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ABSTRACT: Many diﬀerent methods are used for mass-spectrometry-based protein quantiﬁcation in pharmacokinetics and systems
pharmacology. It has not been established to what extent the results
from these various methods are comparable. Here, we compared six
diﬀerent mass spectrometry-based proteomics methods by measuring
the expression of clinically relevant drug transporters and
metabolizing enzymes in human liver. Mean protein concentrations
were in general quantiﬁed to similar levels by methods using whole
tissue lysates. Methods using subcellular membrane fractionation gave
incomplete enrichment of the proteins. When the enriched proteins
were adjusted to levels in whole tissue lysates, they were on average 4fold lower than those quantiﬁed directly in whole tissue lysates. The diﬀerences in protein levels were propagated into diﬀerences
in predictions of hepatic clearance. In conclusion, caution is needed when comparing and applying quantitative proteomics data
obtained with diﬀerent methods, especially since membrane fractionation is common practice for protein quantiﬁcation used in
drug clearance predictions.
KEYWORDS: drug transporters, drug metabolizing enzymes, membrane proteins, protein quantiﬁcation, targeted proteomics,
label-free proteomics

■

INTRODUCTION

LC-MS/MS analysis. Samples are prepared from whole tissue
lysates6−9 or from isolated subcellular fractions.10−16 The mass
spectrometry instruments can be triple quadrupoles, quadrupole time-of-ﬂight, and quadrupole orbitraps.17 The targeted
approaches use isotope labeled standards18,19 while global
approaches can use label-free quantiﬁcation.20,21 It has not yet
been established to what extent the variability in reported

Cellular proteins deﬁne phenotype and function by responding
dynamically to environmental and genetic factors. Describing
and understanding the quantitative proteome is a central and
fundamental challenge in biology.1−4 Currently, most quantitative proteomics strategies are based on bottom-up mass
spectrometry approaches, where proteins are digested to
peptides prior to analysis.5 However, these methods diﬀer
from one laboratory to another. Many of these proteomic
methods are not yet evaluated and standardized and the
comparability of the generated data are challenged by
diﬀerences in sample preparation, digestion procedure, and
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Figure 1. Illustration of methods included in the study. Identical human liver tissue samples from ten individuals were distributed to six laboratories.
In house-methods were employed for tissue preparation and protein quantiﬁcation. Results were ﬁnally compiled and analyzed in one of the
laboratories. MED-FASP: multi enzyme digestion−ﬁlter aided sample preparation; SIL peptides: stable isotope labeled peptides; MRM: multiple
reaction monitoring; tSIM: targeted single ion monitoring; QconCAT: quantiﬁcation conCATemer.

tion. This study therefore demonstrates that caution is needed
when comparing and applying quantitative proteomics data,
and that evaluation and standardization of proteomics methods
are warranted.

protein quantities is related to the choice of proteomic
strategy.22−25 Previous meta-analyses of studies quantifying
proteins essential for drug disposition, such as hepatic drug
transporting and metabolizing proteins, revealed a larger
variability than could be accounted for by biological variation.
This suggests that methodological diﬀerences also contributed
to the variability.26−29
Here we investigated how the protein quantiﬁcation varied
between diﬀerent methods. Six laboratories that had developed
their own in house-methods for quantiﬁcation of drug
transporting proteins and drug metabolizing enzymes were
included in the study. These liver proteins are of particular
importance in drug discovery and development since they
participate in disposition, metabolic processes, and elimination
of xenobiotics, and hence determine drug exposure. They are
also used for parametrization of bottom-up cellular or systems
pharmacology models. We therefore also investigated the
impact of the observed variability in protein quantities on
clearance prediction of atorvastatin. Our study indicates that
protein levels obtained from diﬀerent proteomics methods can
vary considerably, especially when using membrane fractiona-

■

EXPERIMENTAL SECTION
Human Liver Tissue. Normal human liver tissues were
obtained from ten liver resections carried out at the
Department of Surgery, Uppsala University Hospital (Uppsala,
Sweden). The study was approved by the Uppsala Ethical
Review Board (ethical approval no. 2009/028 and 2011/037).
Donors gave their informed consent. Donor demographics are
summarized in Table S1. Liver tissue samples were snap-frozen
(in methylbutane on dry ice and ethanol) immediately after
resection and stored at −150 °C. The snap-frozen samples were
divided under liquid nitrogen and distributed frozen on dry ice
to the six participating laboratories. In each laboratory, tissue
samples were prepared and analyzed in accordance to in houseproteomics methodologies.
Proteins for Quantiﬁcation. Liver proteins important for
drug transport and metabolism were included in this
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the numerous peptides matched the peptide used in the
targeted approach.
Scaling Protein Concentrations from Enriched Subcellular
Fractions to Whole Tissue. Diﬀerent subcellular fractionation
procedures (such as membrane and microsomal enrichment)
were conducted in Laboratories d, e, and f to enable
quantiﬁcation of the proteins. These protein levels were
quantiﬁed in fmol/μg membrane protein. To enable direct
comparisons with Laboratories a, b, and c where proteins were
quantiﬁed in fmol/μg total tissue protein, the protein
concentrations in the subcellular fractions required scaling to
the corresponding whole tissue. By assuming full recovery in
the fractionation processes, the results were scaled by applying
eq 1,

quantitative analysis. The proteins were selected for the widest
possible coverage of proteins essential for drug disposition, with
respect to available in house-methods across the six
laboratories. In total, ﬁve hepatic uptake (SLC22A1,
SLCO1A2, SLCO1B1, SLCO1B3, and SLCO2B1) and ﬁve
eﬄux (ABCB1, ABCC2, ABCC3, ABCG2, SLC47A1) transmembrane transporters were included in the study. In addition,
nine phase I- (CYP1A2, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, CYP2D6, CYP3A4, and CYP3A5) and four phase
II- (UGT1A1, UGT1A3, UGT2B7, UGT2B15) drug metabolizing enzymes localized in the endoplasmic reticulum were
quantiﬁed in four laboratories (Figure 3a). The quantiﬁed
proteins and proteotypic peptides used for the quantiﬁcation
are listed in Table S2 and Table S3, respectively.
Proteomic Methods. Six diﬀerent liquid chromatography−
mass spectrometry-based proteomics methods were applied to
quantify membrane proteins in ten liver samples. Brieﬂy,
proteins were solubilized from whole tissue lysates in three of
the laboratories (Laboratories a, b, and c), before digestion
(Figure 1 and Table S4 give a schematic overview of the
methodologies). In the other three laboratories (Laboratories d,
e, and f), total/crude membrane or plasma membrane fractions
were isolated as an enrichment step prior to protein digestion,
in order to concentrate the proteins of interest. Lab c isolated
the peptides of interest using immunoprecipitation from the
whole cell digests prior to LC-MS analysis, giving less complex
digests. Five laboratories quantiﬁed the proteins using targeted
proteomics, with stable isotope labeled standards (Lab a, c, e,
and f) or concatenated synthetic peptides, QconCAT (Lab d).
One laboratory (Lab b) used a shotgun, label-free approach
(total protein approach, TPA) to quantify the proteins. A more
detailed description of the proteomic methods used by each
laboratory can be found in Supporting Information Methods,
together with the amount of used tissue for each method
(Figure S1).
Comparative Data Analysis. Intralaboratory Reproducibility. Tissue preparation and analysis were performed at two
independent occasions with duplicate tissue samples from the
same ten individuals. The protein concentrations obtained from
each run were compared to measure the within-laboratory
reproducibility by calculating the average fold error (AFE) and
absolute average fold error (AAFE; see Supporing Information
Methods).30 The AFE was used to assess if the protein levels
were measured higher (or lower) in one of the runs, while
AAFE was used to assess the variability of the duplicate
measurements (the spread of the mean fold values from the
reference value at 1, i.e., identical results).30
Comparison between Laboratories. Correlations within
and across laboratories were determined by Pearson’s productmoment correlation coeﬃcients (r) calculated on log-values of
protein concentrations. The consistency of the order of protein
levels across the methods was investigated where the log-values
of protein concentrations, for each protein, were compared
across the laboratories. Good correlation was considered for
comparisons with correlation coeﬃcients above 0.79 (p < 0.05
after Bonferroni correction for multiple comparisons). The
inﬂuence of reference peptides on protein quantiﬁcation was
investigated by comparing proteins quantiﬁed with the same
reference peptide (matched) or proteins quantiﬁed with
diﬀerent reference peptides (unmatched), across the laboratories. In the label-free approach, proteins are quantiﬁed based on
several peptides and were included in the comparison if one of

Protein conc whole tissue = Protein conc membrane fraction
Total protein amount membrane fraction
×
Total protein per tissue × Tissue weight

(1)

where Protein concwhole tissue is the scaled concentration of the
protein of interest in the whole tissue (fmol/μg total tissue
protein), Protein concmembrane fraction is the concentration of the
protein of interest measured in the isolated fraction (fmol/μg
membrane protein), Total protein amountmembrane fraction is the
total amount of protein measured in the cell fraction (μg),
while Tissue weight is the amount of tissue (mg) used for the
enriched cell fraction preparation. Finally, Total protein per
tissue is the amount of homogenate protein per mg of liver (88
± 14 μg/mg; n = 1231).
Predicting Uptake Clearance, CLint,uptake, of Atorvastatin.
The contribution of three transporters, SLCO1B1, SLCO1B3,
and SLCO2B1, to the relative CLint,uptake of atorvastatin was
estimated using a static, mathematical model described
previously.31 In vitro kinetic and in vitro proteomics data were
obtained from Karlgren et al. Thus, the only variable in the
model was the protein levels quantiﬁed in the liver tissues,
which enabled the evaluation of the eﬀect of diﬀerent protein
levels obtained from the six methods. This allowed calculation
of CLint,uptake expressed in relative units, since diﬀerent methods
were used to quantify the proteins in vitro31 and in the liver
samples in this study. All calculations were made in Microsoft
Excel (version 14.0.7128.5000), while box plots, ﬁgures, and
statistical tests were made with GraphPad Prism (version 7.0).

■

RESULTS
Variability in reported protein concentrations can arise from
multiple sources. These include procedures for tissue resection,
sample preparation, analysis methodology, as well as true
biological variation between individuals. Here, liver tissue
samples from ten donors were snap-frozen in a single
laboratory under standardized conditions, and identical samples
were distributed to the six participating laboratories. Thus, the
observed variability should arise primarily from the diﬀerent
procedures and equipment used for sample preparation and
proteomic analysis (see in house-methods in Figure 1), rather
than from tissue procurement and biological variation.
Intralaboratory Reproducibility. To assess the reproducibility of the results within the laboratories each participating
laboratory prepared and analyzed samples from ten donors at
two diﬀerent occasions. The reproducibility was compared by
determining the average fold error (AFE) and absolute average
fold error (AAFE) within the laboratories. The AFE was used
to assess if the protein levels were measured higher (or lower)
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Figure 2. Intralaboratory reproducibility. Sample preparation and protein quantiﬁcation in the ten liver samples were performed at two independent
occasions. The reproducibility of the methods was determined by calculating AFE and AAFE for the duplicate runs. AFE: average fold error; AAFE:
absolute average fold error; r: coeﬃcient of variation; N: number of proteins in the ten liver samples measured in each of the independent runs.

obtained (Figure S2b), indicating a substantial loss of plasma
membrane proteins (or contamination of proteins from other
subcellular fractions) during the subcellular fractionation.
Plasma membrane proteins are assumed to make up 1−3% of
the total cellular protein,22,35,36 and isolated plasma membrane
fractions are therefore expected to be concentrated 30−100fold.
Comparison of Mean Protein Levels across All
Laboratories. The lower recovery from the membrane
puriﬁcation processes leads to an underestimation of the
protein quantities. This was evident when the enriched protein
levels in the isolated subcellular fractions were corrected to
those in whole tissue, with the assumption of full recovery of
membrane proteins in the fractionation procedures, using eq 1.
The correction enabled direct comparison of the quantiﬁed
membrane proteins (transporters and enzymes) across all
laboratories, and the corrected protein levels should, in theory
based on above assumptions, reach the same levels as those
obtained directly from whole tissue digests.
Comparison of Transporter Protein Levels. The corrected
transporter levels obtained from Lab f, using plasma membrane
fractionation, were consistently 10-fold lower compared to
levels from the other methods (p < 0.05 in Mann−Whitney
test, Figure 4b). For example, Lab f reported up to 120-, 80-,
and 50-fold lower levels of SLCO1B1, SLCO1B3, and ABCC3,
respectively, compared to the other laboratories (p < 0.05 in
Kruskal−Wallis test followed by Dunn’s multiple comparisons
test, Tables S5 and S6). The diﬀerences in mean concentrations
across the other ﬁve laboratories were lower: 7-, 6-, and 3-fold,
for the three proteins. The 120-fold lower levels of SLCO1B1
(Lab f) could be explained by the low recovery from the
membrane puriﬁcation process, but also partly by the peptide
used for the protein quantiﬁcation. The peptide sequence used
in Lab f covered the transmembrane domain in position 402−
409 of the protein, which should be avoided since it can lead to
poor peptide recovery24 resulting in lower quantiﬁed levels of
the protein. While analysis of whole tissue lysates gave more
consistent quantiﬁcation, the complexity of the samples
reduced the sensitivity. Thus, some low abundance transport
proteins were only detected after subcellular fractionation. For

in one of the runs, while AAFE was used to assess the variability
of the duplicate measurements.30 High reproducibility (AFE
and AAFE close to 1) was obtained when sample complexity
was reduced after concentration of membrane proteins by
subcellular fractionation (Laboratories d, e, and f) (Figure 2), as
well as after antibody-based peptide enrichment in whole tissue
digests (Lab c). Slightly diﬀerent results were obtained in the
remaining two laboratories that quantiﬁed peptides from whole
tissue digests (Laboratories a and b). The AFE within Lab b,
which used a label-free, total protein approach (TPA), was at
terms with the other laboratories (Laboratories c, d, e, and f).
However, proteins in Lab a were on average 1.5-fold higher in
one of the runs. The diﬀerences of the duplicate measurements
(AAFE) were larger in Laboratories a and b, compared to the
laboratories that used enrichment procedures. This was most
likely related to higher complexity (larger number of proteins)
in the whole tissue digest samples.
Transporter Protein Levels in Isolated Subcellular
Fractions. Human uptake and eﬄux transporters (four ABC
and six SLC-transporters) were quantiﬁed in the laboratories
(Figure 3a, Table S2). Three of the laboratories quantiﬁed the
transporters in isolated membrane fractions after subcellular
fractionation processes, yielding crude (or total) membrane
(Laboratories e and d) or plasma membrane fractions (Lab f).
These subcellular protein concentrations were expressed in
fmol/μg membrane protein. On average, proteins were
quantiﬁed to similar levels in the diﬀerent subcellular fractions
(Laboratories d, e, and f; Figure 3b and c), and were in general
comparable to previously reported values from subcellular
fractions (Figure S2a). However, low degrees of enrichment
were observed, with for example only up to 3-fold enriched
levels in crude membrane fractions (Lab d and e), compared to
in the whole tissue digests (Laboratories a, b, and c; Supporting
Excel File 1, Figure S2b). Various estimates of the membrane
proteome indicate that the membrane fraction contributes
between 16 and 25% of the total cellular protein.32−35 Thus,
with the assumption of full recovery, fractionation procedures
for crude (or total) membrane proteins are expected to yield
4−6 fold enrichment. Surprisingly, for isolated plasma
membrane fractions (Lab f) only a 6-fold enrichment was
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Figure 3. Comparison of protein levels across laboratories. Subcellular localization of proteins analyzed in the study (a). Protein levels (fmol/μg total
protein from whole tissue lysates and fmol/μg membrane protein from subcellular fractions) of ABC-transporters (b), SLC-transporters (c), CYPenzymes (d), and UGT-enzymes (e) for the ten liver samples were compared between each laboratory. NQ: not quantiﬁed, proteins could not be
quantiﬁed with the applied methods..

variation across the four laboratories was smaller for the higher
abundant enzymes, compared to what was observed for the
transporters (Figure 4c, Table S5). As for the transporters, not
all proteins could be quantiﬁed by all laboratories. For instance,
Lab a could not quantify the protein levels of UGT1A3 in all
donor samples, since they were close to the limit of
quantiﬁcation. CYP2D6 could only be quantiﬁed in seven out
of ten liver samples in all four laboratories, indicating very low
protein levels in these samples. This could however be due to
genetic variation, with CYP2D6 being a polymorphic protein
with null-alleles in 24% of the population.37
Correlation of Protein Expression in the Ten Liver
Donors. Despite that some of the laboratories showed large
diﬀerences in the mean levels of some proteins, we asked
ourselves if the diﬀerent methods provided consistent results in
the order of the ten liver samples for each of the 23 investigated

instance, the low abundant proteins SLC47A1 and SLCO1A2
(mean values of 0.06 and 0.05 fmol/μg total protein,
respectively) could only be quantiﬁed by Laboratories d and
e (only SLC47A1) after enrichment procedures. In contrast,
ABCG2 (mean value of 0.03 fmol/μg total protein) could also
be detected in whole tissue digests by Lab b.
Comparison of Enzyme Protein Levels. Essential drug
metabolizing enzymes (CYPs (Cytochrome P450s) and UGTs
(UDP-glucuronosyltransferases)) were also quantiﬁed in four
of the six laboratories (Laboratories a, b, c, and e). The enzyme
levels determined in whole tissue digests (Laboratories a, b, and
c) were comparable, with only a 2-fold average diﬀerence.
Similar to the transporter proteins, the enzymes were poorly
enriched in subcellular fractions in Lab e. Correcting the levels
to whole tissue resulted in on average 6-fold lower levels
compared to in whole tissue digests. However, the overall fold
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Figure 4. Comparison of transporter protein levels in whole tissue digests (fmol/μg total protein; Lab a−c), in concentrated subcellular fractions
(fmol/μg membrane protein; Lab d−f) (a), and levels after correction to those in whole tissue lysate (fmol/μg total protein) using eq 1 (b). After
adjusting to whole tissue, large fold diﬀerences between the diﬀerent methods were demonstrated (c). NQ: not quantiﬁed, proteins could not be
quantiﬁed with the applied methods.

results show that the protein concentrations were in general
poorly correlated in the ten liver samples across the diﬀerent
laboratories.
Impact of Protein Quantiﬁcation on Pharmacokinetic
Predictions. Finally, we assessed the impact of variable protein
quantiﬁcation on predictions of a commonly used pharamacokinetic parameter, the intrinsic liver clearance (CLint,uptake).
Protein levels obtained from the diﬀerent methods were used in
a previously publised static mathematical model for estimating
the maximal uptake clearance, CLint,uptake, of atorvastatin.31 All
parameters in vitro were used as previously reported and kept
constant in the comparisons, so that only the eﬀect of variable
liver protein quantities obtained in this study could be
illustrated. Since diﬀerent methods were used for quantifying
proteins in the in vitro-system and in the livers, the CLint,uptake
were expressed in relative units. Atorvastatin is actively
transported by SLCO1B1, SLCO1B3, and SLCO2B1.31
Importantly, since Laboratories c and d only quantiﬁed
SLCO1B3 and SLCO1B1, respectively, these were not included
in the ﬁnal analysis of the overall fold-diﬀerence in the
predicted relative uptake clearance (cumulative CLint,uptake of
each SLCO-transporter). The overall predicted uptake
clearance in vivo varied on average 2-fold (range 1.3−4 fold;
Figure 6b) across the laboratories, with a larger variation when
enriched protein levels were corrected to those in whole tissue
(7-fold average diﬀerence; range 1.8−90 fold; Figure 6c, Figure
S5). Together, this demonstrates that interlaboratory diﬀerences in protein quantities had a strong inﬂuence on the
predicted liver clearance.

proteins (i.e., if a sample with the highest expression of a certain
protein in one laboratory also reported the highest expression
across all laboratories). The distribution of the Pearson’s
correlation coeﬃcients for all proteins for all laboratory
comparisons is shown in Figure 5a and Figure S3. Only onethird of the correlations were signiﬁcantly correlated across the
laboratories (r > 0.79; p < 0.05 after Bonferroni correction for
multiple comparisons, Figure S3). For most of the proteins the
order of the ten liver samples varied between paired
laboratories. For instance, one individual was found to have
the highest expression of ABCB1 in Lab e, but the lowest in
Lab b (resulting in r = −0.48, Figure 5b). However, the same
protein showed a good correlation between Laboratories b and
c (r = 0.94) (Figure 5b). Similarly, the correlation coeﬃcients
for SLC22A1 ranged from poor correlation between Laboratories a and f (r = 0.46) to excellent correlation between
Laboratories c and e (r = 0.94. Figure 5c).
We also investigated potential reasons for the poor
correlations. First, we analyzed if these correlations were
inﬂuenced by the protein abundances (Figure 5d). To our
surprise, we found that this was not the major reason for the
poor correlations as high r-values (above 0.79) were observed
across a wide range of protein concentrations (0.17 to 20.5
fmol/μg total protein, Figure 5d). Second, comparable mean
protein levels between two laboratories did not result in better
correlations. High r-values (above 0.79) were obtained
irrespective of fold diﬀerences in protein concentrations (up
to 40-fold, Figure 5e). We also analyzed if diﬀerences in
proteotypic peptides used for quantiﬁcation had an impact on
the correlations (Supporting Information Results). However,
diﬀerences in the used peptides could not explain the wide
range in correlations: the r-values ranged from −0.60 to 0.98,
and −0.70 to 0.98, for proteins quantiﬁed with matched
peptides and unmatched peptides, respectively (Figure 5f,
Supporting Information Results and Figure S4). Overall, these

■

DISCUSSION
In predictive pharmacokinetics, drug transporting and metabolizing enzymes are often quantiﬁed in subcellular fractions and
reported as fmol/μg membrane protein. The protein quantities
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Figure 5. Distribution of correlations of liver samples based on protein expressions across laboratories. The consistency in order of the ten liver
samples, for each protein, was compared across the laboratories using Pearson’s product-moment correlation. The distribution of correlation
coeﬃcients across the laboratories is summarized in boxplots (a). Good correlation (green) was considered for Pearson’s product-moment
correlation coeﬃcients above 0.79 (p < 0.05 after Bonferroni-correction for multiple comparisons). Examples of poor and good correlations of order
of liver samples for ABCB1 (b) and SLC22A1 (c) between laboratories are also given. Pearson’s r-values were not inﬂuenced by the quantiﬁed
abundancy of the protein (d), the magnitude of the fold diﬀerence of mean protein levels across the laboratories (e), or whether matched peptides
were used for protein quantiﬁcation (f). r: Pearson’s correlation coeﬃcient.

are then used in modeling of in vitro−in vivo correlations. In
this study, we compared protein levels of transporters and
enzymes obtained in subcellular fractions, with those in whole
tissue digests. We found that enrichment of membrane proteins
was lower than expected after subcellular fractionation, in
particular in the plasma membrane fractions, when compared to
protein levels measured in whole tissue digests. This is in
agreement with previously demonstrated diﬃculties in isolating
integral membrane proteins in a single membrane fraction,
demonstrating lower than expected yields of membrane
proteins in the isolated fraction.15,22,34,38 This is not only
caused by suboptimal membrane fractionation methods, but
also by cellular membrane dynamics,39 making it diﬃcult to
obtain some membrane compartments (e.g., the plasma
membrane) in pure form. Very promising, but demanding
procedures to obtain maximal sorting of membrane compartments by subcellular fractionation have recently been
proposed.35,40 Unfortunately, this procedure is cell speciﬁc
and has so far only been applied to single homogeneous cell

lines. It remains to be shown if it is applicable to heterogeneous
tissues.
A common way to account for the enrichment of membrane
proteins is to use membrane markers, such as ATP1A1 (Na+/
K+-ATPase). This protein is predominantly located in the
plasma membrane, more speciﬁcally in the basolateral
membrane of hepatocytes.15,41 Unfortunately, our results
indicate that each transporter and enzyme is enriched to a
diﬀerent degree, limiting the usefulness of single membrane
markers (Table S5 and Supporting Excel File 1). This is in
agreement with our recent observation that apical and
basolateral plasma membrane proteins are enriched diﬀerently
during subcellular fractionation of human liver tissue.34 An
alternative approach to correct for the loss of proteins is to
determine protein speciﬁc recovery factors.22 Unfortunately this
is a demanding procedure not applicable for routine use. We
conclude that general correction factors are at the present time
not suﬃciently reﬁned for accurate quantiﬁcation of individual
membrane proteins.
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quantiﬁcation. The challenge of using single peptide standards
was illustrated by the considerably lower quantiﬁed levels of
SLCO1B1 in Lab f, where the chosen peptide spans the
transmembrane domain of the protein.
The higher complexity of the whole tissue digests
(Laboratories a and b) provides a reasonable explanation for
the lower reproducibility compared to when membrane
proteins were enriched prior to analysis. Complex biological
matrices aﬀect mass spectrometry measurements by several
factors, including competition for ionization and signal
suppression or enhancement eﬀects.43 This was conﬁrmed by
Lab c, which demonstrated high reproducibility after reduction
of the whole tissue digest complexity by immunoprecipitation
of selected peptides with validated antibodies. Although
demanding in terms of identiﬁcation and validation of suitable
antibodies for the proteins, once established this approach
seems to be an attractive alternative to subcellular fractionation.
The results of this study also have implications for drug
development. Following recommendations of FDA and EMA,
physiologically based system models are increasingly used to
predict clinical pharmacokinetic and dynamics prior to clinical
studies of new drug candidates.44,45 The pertinence of these
models is dependent on the quality of the physiological
parameters entered into the models. Among these is protein
concentration of the liver transporters and enzymes investigated in this study. Apart from normal biological factors,
including genetic variability in the clinical population, an
interlaboratory variability of up to 120-fold was observed for
the drug transporting and drug metabolizing proteins in the
human liver, when considering protein levels in the whole
tissue. This was propagated into large diﬀerences in adjusted
uptake clearance of atorvastatin across the laboratories. Further,
signiﬁcant eﬀects on the predicted clinical pharmacokinetics
and dynamics outcomes are expected. Clearly, this variability
would be reduced by more systematic evaluation and
standardization of methods for quantitative proteomics.1,16,46
The scope of this study was to investigate the variability in
protein quantiﬁcation between proteomics methods currently
used in ADME research, and not to identify a “gold standard”
method for quantifying membrane proteins. By exploring
currently used in house-methods, the variability in protein
quantiﬁcation could be revealed. In addition to the sources of
variability compared in this study, other sources of variability
such as tissue homogenization,23,47−49 degree of protein
solubilization,49 and digestion conditions of proteins (e.g.,
type of digestion enzyme, digestion time and temperature, and
the amount of digestion enzyme per total protein24,49,50) will
aﬀect the protein quantiﬁcation. The results in this study
emphasize that all potential sources of variability should be
considered and that more streamlined, generic methods for the
quantiﬁcation of membrane proteins needs to be established.
In conclusion, we found a large variability in concentrations
of drug transporters and drug metabolizing enzymes obtained
by diﬀerent methods, with substantially lower levels found after
subcellular fractionation compared to levels measured in whole
tissue digests. In general, proteins were quantiﬁed to similar
mean levels by methods using whole tissue digests. Therefore,
when possible, whole cell or tissue preparations are
recommended. However, a drawback with using whole tissue
digests is matrix complexity, which may give lower resolution
for low abundance proteins. Our results show that
immunoprecipitation from whole tissue digests may improve
the precision to that obtained in the less complex membrane

Figure 6. Prediction of hepatic uptake clearance (CLuptake) of
atorvastatin. A static mathematical model31 was used in predicting
the inﬂuence of varying levels of SLCO1B1, SLCO1B3, and
SLCO2B1, from the laboratories, on atorvastatin clearance (a). The
predicted CLuptake of atorvastatin by each of the three transporters is
based on the protein quantities obtained in Lab a−f (fmol/μg total
protein and fmol/μg membrane protein) (b) and protein levels
corrected to whole tissue (fmol/μg total protein) (c). The
contribution of each transporter is represented as geometrical mean
values of calculated clearance from the ten liver samples. Lab c and Lab
d only quantiﬁed SLCO1B3 and SLCO1B1, respectively.

Label-free proteomics methodologies have historically been
considered less sensitive and reproducible compared to targeted
approaches using labeled peptide standards.19 Our results show
that recent developments (e.g., MED-FASP and TPA) for labelfree proteomics, 21 together with enhanced instrument
sensitivity have improved this method to a level approaching
that of targeted proteomics, that uses labeled standard peptides,
c.f. Figure 2 (Lab a and b). This observation is supported by a
study by IJsselstijn et al., which demonstrated good
quantiﬁcation consistency between a targeted and label-free
approach.42 One of the beneﬁts of label-free, global approaches
is that the protein quantiﬁcation is based on several peptides,21
thus reducing the inherent bias of only using single or a few
peptides. Here, an average of 12 (3−35) unique and razor
peptides per protein were used by Lab b for the label-free
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fractions. We hope that our results will motivate further
evaluation and standardization of proteomics methods for
quantiﬁcation of proteins important for drug disposition, and
eventually contribute to improved pharmacokinetic modeling.

■
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