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An important aspect of current biological research is the
design of experimental systems that can yield quantitative
results. Therefore, it is not surprising that there is keen interest
in the quantitative analysis of proteins because proteins are of
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such fundamental importance in all cellular processes. The
results obtained from large scale quantitative analyses of
protein expression will undoubtedly play an important role in
advancing our understanding of metabolic events, cellular
systems, and pathogenic mechanisms of disease.
The drive toward quantitative studies has been greatly facilitated by the development of new technologies and chemistries. A large number of methods have been developed for
the determination of differences in protein expression, including methods based on gel electrophoresis, MS, immunochemistry, and others. Some of these methods have been in
use for many years, whereas others have been implemented
or modified more recently (1). There are two general quantitative approaches: absolute and relative. The present study
deals only with the latter, mainly due to the fact that the
majority of current proteomics studies are concerned with
relative measurements among two or more samples and not
absolute quantities. This approach is frequently referred to as
comparative proteomics. Although it was not called comparative proteomics at the time, relative quantitative measurements of proteins on a large scale have been conducted ever
since the development of two-dimensional (2D)1 gel electrophoresis (2, 3). Following the establishment of sensitive
and high throughput mass spectrometric methods over 10
years ago (4, 5), strategies for the relative quantitation of
proteins based on stable isotope labeling techniques were
implemented in the field of quantitative proteomics (6).
These methods have been complemented recently by labelfree mass spectrometry approaches that are based on
spectral ion currents (7, 8).
Currently there is a considerable choice of experimental
approaches to study the proteome in a quantitative manner,
but there have been few studies in which these techniques
have been compared and contrasted for a given sample set
(9). One reason for this is that many of these techniques are
relatively expensive to implement, and a given laboratory may
1
The abbreviations used are: 2D, two-dimensional; ABRF, Association of Biomolecular Resource Facilities; PRG, Proteomics Research
Group; 1D, one-dimensional.
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The determination of differences in relative protein abundance is a critical aspect of proteomics research that is
increasingly used to answer diverse biological questions.
The Association of Biomolecular Resource Facilities Proteomics Research Group 2006 study was a quantitative
proteomics project in which the aim was to determine the
identity and the relative amounts of eight proteins in two
mixtures. There are numerous methodologies available to
study the relative abundance of proteins between samples, but to date, there are few examples of studies that
have compared these different approaches. For the 2006
Proteomics Research Group study, there were 52 participants who used a wide variety of gel electrophoresis-, HPLC-, and mass spectrometry-based methods for
relative quantitation. The quantitative data arising from
this study were evaluated along with several other experimental details relevant to the methodologies used.
Molecular & Cellular Proteomics 6:1291–1298, 2007.
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MATERIALS AND METHODS

All proteins were purchased from Sigma-Aldrich. Deionized water
(18.2 megaohms; Milli-Q Gradient A10 from Millipore, Bedford, MA)
was used to prepare all solutions. For proteins supplied in small
quantities (carbonic anhydrase I, glycogen phosphorylase, horseradish peroxidase, and lactoperoxidase), the requisite volume of water
was added to each vial to generate the individual stock solutions.
Samples of the remaining proteins (␤-casein, BSA, catalase, and
ribonuclease A) were weighed on an analytical balance and separately
dissolved in water. The exact protein content of each individual stock
solution was assessed by amino acid analysis. Three stock mixtures
were then prepared: 1) a mixture containing the four proteins that
were present at the same concentration in both samples, 2) the
remaining proteins for sample A, and 3) the remaining proteins for
sample B. Each sample, A and B, received an equal volume of stock
mixture 1 and a volume of stock mixture 2 or 3 as appropriate to
achieve the same total protein amount in both samples. Each vial was
dried in a vacuum centrifuge and stored at room temperature for no
longer than 1 week prior to mailing.
RESULTS AND DISCUSSION

The study sample consisted of two protein mixtures, each
of which contained the same eight proteins. Four of the proteins were present at a 1:1 ratio in both samples, whereas the
others were present at varying ratios over a range of approximately 2 orders of magnitude. The participating laboratories
were asked to identify the proteins and determine their relative
2
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quantities within the two samples. In addition to comparing
the ability of different techniques to identify and provide relative quantitation of proteins, other goals of the 2006 PRG
study included assessment of the participants’ level of confidence and consistency in the quantitative data and evaluation
of the ability of software to determine quantitative differences
between samples. The PRG also hoped to provide participating laboratories with a means to evaluate their proficiency in
identifying and quantifying proteins in a mixture. From a comparison of the results obtained by different strategies, participants would be able to gauge their own capabilities and establish realistic expectations for the approaches that were used.
Because this was the first study of its kind, the PRG wanted
it to be suitable for as many different quantitative methods as
possible. In preparation for the study, the PRG evaluated 12
proteins for possible inclusion in the study. A one-dimensional
(1D) SDS-PAGE separation of the 12 proteins is shown in Fig.
1. All proteins were obtained from a commercial source and
showed various degrees of heterogeneity as evidenced by the
minor components detected in each lane in addition to the
band for the expected protein. No efforts were made to characterize or remove any of the protein impurities and/or isoforms. Eight proteins that showed the least heterogeneity and
that had a range of molecular weights and isoelectric points
were then selected for the study: ␤-casein, BSA, carbonic
anhydrase I, catalase, glycogen phosphorylase, lactoperoxidase, horseradish peroxidase, and ribonuclease A. Sample
mixtures were prepared using the ratios listed in Table I as
described under “Materials and Methods.” Although four of
the eight protein pairs were present in identical amounts in the
two mixtures, participants were informed about the identity of
only one of them (BSA) so that they could use this protein for
normalization. The relative protein ratios between the two
samples did not exceed 1:100 because it was thought that the
technologies currently available could not accurately measure
higher ratios. The most challenging case was that of glycogen
phosphorylase with a ratio of 1:76 between the two samples.
In sample A this protein was only present at 3 pmol. The total
amount of protein in each sample was ⬃80 g. Sufficient
amounts of the individual proteins were provided so that
participants using less sensitive methods such as gel electrophoresis in combination with Coomassie staining would be
able to carry out the analysis more than once. The study was
designed such that the total amount of protein in each sample
was the same. Fig. 2 is an image from the analysis of the
combined samples by DIGE (13). This analysis also demonstrated protein heterogeneity due to the presence of protein
isoforms (in some cases) as well as unknown impurities.
The PRG provided the following information to the
participants.
1.
2.

The sample set consists of two mixtures, A and B.
Both mixtures contain eight major proteins, each present in various amounts.
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only have access to a limited number of approaches. Carrying
out a comprehensive comparison of these techniques by one
laboratory is, therefore, quite challenging.
Since its creation in 2001, the Association of Biomolecular
Resource Facilities (ABRF) Proteomics Research Group (PRG)
has carried out research studies that have addressed various
topics relevant to the field of proteomics. The study topics
have included the identification of components in a protein
mixture (10), determination of the sites of phosphorylation in a
protein (11), differentiation of protein isoforms (12), and de
novo peptide sequencing.2 In 2006, the PRG organized a
quantitative proteomics study that was designed to evaluate
methodologies that are available for relative quantitation of
proteins among experimental samples. This study was considered to be particularly timely in that an increasing number
of proteomics facilities were being asked to provide large
scale quantitative proteomics measurements for their user
groups. It was the expectation of the PRG that proteomics
facilities would use a variety of strategies to carry out the
experiments needed for the study, thereby providing a more
comprehensive dataset generated from more diverse experimental approaches than would be possible by a single group.
In addition, it was anticipated that the study samples would
aid laboratories in gaining experience with methods for carrying out such analyses.

Relative Protein Quantitation Study
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FIG. 1. One-dimensional SDS-polyacrylamide gel electrophoresis of 12
commercial protein preparations. Individual protein preparations and a mixture of all 12 proteins were separated in
a 12% gel and then stained with SYPRO
Ruby. The proteins indicated in red were
selected for the PRG2006 study.

TABLE I
Proteins in PRG2006 study samples
Proteina

Molecular
mass

␤-Casein
Bovine serum albumin
Carbonic anhydrase I
Catalase
Glycogen phosphorylase
Lactoperoxidase
Horseradish peroxidase
Ribonuclease A

24.0
66.6
28.9
57.5
97.4
77.5
43.3
13.7

kDa

Quantity
B

Ratio
(A/B)

150
195
90
59
235
300
298
296

4:1
1:1
1:3
5:1
1:76
1:1
1:1
1:1

A
pmol

598
195
28
299
3
300
298
296

a
Proteins were purchased from Sigma-Aldrich: ␤-casein, catalog
number C-6905; bovine serum albumin, A-0281; carbonic anhydrase
I, C-6653; catalase, C-40; glycogen phosphorylase, P-1261; lactoperoxidase, L-8257; horseradish peroxidase, P-6782; ribonuclease,
R-4875.

3.
4.

5.
6.
7.

In some cases, isoforms and/or contaminant(s) are
present (as typically encountered for real life samples).
The total amount of protein in each tube is ⬃80 g. The
individual proteins are present on average at 300 pmol,
ranging from ⬃3 to 600 pmol.
The ratios of proteins between mixtures A and B vary
up to 1:100.
Four of the eight proteins are present at a 1:1 ratio with
BSA being one of them.
The proteins were mixed from aqueous solutions that
also contained small amounts of salt and then dried.

The protein identifications and quantitative results generated by the participants were collected using a web-based
survey system (SurveyMonkey) that has proven in previous
studies to be a quick and easy way for web-based data input.

FIG. 2. Differential in-gel electrophoresis of the two mixtures
prepared for the PRG2006 study sample. Sample A was labeled
with Cy3 dye, and sample B was labeled with Cy5 dye. Proteins from
both samples were then combined and separated in a 3–10 pH
non-linear gradient IPG strip in the first dimension and a 12% SDS gel
in the second dimension.

Each participant was also asked to provide information about
the methods they used for sample preparation and data analysis as well as any other details relevant to the study. The use
of this web-based questionnaire greatly facilitated interpretation and consolidation of the submitted data by the PRG. As
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TABLE II
Methods used by participants in PRG2006 study
Methoda

Number
4
4
2
4
1
3
1
4
12
5
1
10
1

a
2D radioactivity, 125I/131I; iTRAQ, isobaric tags for relative and
absolute quantitation; ICPL, isotope-coded protein label.

in the past, all steps of data collection, evaluation, and presentation were conducted in an anonymous manner.
Of the 92 laboratories requesting study samples, 52 returned analysis results. This represents a very good response
rate compared with previous studies and reflects the great
interest in quantitative proteomics in the community. Data
were submitted by both ABRF members and non-members
from academia, government, and industry (including instrument manufacturers and biotechnology and pharmaceutical
companies).
For determining the relative quantities of the proteins in the
two samples, a little over one-third of the participants used gel
electrophoresis-based methods, whereas approximately twothirds of the laboratories used MS-based techniques (Table
II). In the case of 1D gel electrophoresis, protein detection
included Coomassie Blue (Coomassie), silver stain (silver),
and fluorescent stains such as SYPRO Ruby (fluorescent). For
2D gel electrophoresis, in addition to Coomassie, silver, and
fluorescent protein detection, DIGE-based approaches and,
in one case, radioactive labels (14) were used. Two-thirds of
the participants who used MS-based techniques used stable
isotope labeling for the analysis. These included isotopecoded protein label (isotope ICPL) (15), isobaric tags for relative and absolute quantitation (isotope iTRAQ) (16), O-methylisourea (isotope O-methylisourea) (17), and 18O labeling
(isotope 16O18O) (18). The remaining third of the participants
who used MS-based techniques utilized a label-free approach
based on either ion current or spectral counting. To evaluate
the data, the percent error of the expected and observed
ratios for each of the eight proteins was assessed using the
following formula: percent error of ratio ⫽ [兩(expected ratio ⫺
observed ratio)兩/expected ratio] ⫻ 100.
Evaluation of the results submitted by the study participants
is shown in Figs. 3 and 4. Individual values for percent error of
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Gel-based (37.5%)
1D Coomassie
2D Coomassie
2D silver-stain
1D fluorescence
2D fluorescence
2D DIGE
2D radioactivity
MS/isotope (41.7%)
ICPL
iTRAQ
16
O/18O
O-Methylisourea
MS/non-isotope (20.8%)
Ion current
Spectral count

ratio for seven proteins (all study proteins excluding BSA,
which was reported to study participants as being present at
a 1:1 ratio) (Fig. 3A) and average values (shown both for seven
proteins or six proteins excluding glycogen phosphorylase,
the most challenging protein to be quantitated in this study)
(Fig. 3B) are shown for all 13 methods that were used by the
participants. Fig. 4 summarizes an assessment of the success
of each method in quantifying the relative abundances of the
seven proteins present at unknown ratios in the two mixtures.
It is important to emphasize that the PRG evaluation of data
received from this study was never intended to promote or
support any particular analytical method or type of instrumentation. The number of submitted responses was insufficient to
yield any statistically significant measure of the ability of any
method to get “the correct answer.” Another essential point is
that the results of this study are not only dependent on the
absolute capabilities of the methods used but also on the
experience levels of the scientists who performed the analyses because some of the participating laboratories were conducting these analyses for the first time. The study was undertaken with the goal of helping laboratories to both improve
and expand the range of their own capabilities and to provide
them with a means of testing the techniques that they use. It
is only with these essential caveats in mind that any trends
can be deduced from the 52 datasets that were submitted.
Not surprisingly, most of the protein identifications were
conducted by MS. Only one laboratory used Edman degradation in combination with MS. Due to the relatively large
quantities of material provided, most respondents were able
to identify all eight proteins (data not shown). This demonstrates that identification by MS of proteins that are present in
ample amounts has become routine.
In contrast to the clear success in protein identification,
there was substantial variability in the accuracy of the reported quantitation results. The differences between the expected and observed protein ratios were found to be methodand protein-dependent. For the majority of methods, the
greatest percent error of ratio was seen for glycogen phosphorylase (expected ratio of 1:76; Figs. 3 and 4). MS using ion
current (n ⫽ 10) or spectral counting (n ⫽ 1) and 2D gel
electrophoresis using radioactivity (n ⫽ 1) yielded ratios closest to the expected for glycogen phosphorylase.
Electrophoresis-based methods showed greater variability of percent error of ratio than MS-based approaches for
this study (Fig. 3). Interestingly the results obtained using
electrophoresis were closer to the expected values for proteins present at a 1:1 ratio than for proteins present at other
ratios (Fig. 4, A and B). For electrophoresis, the lowest
percent error of ratio was seen for 2D DIGE (n ⫽ 3) and 2D
radioactivity (n ⫽ 1), whereas 2D Coomassie (n ⫽ 4) and 2D
fluorescence (n ⫽ 1) exhibited relatively high values for
percent error of ratio (Fig. 4B).
Overall electrophoresis showed greater variability of percent error of ratio than MS-based methods. Ratios obtained
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by MS ion current (n ⫽ 10) or spectral counting (n ⫽ 1) were
as close to the expected values as those obtained by stable
isotope labeling (n ⫽ 23) (Figs. 3 and 4C). When MS with
stable isotope labeling was used, the percent error of ratio
was evenly distributed for all proteins except glycogen phosphorylase (Figs. 3 and 4C), whereas MS using ion current or
spectral counting showed an even distribution of the percent
error of ratio for all proteins including glycogen phosphorylase
(Fig. 4). Quantitation by MS was not affected by prior separation of intact proteins by electrophoresis (data not shown).
This result might have been different if a more complex protein mixture had been present.
Replicate analysis of the samples yielded results that were
closer to the expected values as compared with analyses

performed only once (Fig. 5). This was particularly true for
electrophoresis-based methods. However, for the MS-based
methods, additional analyses (triplicate and quadruplicate)
did not yield further improvement of the data. The majority of
participants stated that they did not rely on software alone for
data analysis but performed additional manual validation of
their results (data not shown). This is in line with reports of
participants in previous PRG studies dealing with other aspects of proteomics (12).2 It appears as though proteomics
software that was available at the time of the 2006 study was
not capable of fully automatic data processing for quantitative
proteomics. As such, the study participants relied heavily on
additional, manual evaluation and validation of the results by
experienced core facility personnel.
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FIG. 3. Percent error of ratio of relative quantification of proteins in the sample mixtures. A, results for individual proteins for each
method utilized by participants. B, average results for seven proteins for each method with and without inclusion of results for glycogen
phosphorylase. The number of responses for each method are shown in parentheses. Note that results for BSA are not included because the
ratio for this protein (1:1) was provided to participants. iTRAQ, isobaric tags for relative and absolute quantitation; ICPL, isotope-coded protein
label.
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FIG. 4. Average percent error of ratio results for relative quantitation of the study proteins (excluding BSA) grouped by analysis
method: A, 1D PAGE; B, 2D PAGE; C, MS-based methods. The number of responses for each method is shown in parentheses. iTRAQ,
isobaric tags for relative and absolute quantitation; ICPL, isotope-coded protein label.
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sample mixtures and performing 1D gel electrophoresis, Len Packman (University of Cambridge) for amino acid analysis, Matthew
Russell (University of Cambridge) for DIGE analysis of the study
sample, Markus Hardt (University of California, San Francisco) for
service as a study anonymizer, and Alexander Yassouridis, Katrin
Haegler, and Nikola Mueller (Max Planck Institute of Psychiatry) for
help with the data analysis.

According to the results of the report survey, quantitative
proteomics was being offered as a service in about half of the
participants’ facilities. The great majority of respondents felt
that there is definitely a demand for relative protein quantitation for projects submitted to their laboratories. Judging by
the participants’ responses about the difficulty of the study
and their confidence in their quantitation data, the level of
experience with quantitative proteins was of major significance in determining the success of the analysis.
The PRG2006 study is the first of its kind and has elicited
substantial interest not only by members of the ABRF community but also by other societies and scientific journals (19 –
21). As stated earlier, it is important to remember that there
were not enough submitted responses to draw statistically
significant conclusions about the capabilities of various methods for relative quantitation. In addition, it can be anticipated
that the results obtained by the participants might have been
quite different if a more complex sample or smaller protein
quantities had been provided. Moreover the eight easily solubilized proteins that were provided in the samples were
chosen to be appropriate for all of the different approaches
used in this study. It is likely that some of the techniques used
by participants would only be successful with this type of
sample. Another aspect that must be considered is that the
success of a particular quantitation method depends greatly
on both the analytes and the design of the experiment, particularly the number of replicates. The study results reported
here demonstrate the range of capabilities of a variety of
different methods for quantitative proteomics. It is clear, however, that advances in a number of areas are still needed. In
addition, there is no consensus in the proteomics community
on how to report quantitative data with regard to statistical
confidence. Clearly there is a need for additional comparative
assessments of methods for quantitative proteomics. This
study and others that will follow will undoubtedly provide the
proteomics community with valuable information on methods
and approaches that can be successfully used for relative
protein quantitation.
Acknowledgments—The PRG thanks Kevin Hakala (University of
Texas Health Science Center at San Antonio) for preparing the study
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FIG. 5. Influence of the number of times an analysis was repeated on the percent error of ratio.
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