

percentage of variant to total CYP2B6 was approximately 100% (Table 2). Three livers were of 

unknown genotype, and we therefore attempted to predict the genotype from the allele-specific 

proteomic data. For two livers (Livers 22 and 23, Table 2), the wild type peptide appeared at 50 times 

the concentration of the variant (percentage of variant to total CYP2B6 at approximately 2%), 

suggesting that these samples were homozygous for wild type. By contrast, the remaining sample (liver 

24) showed a 1:1 ratio of the two forms, indicating heterozygosity. 

3.3 Abundance-activity correlation and the effect of genotype 

Q-ASP measurement of CYP2B6 was performed based on the concentration of the two variant peptides 

(Fig. 3A and B). Correlation with activity was assessed, reflecting a strong and significant abundance-

activity relationship (Fig. 3C). The strong correlation between abundance and activity in this genetically 

heterogeneous set of samples is in line with the very similar mephenytoin kcat values for homozygous 
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wild type and heterozygous donors, 5.6 ± 2.0 min-1 and 6.4 ± 2.3 min-1, respectively (Fig. 3D). The kcat 

value for the homozygous *6 sample was 21.1 min-1, representing a higher drug turnover than wild type 

and heterozygous samples. Differences in protein expression and activity levels between genotype 

groups were assessed using one-way ANOVA, returning no statistically significant difference (four 

groups with n ≥ 3), possibly due to low sample numbers in several variant sub-sets (Table 3). This was 

confirmed by post-hoc statistical analysis (Tukey-Kramer test). Notably, the abundance levels in each 

genotype sub-set were in agreement with measured activity data, reflecting a consistent trend of 

variation in activity and abundance (mirror-image) across genotype groups (Fig. 3E).  

3.4 Inter-individual variability in allele-specific expression of CYP2B6 

The measured abundance of CYP2B6 was 7.4 ± 7.8 pmol mg-1 microsomal protein (Table S3), 

expressed as mean ± SD (CV = 105%, fold difference = 40.5), representing an average of 3% of the 

total CYP content in these samples (Fig. 3B). The measured technical variability (CV of <9%) indicates 

that out of the 40-fold variation in measured abundance of CYP2B6 in the 24 donors, 1.4 fold is 

estimated to be due to technical error (95th percentile 5th percentile⁄ =

 [1 + 2 × CVtechnical] [1 − 2 × CVtechnical]⁄ ), and approximately 30 fold is assumed to reflect biological 

factors, including genetic variation. A 2-fold difference in mean values (of groups with ≥ 3 samples) 

was observed between different genotype sub-sets (Fig. 3E, Table 3). Comparison between abundance 

and activity levels within genotype sub-sets revealed similar abundance and activity between genotypes 

that have at least one wild type allele (Fig. 3F). Principal components analysis confirmed higher 

variability (79.6%) within than across genotype groups (19.3%). Considering other co-variates of 

expression, there was little difference in CYP2B6 abundance between male (n = 14) and female (n = 10) 

donors (p>0.05) and only a weak correlation with age (Rs = -0.09, p>0.05; R2 = 0.02). Most donors 

were either overweight (n = 11) or obese (n = 8), with very little difference in abundance between body 

mass index (BMI) sub-sets.  

4. Discussion  

The use of in vitro data and pharmacokinetic modeling has led to improved predictions of the metabolic 

fate of drugs within the body by scaling to in vivo consequences. The collection of physiological data 
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using a variety of ‘omic’ methods is expected to facilitate such predictions, leading to better tailored 

dosing in patient populations [1,6]. However, the potential of different methods (i.e. genomics, 

transcriptomics, proteomics and metabolomics) to provide certain types of information has yet to be 

fully explored. The aim of the current study was to assess the possibility of predicting a prevalent 

CYP2B6 missense polymorphism (K262R) and measuring CYP2B6 abundance simultaneously using 

allele-specific proteomics in a well-characterized set of liver samples. Although conventional 

genotyping can be carried out less invasively in blood samples, genotyping does not provide the 

required information about expression levels of enzymes in liver (the main site of drug metabolism). 

Consequently, the development of this assay has the potential to extend the utility of quantitative 

proteomics to determining the enzyme phenotype as well as expression levels, allowing better and more 

comprehensive characterization in the same assay.  

The QconCAT method is arguably the best suited approach for allele-specific quantification because of 

the strict 1:1 stoichiometry of the standard, allowed by concatenation of peptides representing allelic 

variants, leading to accurate assessment of the relative contribution of these variants to total protein 

expression [12]. The sequence of the QconCAT designed in our laboratory for the quantification of 

enzymes (MetCAT) [8] contained variant peptides for CYP2B6, intended to target a prevalent genetic 

variation. A different application of this technique was demonstrated recently for hepatic UGT2B15, in 

which elucidation of the mechanism of genetic regulation of expression was carried out [13].  

Using the proposed technique, the ratios of variant to wild type CYP2B6 levels reflected the genotype 

with minimal technical variability, demonstrating high precision and accuracy, in line with FDA 

guidelines for bioanalytical method validation. The measured abundance and variability of CYP2B6 

were in agreement with previous studies using targeted and global proteomics [14,15]. CYP2B6 

abundance was shown to represent on average 3% of the total cytochrome P450 content in the sample 

set, in line with recent meta-analysis data [16]. The effects of demographic factors, including age and 

sex, on CYP2B6 abundance were not significant, which corroborates published findings [17].  

A strong and significant abundance-activity correlation was demonstrated for CYP2B6 in the set of 24 

livers. Correlation between abundance and enzymatic activity is routinely used to confirm the validity 

of proteomic quantification of enzymes in various laboratories. Ultimately, activity is associated with 
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metabolic clearance, and therefore, protein levels should reflect activity rates in order to be used for 

pharmacokinetic predictions. Comparison of abundance and activity levels in genotype groups showed 

overall agreement; the mirror-image trend in Fig. 3E reinforces the conclusion that the different variants 

of CYP2B6 under study are of comparable catalytic activity (kcat), and that variations in activity rates 

are almost entirely due to differences in protein expression. Strictly, there were insufficient data to 

demonstrate this observation in the case of homozygous variant genotypes (the single *6/*6 sample 

showed a higher rate of catalysis), but this trend holds for homozygous wild type and heterozygous 

expression.  

These findings are largely supported by reports of comparable activity in donors expressing wild type 

CYP2B6 and those with heterozygous genotype (*1/*6) against bupropion and efavirenz [18]. 

However, differences in activity were reported for CYP2B6*6 homozygous variant against various 

CYP2B6 substrates and these differences tended to be substrate specific [18, 19]. In a large scale study 

[17], higher activity was also demonstrated for both substrates with samples expressing homozygous 

wild type allele compared to *1/*6 and *6/*6 (rank order: *1/*1 > *1/*6 > *6/*6); activity rates of 

*1/*2 and *1/*5 samples were comparable to *1/*6. A rigorous investigation of CYP2B6 activity for 

different genotypes against various substrates is therefore warranted but beyond the scope of this study. 

In line with abundance data, kcat values for mephenytoin were very similar for homozygous wild type 

and heterozygous samples; however, the turnover number in the single homozygous variant was higher. 

Higher kcat for the CYP2B6*6/*6 donor could be due to its very low abundance in this sample but this 

remain speculative. Previous assessment of kcat for bupropion, 7-ethoxy-4-trifluoro-methylcoumarin 

and efavirenz in a CYP2B6-overexpressed system [19] showed higher turnover by the *6 variant 

relative to wild type.  

5. Conclusion  

In this study, we present a case for the application of allele-specific proteomics to simultaneously 

measure enzyme abundance and determine missense polymorphisms in a well-defined set of samples. 

This information correlated well with activity and should therefore be applicable to prediction of drug 
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clearance. Similar methodology is applicable to the characterization of a range of prevalent 

polymorphisms in drug-metabolizing CYP enzymes (Table S4).  
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Figure Legends 

Fig. 1. Quality assessment of targeted assay performance on a pooled sample (50 livers). Technical and 

analytical variability (A), intra-day/inter-day reproducibility (B) and linearity (C) of the assay were 

assessed. In panel C, the blue shaded area represents the range of analyzed microsomal protein in the 

24 samples. 

 

Fig. 2. Allele-specific determination of CYP2B6 using peptide standards specific to allelic variants. 

Peptide traces from a heterozygous (*1/*6) and a homozygous (wild type, *1/*1) sample showing 

peptide signal ratios of wild type and variant analyte to QconCAT standard peptides (A). Allele-specific 

characterization of 21 genotyped liver samples assessed as a percentage of variant peptide signal relative 

to total signal; the blue shaded area represents 50%±5% (range: 45%-55%) (B). In panel A, continuous 

lines represent wild type peptide trace and dashed lines represent variant peptide trace. Red traces 

represents analyte peptide and blue traces represents the QconCAT standard peptide. In panel B, 

samples were either heterozygous (wild type/variant), homozygous (wild type), heterozygous 

expressing wild type and variant peptides (* symbol, genotype *4/*5 in this case), heterozygous 
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expressing only wild type peptide (# symbol, genotype *1/*5 in this case) or homozygous variant (‡ 

symbol, genotype *6/*6 in this case).  Abbreviations: R, ratio; var, variant; wt, wild type. 

 

Fig. 3. Assessment of CYP2B6 abundance measured using quantitative allele-specific proteomics (Q-

ASP). The abundance of the two peptides measured using allele-specific standards (A) reflected higher 

average abundance with the wild type relative to the variant peptide (bars at 5.39 and 2.05 pmol mg-1 

HLM protein, respectively). The total abundance of CYP2B6 was calculated based on measured peptide 

concentrations, and CYP2B6 abundance contribution to total hepatic CYP pool was assessed (B). 

Correlation between activity of CYP2B6 and abundance measured using the allele-specific method was 

tested (C) and kcat was measured (D). Assessment of the distribution of abundance and activity data 

across various genotype groups (E) and comparison of protein levels and activity rates of CYP2B6 by 

genotype showed limited differences and large overlap between groups expressing at least one wild type 

allele (F). Activity is expressed in nmol metabolite per minute per mg of microsomal protein; abundance 

is expressed in pmol enzyme per mg microsomal protein. In panel A, gray lines connect the abundance 

of alleles measured in the same samples. In panel B, whiskers represent CYP2B6 abundance range, the 
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box represents the 25th and 75th percentiles, the line is the median and + symbol is the mean. In panels 

E and F, the number of samples reflects only the genotyped samples, whereas phenotype measurements 

in the rest of the panels were done in all 24 samples. Abbreviations: Q-ASP, quantitative allele-specific 

proteomics; Rs, Spearman correlation coefficient; var, variant; wt, wild type.  

 

  

Jo
ur

na
l P

re
-p

ro
of



      

19 

 

Table 

 

Table 1 Summary of proteomic multiple reaction monitoring (MRM) methods used for allele-specific 

measurement of CYP2B6 in human liver samples 

Methodology Standard Surrogate peptides
b
 Peptide m/z  

(light/heavy) e 
[13C6]K/R 

isotope 

labeling 

efficiency 

Monitored fragments 

(m/z light/heavy) e,f
 

LC-MS/MS 

proteomics 

(multiple reaction 

monitoring, 

MRM) 

QconCAT 

(MetCAT)a ETLDPSAPK c 479.25++/482.26++ 95% 

y5 (499.29+/505.31+) 

y6 (614.31+/620.33+)  

y7 (727.40+/733.42+)  

ETLDPSAPR c 493.25++/496.26++ 98% 

y5 (527.29+/533.31+) 

y6 (642.32+/648.34+)  

y7 (755.40+/761.42+) 

GVNDNEEGFFSAR d 721.32++/724.33++ 98% 

y7 (813.39+/819.41+) 

y8 (942.43+/948.45+)  

y9 (1056.47+/1062.49+) 
 

a MetCAT is a QconCAT for the quantification of liver enzymes designed as previously reported [8] 

b 
Peptide sequences contain 13C isotope labeled arginine (R) or lysine (K)  

c Peptides used for allele-specific quantification of CYP2B6 

d The standard peptide (modified Glu-fibrinopeptide B; GVNDNEEGFFSAR) at a known concentration was used to 

quantify the MetCAT
 

e 
The numbers indicate mass-to-charge ratios (m/z); + and ++ indicate the charge state 

f Only y-ions were monitored to ensure the standard peptide fragments contain the labeled amino acids 
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Table 2 CYP2B6 genotype in 24 liver samples and its reflection on the determined protein phenotype for 

the targeted non-synonymous genetic polymorphism (K262R) 

Liver Genotype % variant peptide Comment 

1 *1/*6 51% Heterozygous; phenotype reflects genotype 

2 *1/*6 52% Heterozygous; phenotype reflects genotype 

3 *1/*6 51% Heterozygous; phenotype reflects genotype 

4 *1/*7 50% Heterozygous; phenotype reflects genotype 

5 *1/*7 50% Heterozygous; phenotype reflects genotype 

6 *1/*7 48% Heterozygous; phenotype reflects genotype 

7 *1/*6 48% Heterozygous; phenotype reflects genotype 

8 *1/*6 49% Heterozygous; phenotype reflects genotype 

9 *1/*7 48% Heterozygous; phenotype reflects genotype 

10 *1/*6 52% Heterozygous; phenotype reflects genotype 

11 *1/*4 52% Heterozygous; phenotype reflects genotype 

12 *4/*5 52% Heterozygous; phenotype reflects genotype 

13 *1/*1 1% Homozygous (wt); phenotype reflects genotype 

14 *1/*1 0.10% Homozygous (wt); phenotype reflects genotype 

15 *1/*1 0.10% Homozygous (wt); phenotype reflects genotype 

16 *1/*1 1% Homozygous (wt); phenotype reflects genotype 

17 *1/*1 1% Homozygous (wt); phenotype reflects genotype 

18 *1/*5 0.10% Heterozygous; both alleles express ETLDPSAPK 

19 *1/*5 0.10% Heterozygous; both alleles express ETLDPSAPK 

20 *1/*5 0.40% Heterozygous; both alleles express ETLDPSAPK 

21 *6/*6 99% Homozygous (variant); phenotype reflects genotype 

22 Undetermined a 2% Expected to be homozygous (wt) 

23 Undetermined a 2% Expected to be homozygous (wt) 

24 Undetermined a 50% Expected to be heterozygous (wt/variant) 

Pool Not applicable 34% Pool of 50 livers 

 

wt, wild type (CYP2B6*1 allele); the allele CYP2B6*5 also expresses the wild type sequence ETLDPSAPK 

Variant, genetic polymorphic variant (either CYP2B6*4, 6, 7, 13, 16, 19, 20, 26, 34, 36, 37 or 38)  

Percentages are determined from the measured peptide concentrations as 100 × [ETLDPSAPR] / ([ETLDPSAPR] + [ETLDPSAPK]) 

a 
Cases where genotype data were not available and predictions were made based on proteomic data 
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Table 3 Assessment of abundance and activity in different CYP2B6 genotype groups. Abundance 

was measured using quantitative allele-specific proteomics (Q-ASP). The results show a mirror-image 

trend between abundance and activity across genotypes 

CYP2B6 

genotype 

Predicted 

enzymatic 

activity for 

genotype 
a
 

n Q-ASP 

Abundance 

(pmol mg-1) 

Activity 

(nmol min-1 

mg-1) 

kcat  

(min-1) 
c
 

Statistical analysis 

*1/*1 Normal 5 10.69 ± 7.11 0.070 ± 0.064 5.6 ± 2.0 ANOVA 

No difference (p>0.05) 

  

Post-hoc analysis d 
No difference [*1/*1, 

*1/*5, *1/*6, *1/*7] 

(p>0.02) 

*1/*4 - 1 2.77 0.022 7.9 

*1/*5 - 3 7.63 ±  10.90 0.054 ± 0.075 6.9 ± 4.3 

*1/*6 - 6 10.25 ± 11.78 0.079 ± 0.116 6.5 ± 1.7 

*1/*7 - 4  5.11 ± 2.29 0.026 ± 0.011 5.6 ± 2.6 

*4/*5 - 1 6.89 0.042 6.1 

*6/*6 Reduced b 1 0.95 0.020 21.1 

  
a Considered based on information from the Pharmacogene Variation Consortium database (last accessed: 14/06/2019) 

b Significant effect of the genotype on activity is predicted and reflected by abundance level 

c kcat (drug turnover number) was calculated for all samples based on Vmax and CYP2B6 abundance data 

d Post-hoc analysis was carried out for sub-sets with n ≥ 3 samples using Tukey-Kramer multiple comparisons test and a Bonferonni-

corrected cut-off p-value (αʹ=0.017) 
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