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Abstract. The quantification of drug-metabolizing enzymes and transporters is important for
in vitro-in vivo extrapolation (IVIVE) of xenobiotic clearance, which has become an integral part of
drug development. There are different mass spectrometry-based techniques used for quantitative
proteomics, and as more laboratories are opting for the use of these methods, selecting the most
appropriate tool is becoming a concern. For the first time, we attempt to determine the significance of
cost of different LC-MS methods of quantitative analysis of these proteins and to present a framework to
objectively assess the choice of the techniques. Based on our analysis, quantification using labeled
internal standards is more expensive per sample but provides higher quality data than label-free
quantification. Quantification using absolute quantification synthetic peptides is the approach of choice
for analyzing less than nine proteins, whereas when quantifying a defined set of proteins (10–50), such as
enzymes, in a reasonably large number of samples (20–100), the quantification concatemer technique is
more economical, followed by label-free quantification. When analyzing proteomes or sub-proteomes
(≥500 proteins), label-free quantification is more cost-effective than the use of labeled internal standards.
A cost-benefit approach is described to assess the choice of the most appropriate mass spectrometry-
based approach for the quantification of proteins relevant to IVIVE.
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INTRODUCTION

Mass spectrometry (MS) is a powerful technique for the
qualitative analysis of peptides and proteins in complex
mixtures. It is both extremely sensitive, detecting peptides
down to the attomole range, and extremely selective, allowing
peptides differing in molecular weight by less than 1 Da to be
easily distinguished. Quantitative analysis by mass spectrom-
etry is, however, much more challenging; the size of a signal
in mass spectrometry depends on the concentration of an
analyte and numerous other factors (its gas-phase basicity (1)
and the ionizing conditions, for example).

In recent years, the importance of quantitative measure-
ments in proteomics has driven the development of novel
MS-based quantitative methods, and this development has
been reflected in the rise in the number of publications on its
application in different fields. A simple literature search,
covering the last 5 years, using the words Bquantitative
proteomics^ and Bmass spectrometry^ in different databases
of articles shows a rapid increase in the number of publica-
tions (see Fig. 1). For example, a PubMed search showed a
fourfold increase in publication Bhits^ using these terms in the
last 5 years (2009–2013). As more laboratories are opting for
the use of these methods to measure enzymes and trans-
porters, they have to decide on the best option that matches
the project objectives (e.g., the number of samples to analyze
and the number of target proteins to measure).

MS-based quantification methods used in proteomics are
generally described as either Brelative^ or Babsolute^ (2).
Relative quantification compares the quantity of the same
protein in different samples (inter-sample relative
quantification) and the results are defined in terms of fold
change. An example of this type of quantification is compar-
ing the fold change of protein expression in samples from
patients (disease state) relative to that in reference samples
(healthy state). Absolute quantification, by contrast, estab-
lishes the exact concentration of a protein in a mixture, and
results are expressed in units such as copies per cell, or
picomole per gram of tissue. More recently, another level of
quantification has been recognized. It may be important to
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quantify proteins in a single sample relative to one another.
This intra-sample relative quantification might conveniently
be termed stoichiometric quantification (3) and requires the
same methodology as absolute quantification, rather than
inter-sample relative quantification. Stoichiometric quantifi-
cation can also refer to quantification of different forms of the
same protein in a sample, for example, phosphorylated and
non-phosphorylated forms of the same protein. Protein
stoichiometry determined from proteins absolute quantifica-
tion results can give insights into the regulation of protein
abundances within a sample (4, 5).

MS-based absolute quantification normally relies on
analysis of proteotypic peptides using chemically or biologi-
cally synthesized stable isotope-labeled peptides as internal
standards. Absolute quantification may be done by introduc-
ing a defined amount of chemically synthesized standard
peptides to the sample prior to LC-MSMS analysis (6) and
these peptides are sometimes known as absolute quantifica-
tion (AQUA) peptides. An alternative approach is to
synthesize the standards biologically, the quantification
concatemer (QconCAT) approach. QconCATs are artificial
proteins made of concatenated peptides, and each peptide is
an internal standard (surrogate) that represents a specific
protein. The construct is expressed using an artificial gene in
Escherichia coli grown in heavy-isotope-enriched medium (7–
9). Protein standards for absolute quantification (PSAQ) are
isotopically labeled, recombinantly expressed analogues of
analyte proteins used at a known concentration. AQUA and
QconCAT techniques rely on the use of surrogate peptide
standards for the quantification process whereas PSAQ are
proteins that conserve the native context in which the
quantified peptides exist; therefore, any differences between
analyte and standard in proteolytic cleavage and procedural
losses are minimized. This technique can therefore yield very
high quality quantification (10, 11). All these methods are
rather restricted in scope, and it is not surprising that
researchers have sought to quantify complex samples using
label-free methods. Essentially, there are two main ap-
proaches to label-free quantification of proteins. One is
through the measurement of peak intensities of peptide ions
(12–14) and the other is to count the number of peptides

observed for a particular protein and to compare this with the
theoretical number of observable peptides (15). Non-labeled
protein standards at a known concentration are added to the
assay and quantified simultaneously in order to obtain absolute
measurements for analyte proteins (16). MS-based absolute
quantification methods have been extensively reviewed in the
literature (17–24). For an illustrative chart of these quantitative
methods, please refer to Supplementary Fig. 1.

Proteomic techniques for quantifying drug-metabolizing
enzymes and transporters are laborious, may require special-
ized skills and complex steps, are costly, and involve time-
consuming data analysis. Complex biological samples have a
higher dynamic range of protein abundance than most
available analytical methods can cover. Consequently, robust
and reproducible sample preparation is crucial to the
accuracy and reproducibility of quantitative results. The
selection of a suitable quantitative technique depends on the
purpose of the experiment, especially whether relative or
absolute quantification is needed. Other factors that should
be considered include the biological origin of the sample (e.g.,
tissues, cell lines, primary cell cultures, body fluids, plants,
bacteria, or viruses), the number of samples, the availability
of instruments, and the associated cost and time.

On the basis of the information provided above, it is
evident that cost analysis of these techniques is one of the
fundamental pieces of information required prior to the
implementation of mass spectrometry-based proteomics. In
this report, we describe a framework developed for assessing
and choosing different LC-MS quantitative methods based on
their advantages, limitations, and cost implications.

MATERIALS AND METHODS

Comparison of Different Quantitative Techniques Used
for Absolute Quantitative Proteomics

The literature contains no systematic and objective assess-
ment of the strengths and weaknesses of different quantification
techniques. Therefore, three independent researchers with
technical and theoretical experience of different quantitative
techniques assessed the advantages and the disadvantages of
four different absolute quantification techniques: AQUA,
QconCAT, PSAQ, and label-free quantification. In addition to
cost, the following criteria were assessed: reproducibility,
accuracy, precision, time required for the experiment, number
of proteins that can be analyzed, and discrimination between
isoforms and post-translational modifications. The performance
of the techniques according to these criteria was scored by the
researchers using a four-point Likert scale and the overall score
is presented as an average of three individual scores.

Cost Analysis of Different Quantitative Techniques

This cost analysis is valid for laboratories equipped with
instruments necessary for proteomics techniques including
SDS-PAGE, ultra-centrifugation, and LC-MSMS. The cost
values in this paper are based on the quantification of the
abundance of cytochrome P450 (P450) and uridine 5′-
diphospho-glucuronosyltransferase (UGT) enzymes and drug
transporters in human tissue with QconCAT, AQUA, and
label-free methods (7, 25–32). The cost of comprehensive

Fig. 1. Results of the literature search for publication trends on mass
spectrometry quantitative proteomics in the last 5 years in three
databases
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method development and validation of the techniques was
not included in the analysis as the time needed and validation
methods used vary considerably between laboratories. Quan-
tification of transporters requires additional sample prepara-
tion steps to extract the trans-membrane domains, and these
steps should be included if the intention is to measure
transporters. The cost of all the materials and consumables
used was calculated initially in British pounds sterling then
converted to US dollars. The costs of all consumable
materials used per sample were incorporated in the analysis.
The cost takes into account two possible options in sample
preparation: in-gel digestion and in-solution digestion; however,
the main values in this article are based on in-solution digestion.
For a list of consumables used in this cost analysis, please refer to
Supplementary Table 1. The proteolytic enzymes considered
were a combination of trypsin and Achromobacter endopepti-
dase Lys-C. Instrument time cost is established on two
platforms: nano-HPLC connected to electrospray ionization
quadrupole time of flight (QTOF) MS and nano-HPLC
connected to electrospray ionization triple quadrupole MS.

Cost analysis of absolute quantification using different
proteomic methods was based on the smallest number of
technical replicates that can provide reliable data; there is a
lack of consensus in the literature on the number of required
replicates. In this study, the costing of label-free analysis was
carried out based on three technical replicates and that of
quantification using labeled internal standards was based on
two technical replicates as explained in the BRESULTS.^

Development of a Generic Cost-Benefit Framework

Incorporation of the results from the cost analysis and
the performance comparison of different quantitative tech-
niques by variation of the sample size and the number of the
target proteins to be measured presented a generic frame-
work for the selection of the most appropriate method on an
informed basis. The framework considers the impact of the
cost and performance in different scenarios in the scoring of

each quantitative technique used for absolute quantification.
The selected scenarios represent some of the common
applications of interest of absolute quantification methods.

RESULTS

Comparison of the Performance of Different Quantitative
Techniques in Absolute Quantitative Proteomics

The information in Table I compares four quantitative
methods in terms of performance, time, and applications. The
performance of the techniques is scored as an average of
three scores and further displayed in a bar chart in Fig. 2.
These are, of course, subjective scores. There was overall
agreement between the three sets of scores and therefore
only the average score is presented. AQUA peptides scored
lowest in protein sequence coverage and the ability to
discriminate isoforms. This is explained by the fact that the
length of AQUA peptides is constrained to 15 amino acids,
and it is usual to use only a single peptide to quantify each
protein. This method scored the highest in quantifying post-
translational modifications as post-translationally modified,
e.g., phosphorylated, peptides can be synthesized and used
for direct comparison. QconCAT displayed an overall satis-
factory score especially in quantification of stoichiometry
where it had the highest score. PSAQ analyzes data from
every detectable proteolytic peptide and therefore had the
highest scores for protein sequence coverage; because so
many measurements based on different peptides are made, it
is also best for accuracy of results and isoform discrimination.
However, it scored lowest in post-translational modifications
and stoichiometry applications. PSAQ proteins are expressed
recombinantly and post-translational modifications, if any,
would not necessarily reflect biology. Stoichiometric quanti-
fication requires quantification of several proteins necessitat-
ing the use of a matching number of PSAQ standards making
it a laborious and expensive process.

Table I. Assessment of Different Quantitative Techniques Used for Absolute Quantitative Proteomics

AQUA QconCAT PSAQ Label-free

Availability of commercial isotope-labeled standards Available Available Available N/A
Isotopes used 13C, 15N, D 13C, 15N, D 13C, 15N, D N/A
Evaluation of digestion Required Required Not requireda N/A
Number of proteins 1/standard 50/standard 1/standard ≥1,000
Number of replicates 6 (3 biological,

2 technical)
6 (3 biological,
2 technical)

6 (3 biological,
2 technical)

9 (3 biological,
3 technical)b

Sequence coverage 1.3±0.6 2.3±0.6 4.0±0.00 3.0±0.0
Reproducibility 2.7±0.6 3.0±0.0 3.3±0.6 2.3±0.6
Results accuracy 2.7±0.6 3.0±0.0 4.0±0.0 2.0±0.0
Results precision 3.7±0.6 3.7±0.6 3.3±0.6 2.3±0.6
Isoforms discrimination 1.3±0.6 1.7±0.6 3.0±1.0 1.3±0.6
Stoichiometry 2.7±0.6 3.0±1.0 1.7±1.2 2.0±0.6
Post-translational modifications 3.3±0.6 1.3±0.6 1.0±0.0 1.7±0.6
Duration of experiment 2 days 2 days 2 days 3 days
Instrument time 1–2 h/sample 1–2 h/sample 1–2 h/sample 1–6 h/sample
MS data size per sample Large Large Large Very large

Performance of the techniques is scored based on a four-point Likert scale by three researchers as follows; poor=1; fair=2: good=3; excellent=
4 to provide an average score±standard deviation
aUnless variations in protein folding are present between standard and sample
bAdditional replicates required for label-free quantification to achieve the same level of precision
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Concerns were expressed about the precision and
accuracy of label-free methods as they do not use labeled
internal standards for the process of quantification. They also
displayed the lowest scores in reproducibility and ability to
discriminate isoforms. All the techniques involving isotope
standards require similar amounts of time to complete the
quantitative experiments, whereas label-free techniques in-
volve quicker sample preparation but a longer time for data
acquisition and analysis.

Cost Analysis for Different Absolute Quantification
Techniques

The cost for each step of sample analysis including
sample preparation and LC-MS analysis was calculated and
the results are presented in Table II. Expenses for tissue
homogenization and protein digestion are optimized to fit all
the previously mentioned quantitative techniques. PSAQ is
excluded from the cost analysis as it is relatively new and
applications to quantification of drug-metabolizing enzymes
have not yet been reported. In sample preparation, in-
solution digestion costs $3 less than in-gel digestion per
sample. The cost of a QconCAT standard is based on the
MetCAT (31), which is designed to quantify 25 drug-
metabolizing enzymes with two peptides per protein. The
capital cost of QconCAT is presented in Table II and is
estimated at $4,400 of which the cost of QconCAT consum-
ables is estimated to be around $450. The capital cost of the
standard is the major contributor to the overall cost. Label-
free methodology saves around 70 to 95% of the cost of
quantifying one protein in one replicate compared to using
AQUA or QconCAT standards. However, the cost of running
nine replicates, three technical replicates for three biological
replicates per sample, using label-free quantification is
comparable to AQUA. The expense of analyzing one
replicate with AQUA and QconCAT standards differs by
approximately $3,800. However, the cost of analyzing one
protein remains comparable to the cost of analyzing 50
proteins with QconCAT, which makes this technique more

than fivefold cheaper than AQUA when analyzing 50
distinct proteins in the same sample, as presented in
Table III and Fig. 3. It is conventional in techniques that
use isotope-labeled standards to run six replicates (three
biological, two technical) and nine replicates (three
biological, three technical) for label-free methods to
achieve an acceptable precision of quantitative data (CV
of <20%). When nine replicates are run, the cost of label-
free measurement is seven times higher compared with a
single measurement. In the case of AQUA and QconCAT
measurements, the corresponding increase is less than
twofold.

In Fig. 3, the effect of the number of samples and the
number of proteins quantified using different absolute
quantitative techniques is evaluated in four different scenar-
ios using the results of the cost analysis. The presented results
are based on the use of six replicates (three biological, two
technical) for isotope-labeled standards methods and nine
replicates (three biological, three technical) for label-free
methods. The first scenario (Fig. 3a) describes the cost of
quantifying one protein in different numbers of samples.
Accordingly, AQUA is the ideal choice for absolute quanti-
fication of one protein in a large number of samples. Routine
analysis of ten proteins or less is represented in the second
scenario (Fig. 3b), wherein AQUA and QconCAT are
comparable in terms of cost for the quantification of ten
proteins in different numbers of samples. The cost of
quantifying more than ten different proteins using AQUA is
more than $10,000, whereas the increase in the cost of
quantifying 10 to 50 proteins using QconCAT is minimal
representing the increase in instrument time. Quantification
of a defined set of proteins (50 proteins) in a large number of
samples shows the greatest cost saving with QconCAT
(Fig. 3c). Figure 3d shows the fourth scenario where a whole
proteome or a large sub-proteome (ca. 500 proteins) is
quantified in different numbers of samples. Label-free
quantification is the most cost-effective method for this
scenario and QconCAT can be a good alternative to label-
free methods as the number of samples reaches 100; however,
the quantification of more than 150 distinct proteins using
QconCAT can be very expensive costing more than $10,000.

The Choice of Different Quantitative Techniques Based on
Cost and Performance

The previous results (Fig. 3) presented the most cost-
effective quantitative method for absolute quantification. On
the other hand, a framework assessing the best quantitative
technique to select for absolute quantification ought to
consider both cost and performance. The choice of quantita-
tive technique for absolute quantification is mainly deter-
mined by the application of interest, the number of samples,
and the number of proteins. These determine both the
suitability and affordability of the method.

Figure 4 presents an evaluation of the best quantitative
technique to select in three different scenarios based on the
results of Tables I, II, and III and considering performance
and cost of each technique. The scores on the y-axis (out of
four) are an average score of performance and cost evalua-
tion. In the first scenario, the target of absolute quantification
is one protein in 20 samples and the use of AQUA or PSAQ

Fig. 2. Differences in the performance of quantitative techniques:
AQUA, QconCAT, PSAQ, and label-free in absolute quantitative
proteomics applications. The bar chart is created based on the
average scores shown in Table I
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is the best choice. Secondly, if the aim is to quantify 30
proteins in ten samples, then QconCAT is the ideal choice
followed by AQUA and label-free techniques. PSAQ is not
the best choice for quantifying multiple proteins in the same
sample. Finally, in the case of quantifying more than 100
proteins in one sample, label-free would be the obvious
choice followed by QconCAT.

In essence, based on the present cost-benefit analysis,
AQUA is more desirable than QconCAT when fewer than
nine proteins are to be quantified in less than 30,000 samples.
However, if the number of proteins to be quantified exceeds
nine proteins, QconCAT is the best choice regardless of the
number of samples. QconCAT, however, becomes prohibi-
tively expensive when the number of proteins per sample to
be quantified exceeds 100, and label-free quantification
becomes the best choice.

DISCUSSION

Abundances of drug-metabolizing enzymes, such as P450s
and UGTs, play an important role as scaling factors in the
process of in vitro-in vivo extrapolation of pharmacokinetic
data. These abundance values are also required in

physiologically based pharmacokinetic (PBPK) modeling to
predict drugmetabolic clearance. Abundance values of different
enzymes in various tissues have become more available because
of the use of LC-MS-based quantitative proteomics. Thework in
this paper presents a cost analysis of quantitative proteomic
strategies for absolute quantification of P450s and UGTs in
human liver tissue. These drug-metabolizing enzymes are an
appropriate choice for comparative cost analysis as they
represent a relatively small set of proteins relevant to drug
pharmacokinetics. The framework developed for these enzymes
was then extended to describe more comprehensive protein
quantification scenarios and other tissues.

Prior to MS analysis, samples are subjected to cell lysis,
protein extraction, solubilization, reduction and denaturation,
alkylation, and digestion. The compatibility of the sample
preparation method with the nature of the sample and the
analytical technique is important for the reliability of the
results. The total cost of the sample preparation step is less
than 4% of total analysis cost for label-free and less than 1%
for isotope-labeled standards methods. Even though the
capital cost for sample preparation is moderately high, it is
an essential cost to initiate the work and it decreases with the
total number of samples to be analyzed. For example, tiny

Table II. Cost of Consumable Materials, Sample Preparation, and LC-MS Analysis Based on Different Quantitative Techniques (AQUA,
QconCAT, Label-Free)

Process Capital cost Cost/replicate

Preparation of tissue sample
Homogenization reagents for 1 g of tissue $198 $1
Microsomal protein concentration (Bradford assay) in triplicate $218 $1
In-solution digestion reagents $874 $6
In-gel digestion reagents $1,363 $9
Total sample prep. cost with in-solution digestion $1,290 $8
Total sample prep. cost with in-gel digestion $1,779 $11
Cost of standards
AQUA per peptide $524 $0.02
QconCAT (50 peptides) $4,358 $0.00
Protein standard for label-free $95 $0.01
Cost of instrument timea

QTOF or triple quadrupole connected to nano-HPLC – $128
SRM method development for (1–10 peptides) – $128
Personnel time cost for SRM method development – $47
Label-free data analysisb – $95
Total cost
Total sample cost of label-free quantification – $326
Total sample cost of AQUA quantification – $834
Total sample cost of QconCAT quantification – $4,669

a Instrument time cost values are applied as a 2-h run per sample
bThe value used to represent the cost of label-free data analysis does not take in account the cost of bioinformatics tools such as the software
and the server

Table III. The Effect of the Numbers of Replicates on the Cost of Absolute Quantification Proteomics Analysis of Human Tissue Samples

Number and type of replicate Label-free AQUA QconCAT

3 biological replicates for the analysis of 1 protein $788 $1,106 $4,941
Technical replicates for each biological replicatea $709 $497 $1,755
Biological × technical replicates for the analysis of 1 protein $2,126 $1,490 $5,325
Biological × technical replicates for the analysis of 50 proteins $2,126 $27,841 $6,025
Biological × technical replicates for the analysis of 500 proteins $2,126 $271,282 $31,908

aThe values are based on two technical replicates for AQUA and QconCAT, and three technical replicates for label-free methods
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amounts of proteolytic enzymes, such as trypsin and
endoproteinase Lys-C, are required in each digestion. The
limited half-life of trypsin means that one purchase essentially
digests however many samples are to be analyzed, and the cost
of analysis per sample decreases with increasing numbers of
samples. Trypsin is a common choice for digestion in proteomics
because of its specific cleavage of peptide C-terminal arginine
and lysine residues. The combination of trypsin with other
proteases such as endoproteinase Lys-C is commonly used to
enhance protein sequence coverage (33). Lys-C enzymes are
tolerant to denaturants and only one labeled amino acid in
isotope-labeled quantification experiments is required. Lys-C
from Achromobacter is much cheaper than Lys-C from
Lysobacter (34), making the use of sequential digestion of
sample proteins with Lys-C then trypsin an attractive digestion
strategy. In-gel protein digestion is more expensive and requires
more time and sample handling steps when compared to in-
solution digestion. However, in-gel digestion is more attractive
when large amounts of detergents are used as it offers a cleaner
analyte solution for LC-MS analysis.

The AQUA method is very popular in proteomics
because isotope-labeled synthetic peptides are commercially
available and the process can be performed in an easy, direct
way. The AQUA strategy can be applied to assess post-
translational modifications such as phosphorylation and
ubiquitinylation (35, 36). The application of AQUA can be
complex, time-consuming, and expensive for quantification of
large number of proteins since standard peptides need to be
synthesized and assessed independently. The use of AQUA
for up to ten proteins is reasonable in terms of both cost and
time of the experiments. The cost of running samples with
AQUA to quantify several proteins in a set of samples is very
high. It costs more than $10,000 to quantify 20 or more
different proteins. By contrast, the amount used from an
AQUA standard to quantify one peptide is extremely small;
hence, one standard can be used to quantify one protein in
thousands of samples. Despite cost implications, AQUA
peptides have been applied extensively to generate quantita-
tive data on several drug-metabolizing enzymes and trans-
porters (29, 37, 38).

Fig. 3. Simulated data based on the developed framework of cost analysis showing the effect of the number of samples and
the number of proteins quantified using different absolute quantitative techniques evaluated in four different scenarios. To
achieve the same level of precision, two technical replicates are used for isotope-labeled standards-based methods and three
technical replicates are used for label-free methods. The first scenario (a) shows AQUA as the ideal method for
quantification of one protein in a large number of samples (screening). AQUA and QconCAT present a comparable choice
for routine quantification of about 10 proteins in different numbers of samples (b). In the third scenario (c) QconCAT is the
cheapest choice for quantification of a defined set of proteins (such as enzymes and transporters) in different numbers of
samples. Label-free and QconCAT are the most cost-effective methods for quantification of 500 proteins or more (whole or
sub-proteome) in different numbers of samples (d)
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The main highlight of QconCAT is the ability to apply
multiplexed protein quantification, where several proteins are
quantified at the same time for the same overall cost.
QconCAT can increase protein quantification scale, where
up to 50 proteotypic peptides (size of artificial protein
standard 50–150 kDa) of different target proteins can be
included in a QconCAT construct; thus, the cost-effectiveness
and the robustness of absolute quantification is improved.
The cost of absolute quantification with QconCAT is almost
the same for 1 to 50 proteins (one QconCAT can contain up
to 50 standard peptides) with a slight increase in cost after ten
proteins as the cost of instrument time for SRM method
development starts to rise. Quantification of different proteins
in the same sample becomes cheaper with QconCAT in
comparison to AQUA for about ten or more distinct proteins
in the same sample. Similarly to AQUA, the cost of the
amount of QconCAT used, as a standard, to quantify a host of
proteins in the same sample is insignificant. Hence, the
produced QconCAT standard covers thousands of samples
with the same-targeted proteins. The use of QconCAT to
quantify more than 150 different proteins becomes very
expensive costing more than $10,000, as at least three
individual QconCAT standards would be needed. In addition,
QconCAT is a remarkable method to obtain stoichiometric
quantification of multiple proteins since QconCAT peptides
are released in strictly equimolar stoichiometry (4, 39). The
Census Of the Proteome of Yeast (COPY) project is worth
mentioning as an example of the application of QconCAT to
obtain whole proteome absolute quantification of a minimum
of 4,000 proteins in the yeast Saccharomyces cerevisiae (40).
In addition, QconCATwas successfully used to quantify drug-
metabolizing enzymes in the human liver (32). The cost
analysis results display QconCAT as a very cost-effective
choice for the absolute quantification of several proteins.

The possibility of AQUA and QconCAT failure to
express the stable isotope-labeled peptides selected in silico
needs to be taken in consideration in the total cost. The cost
of $523 for a new AQUA peptide would be the added for a
failed experiment for the absolute quantification with AQUA
peptide standard. In the case of QconCAT standards, failure
to express would require a new QconCAT gene, which costs
around $2,000. If the first attempt at using a QconCAT fails to
express, there are reasonably well-documented protocols to
employ (31).

The PSAQ method provides superior quantification
accuracy compared to the previously mentioned methods.
PSAQ avoids the effect of variations in protease digestion
efficiency and loss of proteins during protein pre-fractionation
on the accuracy of the results. Theoretically, all proteotypic
peptides of the target protein can be observed with PSAQ
providing the highest sequence coverage (41). In theory,
PSAQ is the ideal choice for absolute quantification of
proteins; however, PSAQ, a biological labeled standard,
needs to be produced for every protein under study, with all
the attendant cost and time implications. Heterologous
expression of PSAQ standard proteins can lead to variations
in the folding and post-translational modifications in compar-
ison with the proteins of interest. Thus, the resultant peptides
might display differences in stoichiometry when comparing
the standards with sample peptides (42).

The exclusion of labeled standards from label-free
quantification simplifies the technique and decreases sample
preparation steps. The literature suggests using three techni-
cal replicates per biological sample is sufficient to obtain
precision of less than 20% (CV) with label-free quantification
methods (43–45). This level of precision is achieved with two
technical replicates when isotope-labeled internal standards,
such as QconCAT (32), are used. The results present label-
free analysis as the cheapest choice for absolute quantification
of a large number of proteins as the cost remains constant
regardless of the number of proteins in one sample. There-
fore, the possibility of high throughput analysis makes label-
free quantification a very appealing quantification approach.
Quantification of a small number of proteins with label-free
methods is not the cheapest option when analyzing multiple
(>20) samples because the cost of label-free quantification
increases with the numbers of samples due to the effect of the
large number of replicates and data analysis cost. In addition,
quantitative measurements provided by label-free strategies
are generally considered less reliable compared to labeled
standard-based methods. Reliable quantification with label-
free techniques requires validation and assurance of results
reproducibility along the whole experimental workflow. The
use of label-free approaches to quantify low-abundance
proteins and to assess stoichiometry of proteins within the
same sample (intra-sample relative quantification) is chal-
lenging. However, in occasions where there are significant
similarities between the quantified proteins in terms of size
and sequence homology (e.g., cytochrome P450 enzymes),
intra-sample protein quantification is especially feasible (28).

The choice of the instrument used for the analysis is
crucial in label-free quantification. Control over the perfor-
mance of the mass spectrometer, the ionization efficiency, and
the quality of chromatography is important to ensure
reproducibility of the results. The cost-effective MSMS

Fig. 4. The effect of the number of samples and the number of
proteins in each sample on the quantitative technique used for
absolute quantification (x-axis: number of proteins * number of
samples). The graph displays implications of the cost analysis
information shown in Tables II and III and the performance analysis
shown in Table I
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platform for routine label-free quantification using MSE

experiments (label-free quantification based on intensity of
peptide ion signals) (12) would be a quadrupole-time of flight
mass spectrometer. Triple quadrupole and Orbitrap-based
instruments can equally be used for selected reaction
monitoring (SRM)-based assays involved in labeled standard
(AQUA/QconCAT)-based quantification. However,
quadrupole-based instruments tend to be more cost effective
than Orbitrap mass analyzers. Mass spectrometry is a fast
evolving technology and the development of quadrupole-
Orbitrap instruments operating in PRM mode (parallel
reaction monitoring) shows improved selectivity of measure-
ments in comparison to SRM using triple quadrupole mass
analyzers (46, 47). However, newly developed instruments
are less cost effective.

CONCLUSION

The proposed cost-benefit analysis framework is applied
to the absolute quantification of drug-metabolizing enzymes
in human liver tissue, but it is also valid for other routine
applications. As the cost of sample preparation is negligible,
other factors such as the cost of LC-MS analysis, the number
of samples, the number proteins quantified, and the capital
cost of standards need to be considered in the quantification
process. This work provides objective guidelines for the
assessment of different quantitative proteomics techniques
in terms of cost, performance, and applications.
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