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ABSTRACT

Quantitative proteomic methods require optimization at several
stages, including sample preparation, liquid chromatography–
tandem mass spectrometry (LC-MS/MS), and data analysis, with
the final analysis stage being less widely appreciated by end-users.
Previously reported measurement of eight uridine-59-diphospho-
glucuronosyltransferases (UGT) generated by two laboratories
[using stable isotope-labeled (SIL) peptides or quantitative conca-
temer (QconCAT)] reflected significant disparity between proteomic
methods. Initial analysis of QconCAT data showed lack of correla-
tionwith catalytic activity for several UGTs (1A4, 1A6, 1A9, 2B15) and
moderate correlations for UGTs 1A1, 1A3, and 2B7 (Rs = 0.40–0.79,
P < 0.05; R2 = 0.30); good correlations were demonstrated between
cytochrome P450 activities and abundances measured in the same
experiments. Consequently, a systematic review of data analysis,
starting from unprocessed LC-MS/MS data, was undertaken, with

the aim of improving accuracy, defined by correlation against
activity. Three main criteria were found to be important: choice of
monitored peptides and fragments, correction for isotope-label
incorporation, and abundance normalization using fractional protein
mass. Upon optimization, abundance-activity correlations improved
significantly for six UGTs (Rs = 0.53–0.87, P < 0.01; R2 = 0.48–0.73);
UGT1A9 showedmoderate correlation (Rs = 0.47,P = 0.02;R2 = 0.34).
No spurious abundance-activity relationships were identified. How-
ever, methods remained suboptimal for UGT1A3 and UGT1A9; here
hydrophobicity of standard peptides is believed to be limiting. This
commentary provides a detailed data analysis strategy and indi-
cates, using examples, the significance of systematic data process-
ing following acquisition. The proposed strategy offers significant
improvement on existing guidelines applicable to clinically relevant
proteins quantified using QconCAT.

Introduction

Robust quantification of proteins involved in drug pharmacokinetics
is required for reliable in vitro-in vivo extrapolation of drug-related
outcomes (Al Feteisi et al., 2015b). Various quantitative proteomic
strategies share several key steps: 1) selection of signature peptides
that represent target proteins in biologic samples, with stable isotope-
labeled (SIL) versions used as standards, 2) isolation of tissue fractions
that contain these proteins, 3) sample preparation for mass spectrom-
etry, by solubilization and proteolysis of proteins into peptides,

and 4) simultaneous analysis of standard and native peptides by liquid
chromatography–tandem mass spectrometry (LC-MS/MS) (Wegler
et al., 2017). Furthermore, using concatenated standards [quantitative
concatemer (QconCAT)] requires additional steps to ensure that
standard proteins are successfully expressed and sufficiently labeled,
purified, and digested (Russell et al., 2013).
Uridine-59-diphospho-glucuronosyltransferases (UGTs) have re-

cently attracted more clinical attention (Guillemette et al., 2014), leading
to increased interest in UGT abundance and activity data (Margaillan
et al., 2015). Our laboratories previously reported comparability of two
proteomic assays: in-solution sample preparation with quantification
using SIL peptide standards (Fallon et al., 2013) and gel-based sample
preparation with QconCAT proteomics (Achour et al., 2014b).

https://doi.org/10.1124/dmd.117.079475.
s This article has supplemental material available at dmd.aspetjournals.org.

ABBREVIATIONS: BCA, Bicinchoninic acid assay; HLM, human liver microsomes; LC-MS/MS, liquid chromatography–tandem mass
spectrometry; MRM, multireaction monitoring; PBPK, physiologically based pharmacokinetics; QconCAT, quantification concatemer; SIL, stable
isotope-labeled; UGT, uridine-59-diphospho-glucuronosyltransferase.
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Disparities between abundances generated by these methods pointed to
the necessity of validating measurements using UGT-isoform–specific
activity. Reliable correlation was demonstrated for the SIL-based
measurements; discrepancies remained for the QconCAT-based dataset
(Achour et al., 2017b).
The QconCAT methodology has been validated in various contexts

(Scott et al., 2016), including, most notably, cytochrome P450 quanti-
fication carried out with the UGT measurements (Achour et al., 2014b).
Quantification of UGTs led to complications that had not been
observed with bacterial (Al-Majdoub et al., 2014) and yeast samples
(Brownridge et al., 2011). The proteomic strategy used in this study is
inherently complex; however, many steps have been taken to validate

the LC-MS/MS multireaction monitoring (MRM) assay, including
assessment of precision and accuracy of measurements, as well as the
associated analytical and technical errors (Achour et al., 2014b). Data
acquisition constitutes only the first step of data processing, with several
subsequent stages aimed at converting these data into abundance levels
and then making sense of such levels. These tasks include deciding
which elements of the raw data should be used, normalization processes,
and quality control checks as applicable. Discrepancies arising at
the data analysis stage are not widely appreciated by end-users of
proteomic data, especially modelers, and therefore warrant more
attention. The aim of this commentary is to highlight the impact of
optimizing UGT-specific quantitative factors at the level of data

Fig. 1. Schematic of the methodological approach used to assess abundance levels of UGT enzymes using raw LC-MS/MS data. Representative peptides are selected using
criteria outlined in Supplemental Methods. This selection process applies to targeted (MRM) and untargeted/global studies. Selection from peptides that are detected
consistently in an LC-MS/MS experiment should take into account the uniqueness and the stability of the peptides. Selected fragments should be stable and representative of
the peptide (of sufficient length) to return consistent quantification. Correction factors should be applied for label incorporation, especially when low abundance proteins are
analyzed. The spike ratio should be consistent with the dynamic range of expression of the target proteins. Normalization should be consistent across all samples and
measured parameters. An example of this process is shown in Fig. 2.
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analysis on QconCAT-measured abundances with reference to
catalytic activity.

Reassessment of the Methodological Workflow

Human liver microsomal (HLM) samples (n = 24) and methods used
to measure UGT abundance and activity were previously described
(Achour et al., 2017b). Briefly, eight UGTs (1A1, 1A3, 1A4, 1A6, 1A9,
2B4, 2B7, and 2B15) were independently quantified using QconCAT
(Achour et al., 2014b) and SIL-peptide standards (Fallon et al., 2013).
Activities of seven enzymes were measured bymonitoring the glucuronides
of substrates: b-estradiol (UGT1A1), chenodeoxycholic acid (UGT1A3),
trifluoperazine (UGT1A4), 5-hydroxytryptophol (UGT1A6), propofol
(UGT1A9), zidovudine (UGT2B7), and S-oxazepam (UGT2B15).
Initial QconCAT-based quantification did not show considerable

correlation with catalytic activity and therefore required systematic

assessment of several data analysis steps. Figure 1 shows a schematic of
the data assessment strategy, with a practical example shown in Fig. 2
(for UGT2B15 in sample HH06). Reanalysis of elution profiles and
fragment-based quantitative ratios was done using Skyline 3.7 (Mac-
Coss Laboratory Software, Seattle, WA). Measured abundances were
reassessed against activity data. An outline of the reassessment strategy
is described below.
Choice of Peptide Standards. The peptides that constitute the

QconCAT were previously selected on the basis of experimental design
followed by theoretical assessment. This approach was limited by
options in a data-dependent experiment yielding one to two peptides per
UGT (Russell et al., 2013). Extensive sequence homology between
UGTs also contributed to this limitation. Initially, peptides that provided
higher abundance were used in line with widely accepted literature
(Brownridge et al., 2011; Lawless et al., 2016). Instead, we propose

Fig. 2. An example of the assessment process applied to UGT2B15 in sample HH06: choice of peptide standard and correction for label incorporation efficiency (A and B),
featuring elution profiles of QconCAT alone (dashed lines), and QconCAT and analyte sample (continuous lines) for heavy (blue) and light (red) peptides (peptide 1:
WIYGVSK; peptide 2: SVINDPVYK). Differences between total protein mass measurements using Bradford and BCA assays (C). Calculation of UGT2B15 abundance in
sample HH06 using the outlined correction factors and their contributions to the change in reported abundance (D). In (C), the arrow shows sample HH06, and data points in
red reflect a difference in content higher than a cut-off relative error (%RE ¼ 100: ðxBA; j 2 xBCA; jÞ=xBCA; j) of 15% for each sample j between the two protein content assays.
Overall differences in mean and distribution between data from the two assays were nonsignificant according to Mann-Whitney U test; however, individual values were
poorly correlated. In (D), the overall shift in abundance was 219.8% (%RE ¼ 100: ðx2;i 2 x1;iÞ=x1;i) for enzyme i = UGT2B15 before and after optimization, with the main
contributing factor being the selection of peptide/fragment transitions (%RE = 229.8%), followed by total HLM protein content (+18.3%) and correction for label
incorporation (+6.1%). Text in purple font reflects corrected values. BA, Bradford assay; QIS, QconCAT-based internal standard.
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adoption of a better appraisal of quantification that uses as a basis several
peptides for each UGT. In this work, assessment of suitability of peptides
was carried out on the basis of theoretical appraisal by two independent
analysts and in silico evaluation using CONSeQuence algorithm (Eyers
et al., 2011). Quantificationwas subsequently considered on the basis of the
more favorable peptide choice (Table 1). Theoretical criteria for peptide
assessment are included in Supplemental Methods. Briefly, selected
peptides should have unique sequences, and mass-to-charge ratios (of
parent and fragment), should not be mapped to membrane-associated
domains or subject to polymorphisms or biologic (post-translational)
modifications, should be readily cleavable, of suitable length (6–20 amino
acids), and have favorable stability (to chemical modification owing to
handling/storage) and moderate hydrophobicity (Kamiie et al., 2008;
Carroll et al., 2011). Choice ofmonitored peptide charge state (z=+2 or +3)
was also considered.
Choice of Peptide Fragments. Fragment selection was initially

conducted in silico using Skyline 1.4, with fragment ratios expected to
return consistent quantification. Initially, two to three transitions per
peptide were monitored with mean ratios being used for quantification.
In this work, the uniqueness of fragment sequences and consistency
between estimates on the basis of monitored transitions were assessed,
especially for low abundance proteins; less-specific fragments returning
inconsistent ratios were excluded from analysis. In addition, the
chromatographic trace of different fragment ions was assessed and poor
quality signals were excluded. Since retention time and m/z values
monitored had relatively large filters in the LC-MS/MS assay, the m/z
values for the selected fragments were assessed, with isobaric and
isomeric fragments being excluded (Table 1).
Correction for Efficiency of Label Incorporation. Assessment of

efficiency of 13C-label incorporation into QconCAT protein synthesis was
previously reported as an in-house quality control step in QconCAT
expression; constructs of$95% purity are accepted as quantitative standards
(Achour et al., 2015). The level of incorporation can vary batch-to-batch, and
impurity is expected to affect quantification, especially of low abundance
proteins (Carr et al., 2014). Uncorrected and corrected quantitative ratios were
generated using eqs. 1 and 2, respectively (Fig. 2, A and B):

Rpeptide L
H
¼ ILPeptide

IHQconCAT

ð1Þ

R’peptide L
H
¼ ILPeptide 2 ILQconCAT

IHQconCAT

ð2Þ

where Rpeptide L
H
and R’peptide L

H
are uncorrected and corrected ratios, respec-

tively, used to quantify a peptide representing a UGT enzyme or the
QconCAT (using a QconCAT-based internal standard); ILPeptide is the
intensity of the light peptide signal measured in the quantitative
experiment; ILQconCAT is the peak intensity of the light peptide originating
from the QconCAT measured in quality control experiments; and
IHQconCAT is the signal intensity of the heavy QconCAT peptide measured
in the quantitative experiment.
Normalization of Abundance Measurements. Normalization is

commonly applied relative to protein mass, leading to abundance levels
expressed in units of picomoles per milligram of fractional protein.
Protein mass measurement is normally done by a colorimetric assay,
generating data that may not be reproducible. Commonly used assays
include: Bradford assay (Bradford, 1976), bicinchoninic acid (BCA)
assay (Smith et al., 1985), and tryptophan fluorescence assay
(Wi�sniewski and Gaugaz, 2015). Abundance and activity were mea-
sured by independent laboratories and different protein assays were used
(Bradford and BCA assays), demonstrating differences in reported
contents for matched samples (Fig. 2C). In this study, a proposed
approach to resolving this issue was to normalize abundance and activity

data using protein levels measured by the same assay (BCA assay), using
eq. 3.

½Enzyme� ¼ ½QIS� ×
R’
PeptideL

H

R’
QISL

H

×
Fv

Protein Mass
ð3Þ

where ½Enzyme� is target enzyme abundance (expressed in picomoles
per milligram of HLM protein); ½QIS� represents the concentration of
the unlabeled internal standard used to quantify the QconCAT
[a Glu1-fibrinopeptide B analog, modified to reduce the incidence of
missed cleavage owing to the glutamate at the N-terminus (Lawless
and Hubbard, 2012)]; Fv is a volume correction factor relating the
analyzed volume to the volume of HLM sample; and Protein Mass is
the protein content determined for each sample (BCA assay). The terms
assessed in this report were: target peptide and QconCAT-based–
internal-standard ratios (parent-fragment selection and correction for
label incorporation) and protein mass used for normalization (Fig. 2D).
Statistical Assessment of the Optimization Process. Correlations

were assessed at each stage using Spearman correlation test (Rs) and
scatter of data was assessed with linear regression (R2). The following
criteria were used: a-value of 0.05 (Bonferroni-corrected for correlation
matrices), strong correlation (Rs. 0.50) and limited scatter (R2. 0.30),
taking into account the effect of abundance/activity units, as previously
advocated (Achour et al., 2017a).

Effects of Systematic Appraisal on Endpoint Measurements

To generate reliable proteomic data for in vitro-in vivo extrapolation–
physiologically based pharmacokinetics, best practice must be ensured
throughout the entire quantitative workflow, including data processing.
It is important to note that sample preparation and LC-MS/MS methods
have previously undergone quality evaluation and returned precise and
accurate quantification of cytochromes P450 in relation to genotype and
activity (Achour et al., 2014b). Therefore, only factors specifically
affecting UGT measurements were considered.
Effects of the Choice of Monitored Peptides/Fragments. Mass

spectrometry-based proteomic strategies rely on using peptides as
surrogates for proteins, and the limitations of this approach are still
being uncovered. In eukaryotes, protein truncation and splice variants
can result in misleading measurements, and technical issues include
signal overlap and variable peptide responses between runs. QconCAT
design normally follows a pragmatic approach, with two or more peptides
included for each protein (Pratt et al., 2006); however, only one peptide is
ultimately used for quantification. Two peptides representing each UGT
were therefore included in the QconCAT whenever possible. Table 1
shows sequences used in data acquisition, scored on the basis of theoretical
and in silico criteria; Supplemental Fig. 1 shows peptide elution profiles.
Theoretical assessment of peptide suitability involves consideration of
several parameters, which tend to be prioritized somewhat subjectively,
and was therefore conducted by two independent analysts; the analysts’
scores were in agreement and compared well with in silico assessment.
Three pairs of peptides (representing UGTs 1A1, 1A4, and 2B7) returned
consistent quantification (Supplemental Fig. 2), whereas three pairs
(UGTs 1A6, 2B4, and 2B15) showed significant differences.
When two or more peptides are used to quantify a protein, preference

has conventionally been given to peptides that return higher concentra-
tions (Brownridge et al., 2011; Lawless et al., 2016); the assumption is
that underestimation can occur owing to differences in efficiency of
release of peptides. It has recently become clear that several peptide-
related factors can affect measurements and should therefore be
considered when peptide choice is made, ideally in the design stage,
although this is not always possible, especially in global proteomics. The
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strategy of monitoring the “highest reporter”will probably work well when
soluble proteins are quantified; however, for membrane-bound proteins,
especially those with unknown structures (e.g., UGTs), a more secure
strategy is to monitor “best performer” peptides. Discerning best performers
will almost always involve visual examination of MS and MS/MS spectra.
For example, isobaric sequences representing UGT1A6 (WIYGVSK) and
UGT2B7 (ADVWLIR) overlapped on the chromatogram, leading to
overestimation of abundance, especially for UGT1A6. Discrepancies in
abundance in relation to peptide choice have previously been reported to
reach up to 30-fold in the case of P-glycoprotein in hepatocytes (Chen et al.,
2017), and therefore applying suitable criteria is essential to ensure quality of
surrogate peptides (Bhatt and Prasad, 2018). Such criteria were previously
used in a label-free experiment on matched liver samples, which resulted in
good agreement with QconCAT measurements of several UGT enzymes
(Achour et al., 2017a).
Because targeted quantification uses MS/MS data as a basis, the

properties of fragments are as important as those of parent peptides. Carr
et al. (2014) recommended monitoring three to five fragments, allowing
inconsistencies in measurements to be reconciled. Fragments are
typically selected in silico on the basis of predicted peak intensities
rather than sequence properties (Carr et al., 2014). There are several
potential pitfalls with this approach. First, MS/MS spectra may have
several low intensity peaks (especiallywith proline-containing peptides),
so that a lower number of consistent measurements can be made. Two
peptides, YLSIPTVFFLR (UGT1A3) and ESSFDAVFLDPFDNC-
GLIVAK (UGT1A9), were subject to this error, when peaks of lower
quality returned inconsistent ratios. Although optimizing transition selection
resulted in improved correlationwith activity, quantitativemethods for these
two enzymes still require improvement. Additionally, erroneous quantifi-
cation can occur when uniqueness of peptide-to-fragmentm/z values cannot
be ensured, most often in complex biologic mixtures, with short sequences
being most affected (Carr et al., 2014). The MRM filters (retention time,
parent ion m/z, and fragment ion m/z) are normally sufficient to ensure
exclusive selection of fragments, but not always, especially in nonscheduled
experiments, where retention times are not specified. Peptide sequences
WIYGVSK (UGT1A6), ADVWLIR (UGT2B7), and WIYGVSK
(UGT2B15) were eventually excluded from analysis for isobaric in-
terference despite returning levels higher than their alternatives. The
combined effect of peptide and fragment selection was shown to be
substantial (Supplemental Table 1), with abundance values changing 0.5-
to 3-fold upon reassessment. This led to improved abundance-activity
correlation for most UGT enzymes. The initially weak correlation for
UGTs 1A4, 1A6, and 2B15 (Rs = 0.19–0.35, P. 0.05; R2 = 0.01–0.14)
became moderate (Rs = 0.52–0.56, P, 0.01; R2 = 0.24–0.31). For other
UGTs (1A1, 1A3, 2B7), this improved mainly in terms of data scatter
(from R2 = 0.30 to R2 = 0.47–0.57), although correlation for UGT1A9
remained weak (Rs = 0.20, P = 0.33, R2 = 0.07).
Effects of Correction for the Quality of Isotopically Labeled

Standards. QconCATs are artificial proteins expressed in-house, and
the extent of labeling varies, depending on the construct and culture
conditions, from ;95–99% (Achour et al., 2015). This means that
QconCATs can contribute unlabeled peptide that may affect quantifi-
cation when the analyte is expressed at low levels (Carr et al., 2014).
Table 1 shows the extent of label incorporation into each peptide,
reflecting more efficient labeling of arginines than lysines (Russell et al.,

Fig. 3. Correlation between individual UGT enzyme abundances and activity rates
(n = 24) using the original dataset (A) and the reassessed data on the basis of the
proposed strategy (B). Moderate to strong, statistically significant correlations are
shown in blue and weak correlations in gray. Units of abundance-measurement
are picomoles per milligram of HLM protein, and units of catalytic activity are

nanomoles (glucuronide) per minute per milligram of HLM protein. Substrates used
for activity measurement are: b-estradiol (UGT1A1), chenodeoxycholic acid
(UGT1A3), trifluoperazine (UGT1A4), 5-hydroxytryptophol (UGT1A6), propofol
(UGT1A9), zidovudine (UGT2B7), S-oxazepam (UGT2B15). Rs, Spearman
correlation coefficient. Dashed lines represent lines of regression.
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2013). The outcome of correction for purity was that levels of UGTs had
a variable artifactual component of up to 10%, with little effect on
correlation with activity. A similar trend was observed with efflux
transporters BCRP and MRP2, quantified in human jejunum using
QconCAT methodology (Harwood et al., 2015), which were over-
estimated on average by 10% and 7%, respectively, when corrections for
purity were not considered (Harwood et al., 2016a). However, these
errors do not always lead to meaningful differences in pharmacokinetic
outcomes (Harwood et al., 2016b).
Effects of Normalization of Abundances. Normalization relies on

protein content determination using colorimetric assays, which are prone
to interference from reagents commonly used in routine sample
processing, including detergents, chaotropes, and reducing agents
(Wi�sniewski and Gaugaz, 2015). In particular, BCA assay is incompat-
ible with commonly used concentrations of urea and dithiothreitol (Smith
et al., 1985), whereas Bradford reagent tends to interact with sodium
dodecyl sulfate (Bradford, 1976), a detergent used for gel-based sample
preparation. A limitation of the cross-laboratory study (Achour et al.,
2017b) was the use of Bradford assay with QconCAT measurements,
whereas both activity and SIL-based measurements were normalized
using BCA assay. Comparing the two protein measurements (Fig. 2C)
indicates that, although average protein content in the samples was

similar, there was no correlation between individual values. Normaliza-
tion against the same protein content resulted in changes in enzyme levels
reaching up to 50%, with improved correlation with activity, mainly in
terms of scatter for six UGTs (from R2 = 0.24–0.57 to R2 = 0.48–0.73),
and UGT1A9 showed substantial improvement to moderate correlation
(Rs = 0.47, P = 0.02; R2 = 0.34). It is not clear, however, whether BCA-
normalization leads to better results; it may just lead to more consistent
error. We have recently illustrated that normalization relative to tissue
mass instead of fractional protein introduces less artifactual variability to
end-point measurements (Achour et al., 2017a).
Overall Effects of Systematic Reassessment on UGT Measure-

ments. Specific effects of the assessed factors on abundance of each
enzyme are described in Supplemental Results. Collectively, the
proposed strategy led to 0.5- to 3.3-fold change in UGT levels, with
substantial improvement in correlation with activity (Fig. 3) and tighter
levels of interindividual variability in abundance (26%–86%), matching
variability in activity (27%–67%), in line with recent literature
(Margaillan et al., 2015). In addition, cross-laboratory comparison of
UGT abundances seemed to indicate overall agreement, returning
generally interchangeable abundance values (Supplemental Figs. 3
and 4). On the basis of these considerations, a list of established UGT-
specific methods was generated (Supplemental Table 4).

Fig. 4. Correlation matrix of QconCAT-derived individual UGT enzyme abundances (n = 24) and activity rates (abundance vs. activity). Strong, statistically significant
correlations are shown in blue. Units of abundance-measurement are picomoles per milligram of HLM protein, and units of catalytic activity are nanomoles (glucuronide) per
minute per milligram of HLM protein. AZT, zidovudine; CDCA, chenodeoxycholic acid; EST, b-estradiol; 5HTOL, 5-hydroxytryptophol; OXAZ, S-oxazepam; PRO,
propofol; TFP, trifluoperazine. Supplemental Table 2 shows the statistical analysis used to generate the abundance-activity correlation matrix.
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The correlation matrix (Fig. 4) confirms specificity of protein and
activity data, with no evidence of spurious abundance-activity relation-
ships. A similar complementary approachwas used previously to discern
tissue-specific glycolytic and gluconeogenic pathways (Wi�sniewski
et al., 2015). Expression intercorrelations uncovered in the UGT dataset
(Supplemental Table 3) were also in line with literature (Achour et al.,
2014a; Margaillan et al., 2015). Correlations of enzyme expression have
recently been adopted for more realistic model-based predictions of drug
clearance and drug-drug interactions (Barter et al., 2010; Doki et al.,
2018), with additional established correlations making their way into
commonly used platforms, such as Simcyp.
Conclusions. The QconCAT approach offers several advantages (Al

Feteisi et al., 2015a), and therefore it has recently been adopted for various
clinical and biologic applications (Dzieciatkowska et al., 2015; Wang et al.,
2015; Kito et al., 2016). Although initial applications were primarily aimed
to quantify soluble proteins, often in simple organisms, it is clear that
QconCAT can be applied to membrane-bound mammalian proteins.
However, monitored peptides and fragments need to be chosen carefully,
preferably using a priori selection, and corrections are required for relatively
low purity standard peptides targeted at low abundance proteins. We
continue to advocate using tissue mass for abundance normalization and
activity data for quality control. We propose optimized QconCAT methods
for the quantification of several UGTs (1A1, 1A6, 2B4, 2B7, and 2B15) and
a robust data analysis strategy for targeted proteomic quantification,
particularly applicable for QconCAT-based measurements.
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1.  Supplemental Methods 

1.1 Theoretical and in silico peptide and fragment selection   

Initially, the design of the MetCAT construct was supported primarily by experimental data. Theoretically, 

the selection criteria (Pratt et al., 2006; Kamiie et al., 2008; Achour et al., 2015) normally used in the design 

of peptide standards include: 

A. Primary selection criteria 

1. Proteotypic peptide sequence, unique against the target proteome to ensure exclusive 

quantification of target protein.  

2. Cleavable sequence by the selected proteolytic enzymes, normally with C-terminal arginine and 

lysine, not followed closely by proline (KP, RP), for trypsin and lysyl-endoproteinase enzymes. 

3. Unique m/z values for the peptide and and its fragments to avoid overlapping peaks (isobaric and 

isomeric analytes), for example peptides with leucine (L) and isoleucine (I) have the same m/z 

values for parent and fragment ions. 

4. Avoiding peptides in transmembrane regions for efficient solubilization and subsequent cleavage 

by proteolytic enzymes. 

5. Optimal sequence length (6-20) to facilitate elution using HPLC and compatibility with different 

mass spectrometric platforms. 

6. Avoiding confirmed polymorphic (SNV) and post-translationally modified (PTM) sites as well 

as splice variants which can lead to false quantification (except if stoichiometric assessment is 

targeted in the study). 

7. Avoiding highly unstable sites including reactive amino acids (especially M), deamindation prone 

sites (especially NG) and non-enzymatic hydrolysis prone motifs (especially DP under acidic 

conditions). These are artefacts of sample processing and storage that can affect analyte and standard 

peptides differently, leading to errors in quantification (Carroll et al., 2011). 

B. Secondary selection criteria 

1. Avoiding unstable sites (additional to point 7 above) including other reactive amino acids (W, H), 

deamindation prone sites (QG, NQ) and non-enzymatic hydrolysis prone motifs (NP). Highly 

reactive sites that can be modified (C) should be avoided whenever possible.  

2. Avoiding missed cleavage-prone sequences including proximity of cleavage sites (on both termini) 

to acidic residues (D, E) and di/tri-basic contexts at the cleavage site, called ragged ends (KK, KR, 

RK, RR). Proximity is defined as within 3 amino acid positions of the cleavage site.  
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3. Optimal hydrophobicity to select peptides sufficiently soluble in solution, which can readily be 

eluted from the HPLC column, and to elicit a good quality elution profile. In addition, overlap 

between elution profiles can complicate the quantification process. 

4. Consistent observation using LC-MS in the analysed biological matrix. Because not all peptides 

are consistently observed under mass spectrometric conditions (Kuster et al., 2005), it is desirable 

that the selected peptide should be consistently quantifiable using the selected LC-MS platform in its 

native biological matrix (Mallick et al., 2007). 

5. Avoiding peptide sequences proximal to the C- and N-terminus in native proteins, which tend to 

be subject to endogenous proteolytic degradation.  

6. Long fragment ions preferably of higher m/z than the parent ion to ensure uniqueness of the 

selected transition towards the rest of the proteome.  

In addition to theoretical criteria, in silico assessment was also carried out using CONSeQuence (Eyers et al., 

2011), to assess peptide behaviour under MS conditions based on mainly peptide charge properties, 

hydrophobicity and structure, and Phobius (Käll et al., 2007), to predict UGT transmembrane domains and 

peptides that should be avoided. The PeptideAtlas (Deutsch, 2010) database was also used to search the most 

suitable UGT peptides and assess fragmentation properties, and the GPM database (Fenyö et al., 2010) to 

assess the monitored fragments for suitable transitions in MRM experiments. 

1.2 Additional statistical data analysis  

Normality of distribution in the activity and abundance values was assessed using D’Agostino-Pearson, 

Shapiro-Wilk and Kolmogorov-Smirnov tests. Non-parametric statistical assessment was selected due to 

lack of normality (non-Gaussian distribution) in most datasets (both abundance and activity data). 

Assessment of differences between datasets was carried out using Mann-Whitney U-test, and discrepancies 

in distribution were assessed with Kolmogorov-Smirnov cumulative distribution test. Outlier identification 

was carried out using iterative Grubbs’ test.  

Fold differences were assessed using average fold error (AFE = 10[
∑ Log(𝑥𝑄𝑐𝑜𝑛𝐶𝐴𝑇,𝑖 𝑥𝑆𝐼𝐿,𝑖⁄ )𝑛

1

𝑛
]
) and absolute 

average fold error (AAFE = 10[
∑ | Log(𝑥𝑄𝑐𝑜𝑛𝐶𝐴𝑇,𝑖 𝑥𝑆𝐼𝐿,𝑖⁄ )|𝑛

1

𝑛
] ), for the abundance of each enzyme i, to assess bias 

and scatter of data, measured using the two proteomic methods as reported previously (Fallon et al., 2013; 

Achour et al., 2014). AFE and AAFE were also used to assess differences in QconCAT-derived data before 

and after optimization of analysis. 
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Correlations between abundance-activity datasets were assessed using Spearman rank order correlation 

coefficient (𝑅𝑠 = 1 −  
6 ∑ (𝑅𝑎𝑛𝑘𝑦2,𝑖

− 𝑅𝑎𝑛𝑘𝑥1,𝑖
)

2
𝑛
1

𝑛 (𝑛2−1)
) for each enzyme i characterized using method 1 (x: 

abundance) and method 2 (y: activity), with n representing the number of samples (n=24). The scatter was 

measured using correlation coefficient (R
2
) based on linear regression analysis. To generate the matrices, 

the level of significance of the p-value was adjusted in relation to the number of iterative tests using a 

Bonferroni correction (𝛼´ = 1 − (1 − 𝛼)1/𝑘), where 𝛼´ is the corrected significance level, 𝛼 is the 

uncorrected significance level nominally set at 0.05 and k is the number of iterations (k=7, for abundance-

activity and abundance-abundance matrices). The corrected significance level was therefore set at 𝛼´=0.01, 

rounded up to two decimal places. Microsoft Excel 2010 and GraphPad® Prism version 7.03 (GraphPad 

Software, San Diego, CA) were used for statistical analysis and illustrations. 

 

2. Supplemental Results  

2.1  Optimization of QconCAT data analysis  

Table 1 in the manuscript shows the peptide sequences selected for quantitative analysis, with theoretical 

and in silico scores assigned to each peptide. Appraisal of sequence pairs for each UGT enzyme is included 

below. Supplemental Table 1 shows the effects of optimization on abundance measurements of UGT 

enzymes using the optimized data analysis strategy, with effects on correlation between activity and 

abundance data shown in Figure 3. Supplemental Figure 1 shows the elution profiles of the peptides used 

in this experiment. Assessment of correlation between abundance measurements using the two QconCAT 

peptides representing each UGT enzyme after optimization is shown in Supplemental Figure 2. Although 

peptides showed reasonable correlation, the scale of abundance levels reflected large disparity between 

peptide pairs (especially for UGT1A6), with the less favorable surrogates showing a higher number of 

outliers. The presence of these outliers tended to ultimately affect the quality of abundance-activity 

correlation.  

UGT1A1. The peptide selection TYPVPFQR is not favorable due to potential missed cleavage due to the 

presence of a dibasic context at the cleavage site (RK), as well as proximity to glutamic (E) and aspartic (D) 

acid residues (TYPVPFQR.KED), both factors known to disrupt digestion efficiency (Lawless and Hubbard, 

2012). This was less the case for the other signature peptide (R.DGAFYTLK.T). In addition, while the 

peptide DGAFYTLK is predicted to be water-soluble, the sequence TYPVPFQR consists of several 

hydrophobic amino acids (P, V, P, F), which make this peptide poorly soluble in aqueous solutions. The 
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presence of two proline (P) residues in its sequence is predicted to cause non-favourable fragmentation due 

to the presence of dominant fragments.  

UGT1A4. The peptide selection GTQCPNPSSYIPK is not expected to provide reliable quantitative data 

over YIPCDLDFK for several reasons, including the proximity of the cleavage site to an acidic residue 

(DFK.GTQCPNPSSYIPK) and the presence of NP bond leading to spontaneous non-enzymatic cleavage, 

especially under acidic conditions (formic acid pH ~3.0). Structural properties also indicate unfavorable 

fragmentation due the presence of three proline residues along its sequence. Both peptide sequences contain 

the highly reactive residue cysteine (C), which is efficiently blocked upon carbamidomethylation prior to 

digestion.   

UGT1A6. The peptide sequence VSVWLLR is expected to return erroneous quantitative ratios due to its 

high hydrophobicity (V, V, W, L, L), leading to poor solubility; instability due to the presence of tryptophan 

(W); predicted poor detectability under LC-MS conditions and small number of predicted transitions. This 

peptide has an isobaric sequence to ADVWLIR (UGT2B7). Susceptibility to missed cleavage is expected for 

both peptide surrogates due to proximity of cleavage sites to an aspartate (VSVWLLR.YD) and a glutamate 

(ER.SFLTAPQTEYR) in the two sequences. In silico assessment also supports choosing the sequence 

SFLTAPQTEYR as a more favourable standard peptide. 

UGT2B4. Both peptide sequences representative of this enzyme are expected to suffer from missed cleavage 

due to proximity to glutamate residues in the two sequences (FSPGYAIEK, EER.ANVIASALAK). The 

sequence ANVIASALAK is expected to have better detectability and a more favorable fragmentation 

pattern, which is expected to facilitate quantification using this peptide.  

UGT2B7. The peptide sequence ADVWLIR is less favorable than TILDELIQR due to several factors. The 

digestion efficiency is expected to be compromised by the presence of an aspartate (D) in close proximity to 

the cleavage site, and the presence of a tryptophan (W) within the sequence can lead to instability due to 

oxidation. The short sequence is predicted to lead to poor detectability under LC-MS conditions and only a 

small number of targetable transitions. It is also isobaric to VSVWLLR (UGT1A6). 

UGT2B15. The peptide sequence WIYGVSK is expected to suffer from instability due to oxidation at the 

tryptophan residue (W), and poor detectability under MS conditions with only few transitions available for 

selection. SVINDPVYK is expected to suffer from non-enzymatic hydrolysis at the DP peptide bond. Both 

peptide sequences are susceptible to missed cleavage due to close proximity of enzyme cleavage sites to 

acidic residues (SVINDPVYK.E and DR.WIYGVSK). However, the sequence SVINDPVYK was selected 

for predicted better detectability and fragmentation pattern. 
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2.2  Effects of systematic appraisal on UGT enzyme abundance and correlation with activity 

A summary of the effects of analysis optimization is shown in Supplemental Table 1. The case of each 

enzyme is discussed below.  

UGT1A1. Although previously reported data showed good correlation for UGT1A1 abundance and activity, 

the data analysis strategy was also applied to data related to this enzyme. For UGT1A1, the peptide selection 

changed based on the selection criteria. In our initial analysis, preference was given to the peptide that 

returned higher ratios (TYPVPFQR), this view was since revised. Table 1 shows the selected sequence 

(DGAFYTLK) and Supplemental Figure 1 shows the elution profiles of both peptides. Quality control runs 

also returned more favorable inter-day variability for the selected peptide (Achour et al., 2017). Appraisal of 

fragments showed that the short fragment (y4) was not specific (with potential isobaric and isomeric 

interference), and therefore was excluded from analysis. These changes in the monitored transitions (peptide 

and fragments) led to little change in mean abundance from 33.6 to 34.1 pmol mg
-1

, no change in correlation 

with activity (Rs=0.78, p<0.001), but improved scatter of the data (R
2
=0.57), in this case mainly due to the 

absence of an outlier in previously reported data (Figure 3). Correction for standard purity had little effect 

on abundance (5% change in mean abundance) and correlation (Rs=0.78, p<0.001, R
2
=0.58). Correlation 

and scatter further improved due to consistent normalization to BCA-measured fractional protein mass 

(Rs=0.87, p<0.001, R
2
=0.73), while mean abundance changed moderately to 32.2 pmol mg

-1
.      

UGT1A3. The case of UGT1A3 was complicated due to the low quality of the only peptide used for 

quantification, although theoretical and in silico parameters indicated it should be a suitable choice 

(Table 1). This peptide returned low quality elution profiles (Supplemental Figure 1), on the most 

hydrophobic side of the chromatogram, relatively low intensity signals with low signal-to-noise ratios. This 

necessitated looking at the fragments more carefully. The lowest quality elution profile pertained to one 

fragment (y5), which consistently reported low quality QconCAT signal and higher light:heavy peptide ratios 

(5-fold on average) and represented a non-specific fragment; this fragment was excluded from analysis. Only 

the longest fragment (y7), that returned more consistent quantification ratios with the highest quality elution 

profile, was used. The mean abundance changed from 123.1 to 27.8 pmol mg
-1

. This example shows a case 

where using strict filters and appraisal of monitored fragments can have a substantial effect on protein 

quantification. Although correlation with activity improved with this change (from Rs=0.64 to Rs=0.80, 

p<0.001), scatter did not improve substantially (R
2
=0.30 to 0.47). Normalization to the same fractional 

protein data improved scatter in abundance-activity correlation (Rs=0.85, p<0.001, R
2
=0.71), with mean 

abundance changing to 26.3 pmol mg
-1

. The methods used to quantify UGT1A3 using the current QconCAT 

remain problematic and new methods should be developed for this enzyme.  
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UGT1A4. Both peptide choices representing UGT1A4 required chemical modification (at the level of 

cysteines) and the modified peptide was monitored. The peptide selected in previous analysis 

(YIPCDLDFK) was shown to be more favourable than the alternative peptide based on the theoretical and in 

silico criteria. However, one of the fragments (y5) used in previous analysis was excluded due to its sequence 

not containing the modified cysteine, being less specific and returning higher ratios than longer fragment 

sequences (y6, y7) .  This assessment led to a small decrease in UGT1A4 mean abundance from 58.0 to 47.5 

pmol mg
-1

 and to improvement in correlation (Rs=0.56, p=0.004), with high level of scatter in the data 

(R
2
=0.24). There was little change in correlation due to correction for standard purity (Rs=0.56, p=0.005, 

R
2
=0.26). Applying normalization to the data resulted in improved scatter (Rs=0.75, p<0.001, R

2
=0.58), with 

mean abundance changing to 46.2 pmol mg
-1

. Protein-protein expression inter-correlations identified 

included the pair UGT1A4/UGT2B4 (Rs=0.63, p=0.001, R
2
=0.45) (Supplemental Figure 5, Supplemental 

Table 3), which was also seen with data generated using SIL-peptides in the larger sample set (n=60) as 

reported previously (Achour et al., 2017). The methods for the quantification of UGT1A4 may still need 

optimization by choosing a better performing peptide that does not require modification. 

UGT1A6. The case for UGT1A6 highlighted the importance of avoiding isobaric sequences. The peptide 

used previously (VSVWLLR) had the same parent mass, fragment masses and retention time as the sequence 

for UGT2B7 (ADVWLIR), which meant interference between the two peptides could not be avoided and led 

to over-estimating both protein quantities. Supplemental Figure 1 shows the overlap between the two 

peaks. This meant that the abundance data were inevitably exaggerated in the case of UGT1A6. In the new 

selection (SFLTAPQTEYR), the short fragment y6 was also excluded due to potential isobaric interference. 

The new peptide selection reported a reduction in the mean abundance of UGT1A6 from 107.1 to 16.6 pmol 

mg
-1

 (which teased out UGT2B7 abundance levels), with improvement in the level of correlation with 

activity (Rs=0.52, p=0.01, R
2
=0.31). There was no change in correlation due to correcting for standard 

purity. After normalization, the mean abundance changed to 15.6 pmol mg
-1

, which is more in line with data 

generated using SIL standards (Achour et al., 2017b) and the correlation further improved (Rs=0.67, 

p<0.001, R
2
=0.48).    

UGT1A9. The case of UGT1A9 was similar to that of UGT1A3; the quantification was based on only one 

peptide which was highly hydrophobic and had low quality LC-MS profile (Supplemental Figure 1). The 

selected sequence was of low quality, prone to degradation and required chemical modification (Table 1).  

Similar to the case for UGT1A3, the change in method was based on fragment choice.  The sequence 

contained a DP domain which is prone to cleavage in acidic conditions.  Therefore, any fragments longer 

than y11 were deemed less stable and represented poor reporters. Using only this one transition led to little 

change in mean abundance from 40.0 to 39.0 pmol mg
-1

, which did not have much effect on correlation with 
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activity, as this remained weak, statistically non-significant, with significant scatter (Rs=0.20, p=0.33, 

R
2
=0.07). Correction for purity of standard did not change the correlation (Rs=0.20, p=0.33, R

2
=0.07). The 

main contributor to the improved correlation was the abundance normalization, which led to a moderate, 

statistically significant relationship (Rs=0.47, p=0.02), though with some level of scatter (R
2
=0.34). The 

choice of peptide and quantification methods for UGT1A9 using the current QconCAT remain sub-optimal 

and new methods are required. 

UGT2B4. The peptide used for the UGT2B4 quantification remained the same as the previous assessment 

after applying the selection criteria (ANVIASALAK).  Assessment of elution profiles showed that one 

fragment (y8) gave split peaks and lower quality profiles. Appraisal of fragment y6 showed potential isobaric 

interference.  Quantification based on one fragment resulted in a change in mean abundance from 70.8 to 

53.9 pmol mg
-1

.  Correction for incorporation did not change mean levels significantly (5% change). 

Abundance normalization changed the mean abundance slightly to 51.6 pmol mg
-1

.  There were no activity 

measurements for this enzyme. Comparison with SIL-based data (mean abundance, 39.3 pmol mg
-1

) showed 

good expression correlation (Supplemental Figure 4). 

UGT2B7. The abundance of UGT2B7 was measured using the same peptide used in our previous report 

(TILDELIQR) due to the reason described above (see UGT1A6 results).  One fragment (y5) was excluded 

from quantification due to reporting higher ratios, having a non-unique sequence and returning split peaks on 

the chromatogram (Supplemental Figure 1).  This assessment led to little change in mean abundance from 

82.9 to 78.7 pmol mg
-1

 and slight improvement in correlation from (Rs=0.40, p=0.045, R
2
=0.30) to 

(Rs=0.48, p=0.02, R
2
=0.49), which was still considered moderate. Correction for purity of standard did not 

have a significant effect on mean abundance or correlation with activity (Rs=0.48, p=0.02, R
2
=0.48).  

Normalization of abundance resulted in improvement mainly in the scatter of the data (Rs=0.53, p=0.01, 

R
2
=0.60) with little change in mean abundance 77.3 pmol mg

-1
.  Another protein-protein inter-correlation in 

the abundance dataset included the pair UGT2B7/UGT2B15 (Supplemental Figure 5, Supplemental 

Table 3) (Rs=0.62, p=0.001, R
2
=0.48), in line with our previous report (Achour et al., 2017). 

UGT2B15. Peptide choice was changed based on the selection criteria to SVINDPVYK (Table 1).  The 

fragment y4 was also excluded from the analysis due to its short sequence, and only the fragments deemed 

more specific (y6 and y7) were used for quantification. These changes led to a decrease in mean abundance 

from 62.1 to 45.2 pmol mg
-1

 and abundance-activity correlation changed from (Rs=0.35, p=0.09, R
2
=0.14) to 

(Rs=0.52, p=0.01, R
2
=0.29), representing more improvement in correlation than in scatter of the data. 

Correction for purity of standard did not affect mean abundance or activity correlation significantly 
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(Rs=0.50, p=0.01, R
2
=0.29).  Abundance normalization led to more substantial improvement in activity 

correlation (Rs=0.65, p<0.001, R
2
=0.60).  

2.3  Cross-laboratory evaluation of UGT abundance measurement  

Supplemental Figures 3 and 4 show comparison of UGT abundance data acquired in two independent 

laboratories using two proteomic methodological workflows (gel-based sample preparation with QconCAT 

proteomic analysis vs in-solution sample preparation with SIL peptide-based proteomic analysis). With the 

three types of correction applied, the QconCAT approach now correlates well with the quantification 

achieved with the SIL approach in the cases of UGTs 1A1, 1A3, 1A4 and 2B4.  The exception is UGT1A3 

as shown in Supplemental Figure 3; although the readings from the two laboratories are correlated, the 

scale of abundance still reflects a significant cross-laboratory disparity. 

2.4  Abundance-activity and abundance-abundance cross-relationships  

Supplemental Table 2 shows correlation of UGT activity rates with abundance levels after optimization of 

analysis (Figure 4 in the manuscript), and Supplemental Table 3 shows expression correlations between 

UGT protein levels (Supplemental Figure 5).  

2.5  QconCAT-based methods after optimization 

Supplemental Table 4 shows optimized methods for the enzymes that can be adequately quantified 

using the current QconCAT, and the enzymes for which new methods are required.  
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Supplemental Figure 1 Elution profiles of UGT Q-peptides analyzed in the same LC-MS/MS assay (sample HH06). 

Peptide sequences, intensities, retention times (in minutes) and the UGT enzymes they represent are shown. The figure 

shows the overlap between peaks for the isobaric sequences VSVWLLR (UGT1A6) and ADVWLIR (UGT2B7), 

rendering them less useful in quantification experiments. The figure also shows the two single peptide sequences 

YLSIPTVFFLR (UGT1A3) and ESSFDAVFLDPFDNCGLIVAK (UGT1A9), which were of sub-optimal 

hydrophobicity and eluted late in the LC run with lower quality elution profiles characterised by low signal-to-noise 

ratio at the MS and MS/MS levels 
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Supplemental Figure 2 Correlation of UGT abundance values measured using the two QconCAT peptides representing 

UGT1A1 (A), UGT1A4 (B), UGT1A6 (C), UGT2B4 (D), UGT2B7 (E) and UGT2B15 (F) after optimization. Although 

Statistical analysis showed good correlations between abundances related to the pairs of peptides, there were significant 

differences identified for the abundance levels of UGTs 1A6, 2B4 and 2B15 (gray data points), with the largest 

difference observed with UGT1A6 (Mann-Whitney U-test). Peptide sequences highlighted in purple font were used for 

subsequent abundance measurement in this report (based on criteria shown above). Units of abundance measurements: 

pmol mg
-1

 HLM protein. Continuous lines represent lines of regression and dashed lines are lines of unity. A number of 

outlier measurements were identified for TYPVPFQR_UGT1A1 (2 outliers), VSVWLLR_UGT1A6 (1 outlier) and 

WIYGVSK_UGT2B15 (1 outlier)     
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Supplemental Figure 3 Cross-laboratory evaluation of UGT abundance measurements using stable isotope-labeled 

(SIL) peptide standards and quantification concatemer (QconCAT) standard: Box and whiskers plot of the abundance 

measurements (n=24) of UGT enzymes quantified by the two methods (A) with the individual values shown in panel 

(B). Fold difference (fold error) of matched values (i.e., [𝑥𝑄𝑐𝑜𝑛𝐶𝐴𝑇,𝑖 𝑥𝑆𝐼𝐿,𝑖⁄  ] for each enzyme i) is shown in panel (C). 

The shaded area in panel (C) represents values within 3 fold, to represent inter-changeable abundance data. In panels 

(A) and (C), the boxes represent the 25
th

 and the 75
th

 percentiles, the whiskers represent the minimum and maximum 

values and the bars represent the medians. In panel (A), the + sign represents the arithmetic mean. Differences were 

tested using Mann-Whitney rank order U-test: **, p < 0.01; ***, p < 0.001. In panel (C), AFE is the average fold error 

and AAFE is the absolute average fold error. Units of abundance measurements are pmol mg
-1

 HLM protein  
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Supplemental Figure 4 Correlation between individual protein abundance measurements (n=24) of UGTs 1A1 (A), 1A3 

(B), 1A4 (C), 1A6 (D), 1A9 (E), 2B4 (F), 2B7 (G) and 2B15 (H) using two proteomic methodologies (SIL vs QconCAT) 

after optimization of QconCAT data analysis. Strong correlation was observed for UGTs 1A1, 1A3, 1A4 and 2B4 (shown 

in green). SIL, stable isotope-labeled peptide standards; QconCAT, quantitative concatemer standard; Rs, Spearman rank 

order correlation coefficient 
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Supplemental Figure 5 Correlation matrix of individual protein abundances of UGT enzymes (abundance vs abundance) 

using QconCAT methodology (n=24). Strong, statistically significant correlations are shown in blue. Units of abundance 

measurements are pmol mg-1 HLM protein. Supplemental Table 3 shows the statistical analysis used to generate the 

abundance-activity correlation matrix. 
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Supplemental Table 1 Comparison of QconCAT-based UGT measurements before and after optimization of data analysis 

 

Before optimization of analysis After optimization of analysis Bias statistics 

Enzyme 

Mean ± SD (%CV)
 a

   

[pmol mg
-1

] 

Range (fold 

variation) 
b
 

[pmol mg
-1

] 

Correlation with 

activity (Rs, p-

value; R
2
)
 c

 

Mean ± SD 

(%CV) 
a
  

[pmol mg
-1

] 

Range (fold 

variation) 
b
 

[pmol mg
-1

] 

Correlation with 

activity (Rs, p-value; 

R
2
)
 c

 

Overall %RE
 d 

AFE 
e 

AAFE
 e

 

%RE 
d
 

(peptide/fragment 

selection) 

%RE 
d
 (protein 

mass) 

%RE
 d

 (label 

incorporation ) 

UGT1A1 33.6 ± 34.0 (101%) 8.9–137.9 (16) 0.79, <0.0001; 0.30 32.2 ± 27.8 (86%)  8.0 ‒ 103.0 (13) 0.87, <0.0001; 0.73 

-50.2% ‒+227.1% 

0.98 

1.33 

-24.6%‒+221.1% -49.3%‒+44.6% 

 

+0.1%‒+8.6% 

 

UGT1A3  123.1 ± 122.3 (99%)
 f
 26.9–487.7 (18) 0.64, 0.001; 0.30 26.3 ± 12.4 (47%) 

f
 8.6 ‒ 50.1 (6) 0.85, <0.0001; 0.71 

-91.5% ‒ -0.3% 

0.30 

3.41 

-93.1%‒ -14.7% -49.3%‒+44.6% 

 

+1.4%‒+9.3% 

 

UGT1A4 58.0 ± 24.8 (43%) 14.4–105.6 (7) 0.19, >0.05; 0.01 46.2 ± 19.2 (42%)  16.9 ‒ 83.3 (5)  0.75, <0.0001; 0.58 

-62.4% ‒+88.1% 

0.84 

1.42 

-60.5%‒+64.9% -49.3%‒+44.6% 

 

+2.1%‒+9.7% 

 

UGT1A6 107.1 ± 80.3 (75%)
 f
 31.6–285.4 (9) 0.25, >0.05; 0.12 15.8 ± 7.0 (45%) 

f
 5.7 ‒31.5 (6) 0.67, 0.0003; 0.48 

-91.8% ‒ -60.7% 

0.17 

6.07 

-91.3%‒ -60.4% -49.3%‒+44.6% 

 

+1.1%‒+8.6% 

 

UGT1A9 40.0 ± 23.7 (59%)
 f
 13.5–122.6 (9) -0.10, >0.05; 0.01 37.0 ± 12.8 (35%)

 f
  16.2 ‒ 60.5 (4) 0.47, 0.02; 0.34 

-51.8%‒+160.9% 
1.00 

1.40 

-48.4%‒+105.6% -49.3%‒+44.6% 
 

+1.3%‒+8.6% 
 

UGT2B4 70.8 ± 32.3 (46%) 22.8–135.8 (6) ‒
 g

 51.6 ± 13.3 (26%)  24.6 ‒ 75.6 (3) ‒
 g

 

-56.0 %‒+102.1% 

0.78 
1.45 

-61.9%‒+64.6% -49.3%‒+44.6% 

 

+2.7%‒+9.6% 

 

UGT2B7 82.9 ± 36.1 (44%) 33.0–162.9 (5) 0.40, 0.045; 0.30 77.3 ± 25.9 (34%)  35.9 ‒ 155.0 (4) 0.53, 0.007; 0.60 

-53.7%‒+162.2% 

0.98 

1.30 

-29.1%‒+112.5% -49.3%‒+44.6% 

 

+2.4%‒+9.4% 

 

UGT2B15 62.1 ± 31.5 (51%) 18.3–130.2 (7) 0.35, >0.05; 0.14 43.2 ± 11.8 (27%)  24.2 ‒ 73.9 (3) 0.65, 0.0005; 0.60 

-42.14% ‒+147.9% 

0.77 

1.54 

-62.1%‒+102.5% -49.3%‒+44.6% 

 

+4.3%‒+8.6% 

 

a
 Coefficients of variation are calculated using the standard deviation relative to the arithmetic mean (%CV =

𝑆𝐷𝑖

𝑋̅𝑖
 ∙ 100%) for each enzyme i, units of measurement: pmol enzyme per mg microsomal protein 

b 
Fold variation ratios are calculated based on the range (Fold variation =  𝑀𝑎𝑥𝑖 𝑀𝑖𝑛𝑖⁄  )  for each enzyme i 

c 
Rs, Spearman rank order correlation coefficient; p, p-value of Spearman correlation test; R2, regression correlation coefficient; bold font shows strong and significant abundance-activity correlations, bold italic shows 

moderate abundance-activity correlations 
d 

Relative error between measurements is calculated (%RE =
(𝑥1,𝑖−𝑥2,𝑖)

𝑥2,𝑖
 ∙ 100% ) for one measurement relative to the other for each enzyme i  

e 
Average fold error (AFE) allows underestimations and overestimations to cancel one another resulting in a measure of bias (pattern of difference), whereas the absolute average fold error (AAFE) in measurements is 

calculated by converting all log fold errors to positive values resulting in a measure of scatter or spread of measurements; the closer these two measures to 1, the lower the bias and scatter in measurements 
f 

Statistically significant difference between the datasets corresponding to the same enzyme using Mann-Whitney U-test 
g 

Catalytic activity of UGT2B4 was not determined in these HLM samples 

1
5
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Supplemental Table 2 Correlation matrix of QconCAT-derived individual UGT enzyme abundances (n=24) with activity rates (abundance vs activity). Factors considered in 

assessing correlations: Spearman correlation coefficient (Rs), significance of correlation and scatter of the data (R
2
)  

 

 

 

 

 

 

 

 

 

 

 

 

Substrates: EST, β-estradiol; CDCA, chenodeoxycholic acid; TFP, trifluoperazine; 5HTOL, 5-hydroxytryptophol; PRO, 

propofol; AZT, zidovudine; OXAZ, S-oxazepam 

 

 

 

 

UGT1A1 UGT1A3 UGT1A4 UGT1A6 UGT1A9 UGT2B7 UGT2B15 UGT2B4 

EST 
(UGT1A1) 

 

Rs=0.87 
p<0.0001 
R2=0.73 

Rs=-0.41 
p=0.05 
R2=0.06 

Rs=0.01 
p>0.05 
R2=0.11 

Rs=0.28 
p>0.05 
R2=0.11 

Rs=0.15 
p>0.05 
R2=0.14 

Rs=-0.06 
p>0.05 
R2=0.00 

Rs=0.05 
p>0.05 
R2=0.01 

Rs=0.20 
p>0.05 
R2=0.15 

CDCA 
(UGT1A3) 

 

Rs=-0.21 
p>0.05 
R2=0.00 

Rs=0.85 
p<0.0001 
R2=0.71 

Rs=0.41 
p=0.05 
R2=0.11 

Rs=0.28 
p>0.05 
R2=0.05 

Rs=0.14 
p>0.05 
R2=0.00 

Rs=0.27 
p>0.05 
R2=0.04 

Rs=0.26 
p>0.05 
R2=0.00 

Rs=0.09 
p>0.05 
R2=0.01 

TFP 
(UGT1A4) 

 

Rs=-0.02 
p>0.05 
R2=0.04 

Rs=0.49 
p=0.02 
R2=0.16 

Rs=0.75 
p<0.0001 
R2=0.58 

Rs=0.12 
p>0.05 
R2=0.01 

Rs=0.38 
p>0.05 
R2=0.12 

Rs=0.42 
p=0.04 
R2=0.12 

Rs=-0.07 
p>0.05 
R2=0.00 

Rs=0.38 
p>0.05 
R2=0.17 

5HTOL 
(UGT1A6) 

 

Rs=0.33 
p>0.05 
R2=0.31 

Rs=0.32 
p>0.05 
R2=0.09 

Rs=0.33 
p>0.05 
R2=0.15 

Rs=0.67 
p<0.001 
R2=0.48 

Rs=0.29 
p>0.05 
R2=0.17 

Rs=-0.24 
p>0.05 
R2=0.04 

Rs=-0.22 
p>0.05 
R2=0.02 

Rs=0.11 
p>0.05 
R2=0.03 

PRO 
(UGT1A9) 

 

Rs=-0.04 
p>0.05 
R2=0.09 

Rs=0.12 
p>0.05 
R2=0.00 

Rs=0.12 
p>0.05 
R2=0.03 

Rs=0.27 
p>0.05 
R2=0.08 

Rs=0.47 
p=0.02 
R2=0.34 

Rs=-0.02 
p>0.05 
R2=0.00 

Rs=0.06 
p>0.05 
R2=0.00 

Rs=-0.24 
p>0.05 
R2=0.00 

AZT 
(UGT2B7) 

 

Rs=0.11 
p>0.05 
R2=0.01 

Rs=-0.07 
p>0.05 
R2=0.02 

Rs=-0.22 
p>0.05 
R2=0.02 

Rs=-0.27 
p>0.05 
R2=0.14 

Rs=-0.07 
p>0.05 
R2=0.00 

Rs=0.53 
p=0.007 
R2=0.60 

Rs=0.12 
p>0.05 
R2=0.19 

Rs=0.20 
p>0.05 
R2=0.02 

OXAZ 
(UGT2B15) 

 

Rs=0.02 
p>0.05 
R2=0.00 

Rs=0.17 
p>0.05 
R2=0.00 

Rs=-0.02 
p>0.05 
R2=0.00 

Rs=-0.03 
p>0.05 
R2=0.00 

Rs=-0.03 
p>0.05 
R2=0.01 

Rs=0.37 
p>0.05 
R2=0.35 

Rs=0.65 
p<0.001 
R2=0.60 

Rs=0.04 
p>0.05 
R2=0.00 
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Supplemental Table 3 Correlation matrix of individual protein abundances of UGT enzymes (abundance vs abundance) using QconCAT methodology (n=24). Factors 

considered in assessing correlations: Spearman correlation coefficient (Rs), significance of correlation and scatter of the data (R
2
)  

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

UGT1A1 UGT1A3 UGT1A4 UGT1A6 UGT1A9 UGT2B4 UGT2B7 UGT2B15 

UGT1A1 - 
Rs=-0.37 
p>0.05 
R2=0.05 

Rs=0.03 
p>0.05 
R2=0.04 

Rs=0.43 
p=0.04 
R2=0.28 

Rs=0.21 
p>0.05 
R2=0.26 

Rs=0.28 
p>0.05 
R2=0.15 

Rs=0.07 
p>0.05 
R2=0.00 

Rs=0.27 
p>0.05 
R2=0.07 

UGT1A3  - 
Rs=0.44 
p=0.03 
R2=0.15 

Rs=0.26 
p>0.05 
R2=0.06 

Rs=-0.02 
p>0.05 
R2=0.01 

Rs=0.00 
p>0.05 
R2=0.00 

Rs=0.16 
p>0.05 
R2=0.01 

Rs=0.01 
p>0.05 
R2=0.01 

UGT1A4   - 
Rs=0.41 
p=0.05 
R2=0.15 

Rs=0.50 
p=0.01 
R2=0.21 

Rs=0.63 
p=0.001 
R2=0.45 

Rs=0.41 
p=0.05 
R2=0.14 

Rs=0.10 
p>0.05 
R2=0.01 

UGT1A6    - 
Rs=0.55 
p=0.005 
R2=0.39 

Rs=0.32 
p>0.05 
R2=0.08 

Rs=0.01 
p>0.05 
R2=0.01 

Rs=0.26 
p>0.05 
R2=0.03 

UGT1A9     - 
Rs=0.43 
p=0.04 
R2=0.17 

Rs=0.32 
p>0.05 
R2=0.05 

Rs=0.32 
p>0.05 
R2=0.10 

UGT2B4      - 
Rs=0.56 
p=0.004 
R2=0.22 

Rs=0.30 
p>0.05 
R2=0.07 

UGT2B7       - 
Rs=0.62 
p=0.001 
R2=0.48 

UGT2B15        - 
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Supplemental Table 4 Enzymes with established QconCAT-based quantification methods after optimization. A new 

QconCAT (MetCAT2) includes peptides based on performance and validation against catalytic activity.  

Enzyme 
a
 Peptide sequence MRM transitions Comments 

UGT1A1 DGAFYTLK 
457.73+2/671.38+1 (y5) 

  
457.73+2/742.41+1 (y6) 

UGT1A4 YIPCDLDFK 
b
 

585.782+/797.35+1 (y6) This peptide still requires carbamidomethylation. Other options 

include: FFTLTAYAVPWTQK and YLSIPAVFFWR, used in 

MetCAT2. 585.782+/894.40+1 (y7) 

UGT1A6 SFLTAPQTEYR 
656.832+/864.42+1 (y7) Only fragments with long sequences are monitored. 

656.832+/965.47+1 (y8) 

UGT2B4 
c
 ANVIASALAK 

479.292+/673.42+1 (y7) Only one fragment was shown to be of good quality. Another 

specific transition using a long fragment (y9) needs to be 

validated.  Proteomic methods should also be validated with 

activity data.  

UGT2B7 TILDELIQR 
550.822+/773.42+1 (y6) 

  
550.822+/886.50+1 (y7) 

UGT2B15 SVINDPVYK 
517.782+/735.37+1 (y6) 

  
517.782+/848.45+1 (y7) 

a
 Enzymes which still need methods to be developed are:  UGTs 1A3, 1A5, 1A7, 1A8, 1A9, 1A10, 2B10, 2B11, and 2B17.   

b
 The selection for UGT1A4 needs optimization. The underlined amino acid (cysteine) requires chemical modification prior to 

analysis.  
c 

UGT2B4 still requires validation using activity data and additional transitions for the selected peptide.  
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