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Abstract
In this study, the impact of amino acid modifications on the accuracy of the iTRAQ (isobaric tags
for relative and absolute quantitation) method was evaluated. MCF-7 breast cancer cells, cultured
in the presence of 17 β-estradiol (E2) and tamoxifen (Tam), were used as a model system. The
cells were labeled and analyzed by reversed-phase liquid chromatography (RPLC) and pulsed Q
dissociation (PQD) ion trap tandem mass spectrometry (MS/MS) detection. Database searching
was performed by using various combinations of amino acid modification allowances, i.e, Lys/
Tyr/Cys and amino terminal iTRAQ labeling, Lys methylation, acetylation and carbamylation, and
Cys/Met oxidation. Other than the intended Lys/amino terminal iTRAQ labeling, such
modifications occur as a result of either enzymatic or sample prep related reactions, and are
typically ignored in quantitation analysis to minimize the rate of false positive peptide
identifications. The study revealed that the modifications with the greatest impact on protein
identification and quantitation pertain to Lys and Tyr amino acid residues, that by enabling such
modifications the number and type of identified proteins will change (by up to 10 %), and that the
rate of false positive protein identifications can be maintained below an upper threshold of 5 % if
appropriate data filtering conditions are used. In addition, the interference of possible
posttranslational modifications (i.e., phosphorylation) with iTRAQ quantitation was examined.

Introduction
Quantitative profiling of complex samples is a major topic of interest in the field of mass
spectrometry-based proteomics. Several quantitation strategies involving covalent
attachment of stable isotope tags to specific amino acids in a protein or peptide by
metabolic, enzymatic and chemical methods have been developed.1 In addition, label-free
quantitation strategies have also evolved. These methods involve an assessment of spectral
counts, sequence coverage and normalized ion intensities.2

In recent years, the development of iTRAQ reagents has had a significant impact on label-
dependent quantitation.3 This technique consists of chemical labeling of the N-terminus (Nt)
and Lys side chains of peptides with unique isobaric tags in up to four or eight different
samples (4-plex and 8-plex quantitation, respectively). The tags have three components: a
charged reporter group, a balance group and an amine specific peptide reactive group. In the
4-plex iTRAQ kit, such as used in this study, the combined mass of the reporter and the
balance groups is 145 Da, however, the mass of each separate group is different for each tag.
During MS, tagged identical peptides from different samples have the same mass. After
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peptide fragmentation, reporter ions at m/z 113, 114, 115 and 116, and peptide fragments
with the same mass are generated. Relative quantitation is performed based on reporter ion
intensities. Multiplexed quantitation is a major advantage of this approach, as it allows for
the simultaneous analysis of samples, and a decrease of total MS analysis times and of
experimental/technical variability. Other advantages relate to the comprehensiveness, yet
simplicity, of the method.4 Several research groups have explored the potential of iTRAQ
for the analysis of a variety of complex samples, in particular of cancer origin,5-10 and have
found that the results generated by iTRAQ are complementary to other quantitation methods
such as cleavable isotope coded affinity tagging (cICAT) or 2D difference gel
electrophoresis.

In a recent study in our lab, we developed an iTRAQ-RPLC-MS/MS strategy using PQD
detection on a low-resolution linear ion trap mass spectrometer with the goal of performing
differential expression profiling of complex cellular extracts.8 The work evaluated the run-
to-run reproducibility of protein identifications and global iTRAQ ratios, as well as the
accuracy of the iTRAQ quantitation method when taking into account only peptides labeled
on the Lys and N-terminal amino acids. In the present study, we evaluated the impact of
some additional amino acid modifications that may interfere and alter the accuracy of
protein quantitation with the iTRAQ method. In particular, our study focused on evaluating
the impact of Tyr/Cys iTRAQ labeling, Lys carbamylation, Lys methylation, Lys acetylation
and Cys/Met oxidation.

Methods
Reagents

MCF-7 breast cancer cells, Eagle's minimum essential medium-EMEM, fetal bovine serum-
FBS, Dulbecco's phosphate buffered saline-PBS, and trypsin/EDTA were purchased from
ATCC (Manassas, VA). Phenol red-free Dulbecco's modified Eagle's medium-DMEM was
obtained from Invitrogen (Carlsbad, CA), charcoal/dextran treated fetal calf serum from
Hyclone (Logan, UT), and phenol red free trypsin from SAFC Biosciences (Lenexa, KS).
Bovine insulin, E2, Tam, L-glutamine, protease inhibitors, phosphatase inhibitors (NaF,
Na3VO4), trifluoroacetic acid, acetic acid, formic acid, TrisHCl, sodium chloride, urea and
dithiothreitol-DTT were ordered from Sigma-Aldrich (St. Louis, MO). RIPA lysis buffer
was purchased from Upstate (Lake Placid, NY), sequencing-grade modified trypsin from
Promega Corporation (Madison, WI), 4-plex iTRAQ reagents from Applied Biosystems
(Foster City, CA), HPLC-grade methanol and acetonitrile from Fisher Scientific (Fair Lawn,
NJ), and ammonium bicarbonate from Aldrich (Milwaukee, WI). Deionized (DI) water from
a MilliQ Ultrapure water system-Millipore (Bedford, MA) was used to prepare all aqueous
solutions.

MCF-7 Cell Culture
MCF-7 breast cancer cells were initially cultured in EMEM supplemented with 10 % FBS
and 10 μg/mL insulin (i.e., maintenance medium), in a 37 °C, 5 % CO2 incubator, as
described in detail elsewhere.8 Experimental media consisted of DMEM supplemented with
10 % charcoal-stripped FBS, 1 μg/mL insulin and 4 mM L-glutamine. For protein
differential expression analysis, cells were cultured in maintenance media for approximately
2 weeks, changed to a 3:2 mix of maintenance and experimental media for one day,
followed by complete experimental media for 6 days. At ∼35-40 % confluence, cells were
divided in two batches and cultured in experimental media supplemented with (A) E2 (1
nM), or (B) E2 (10 pM)/Tam (1 μM) for 3 days. Batch A had a confluence of ∼70-80 %,
and batch B had a confluence of ∼45-55 %. For harvesting, the cells were rinsed with PBS
(pH 7.4) and incubated in trypsin/EDTA solution (0.25 % trypsin/0.53 mM EDTA) for 5-10
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minutes to allow cell detachment. To stop the digestion, maintenance medium was added,
the cells were centrifuged, rinsed with PBS, harvested and stored at -80 °C until further
analysis.

Cell Lysis and Protein Extract Processing
Cells were lysed in a solution prepared from 1 mL RIPA buffer (500 mM TrisHCl pH 7.4,
1.5 M NaCl, 10 % NP-40, 2.5 % deoxycholic acid, 10 mM EDTA), 100 μL protease
inhibitor cocktail (104 mM AEBSF, 0.08 mM aprotinin, 2 mM leupeptin, 4 mM bestatin, 1.5
mM peptatin A, 1.4 mM E-64), 100 μL NaF (∼100 mM) and 50 μL Na3VO4 (∼200 mM)
phosphatase inhibitor solutions, and 8.75 mL of ice cold water. Cells were lysed for 2-3
hours while shaking at 4 °C, and centrifuged for ∼15 minutes at 13,000 rpm at 4 °C. The
protein content was measured by the Bradford assay using a SmartSpec Plus
spectrophotometer (Bio-Rad, Hercules, CA). The protein extract was denatured with 8 M
urea and 4.5 mM DTT for 1 hour at 60 °C, diluted 1:10 with 50 mM NH4HCO3, and
digested with trypsin (at a ratio of 50:1, substrate:enzyme) for 24 hours at 37 °C. The final
concentration in protein extract was 100 μg/mL. The samples were stored in a freezer at -80
°C until further processing.

iTRAQ Labeling
The tryptic digest solutions of the cellular protein extracts were cleaned up from salts and
buffer components with SPEC-PTC18 solid-phase extraction pipette tips (Varian, Inc., Lake
Forest, CA), concentrated to ∼5-10 μL with an Eppendorf Vacuufuge (Eppendorf AG,
Hamburg, Germany), resuspended in 25-30 μL iTRAQ dissolution buffer, and treated with
iTRAQ reagent solution for 2 hours at room temperature (4-plex kit). Two experimental
replicates of cell condition A [i.e., cells treated with E2 (1 nM)] were labeled with iTRAQ
reagents 114 and 115, and two experimental replicates of cell condition B [i.e., cells treated
with E2 (10 pM)/Tam (1 μM)] were labeled with iTRAQ reagents 116 and 117. Each
replicate contained 100 μg protein digest. The samples were ultimately mixed in a ratio of
A:A:B:B of 1:1:1:1 (double 2-plex experiment). Next, the sample mix was cleaned up with
SPEC-PTSCX solid-phase extraction pipette tips (Varian, Inc.), dried, and resuspended in
LC buffer system A.8

RPLC-ESI-MS/MS
Reversed-phase liquid chromatography tandem mass spectrometry analysis was performed
using a micro liquid chromatography system (Agilent Technologies, Palo Alto, CA) and an
LTQ ion trap mass spectrometer (Thermo Electron Corporation, San Jose, CA). The LC
system and the LTQ were coupled by an on-column/no split injection set up.11 The
separation column was a 100 μm i.d. × 12 cm fused silica capillary packed with 5 μm
Zorbax SB-C18 particles (Agilent Technologies). A ∼1 cm long capillary (20 μm i.d. × 90
μm o.d.) was inserted into the separation column to generate a nanospray emitter. Mobile
phase A was composed of H2O:CH3CN (95:5 vol/vol) and mobile phase B was composed of
H2O:CH3CN (20:80 vol/vol), each supplemented with 0.01 % CF3COOH. The volumetric
flow rate in the separation column was ∼160-180 nL/min, with a 3-hour long 0 %-100 %
separation gradient. MS data were acquired via a data-dependent acquisition method, where
each MS event was followed by zoom/MS2 scans on the five most intense peaks. The
following parameters were enabled: zoom scan width of ±5 m/z, dynamic exclusion at
repeat count of 1, repeat duration of 30 s, exclusion list size of 200, exclusion duration of 60
s, and exclusion mass width of ±1.5 m/z. For PQD detection, an isolation width of 3 m/z,
normalized collision energy of 35 %, activation Q of 0.7, activation time of 0.1 ms, and an
MS/MS acquisition threshold of 100 counts were used.8
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Database Search Parameters
For protein identification, raw data files were searched with the Bioworks 3.3 software
(Thermo Electron Corporation, San Jose, CA) using a minimally redundant human protein
database (i.e., a database with minimal protein sequence overlaps, yet containing maximally
complete sets of proteins) downloaded from the ExPASy/SwissProt website (37,690 entries)
that was appended with 10 bovine proteins to facilitate data normalization. Only fully tryptic
fragments with up to two missed cleavages were considered in the analysis, and the peptide
and fragment ion tolerances were set at 2 u and 1 u, respectively. Five dynamic
modifications were allowed for each peptide, and all peptides were assigned to unique
protein references. Dynamic (variable) modifications allowed the simultaneous
identification of different peptide forms, thus, they were preferred to static modifications. A
total of eight conditions were considered with different amino acid modification allowances.
In all cases, the iTRAQ related modifications (144.1 Da) at the Nt/Lys residues were
allowed. The reference condition included iTRAQ labeling of Nt/Lys residues only.
Additional mass shift allowances included: iTRAQ labeling of Tyr and Cys (144 Da);
acetylation (42 Da), carbamylation (43 Da) and methylation (14 Da) of Lys; oxidation of
Cys to cysteic acid (48 Da); and, oxidation of Met to sulphoxide (16 Da). iTRAQ ratios
were extracted by setting the sensitivity threshold to 1 and the mass tolerance to ±0.5. Data
were normalized based on a global iTRAQ ratio calculated for each set (i.e., for 116/114 and
117/114). The global iTRAQ ratio was the average of all protein iTRAQ ratios within a
given set.8 At the peptide level, mass spectra were filtered with the Xcorr vs. charge state set
at a minimum of 1.5, 2.0 and 3.0 for singly, doubly and triply charged peptides, respectively.
At the protein level, only proteins with p<0.001 (as calculated by Bioworks) and with three
unique peptides per protein were taken into consideration. All peptides that matched a
protein with p<0.001 were averaged for the calculation of a protein iTRAQ ratio. When
using such data filtering conditions, and considering only iTRAQ modifications on the Lys
and N-terminal residues, the rate of false positive protein identifications when searching
against the forward/reversed human protein database was zero. The impact of allowing
additional amino acid modification on the false positive protein identification rate is
described in the results section of the manuscript.

Results and Discussion
Our previous study on protein differential expression analysis in cancer cell extracts by
iTRAQ-PQD-MS/MS detection has revealed that only 80-90 % of the identified proteins
generated peptides with measurable iTRAQ ratios for quantitation, that only 50-60 % of the
identified proteins were matched by at least two unique peptides and enabled protein
quantitation by multiple iTRAQ measurements, and that ∼80 % of all quantified proteins
could be quantified within a range of true value ±50%.8 Quantitation accuracy (measured vs.
true) was evaluated by dividing a complex protein cellular extract in multiple aliquots,
labeling with different iTRAQ tags, and analyzing the experimental iTRAQ ratios generated
at 1:1 mixing ratios. The relative standard deviation of the global iTRAQ used for data
normalization was as low as 4-8 % (see definition of the global iTRAQ in the methods
section). These data were the outcome of considering the combined results of three-to-five
consecutive LC-MS/MS analyses per sample. The possible contributing factors to the
variability of protein iTRAQ ratios was discussed broadly in previous work.8,12 Briefly,
some of these factors include less than optimal PQD fragmentation of peptides,
contamination of the low 114-117 m/z region with fragments other than the iTRAQ reporter
ions, sequence redundancy between peptides that match different proteins, low intensity
signal, low number of matching tandem mass spectra per protein, and variable number of
iTRAQ tags per peptide.
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Impact of amino acid modifications on the number of identified peptides and proteins
To gain a better insight into the experimental factors that interfere in protein differential
expression analysis, in the present study, we examined the effect of generally dismissed
amino acid modifications that may impact the accuracy of the iTRAQ quantitation method.
Detailed results are provided in Appendices 1-3 and summarized in Tables 1-5. Table 1
presents the modifications that we took into account: (a) Tyr/Cys labeling by iTRAQ
reagents as a side reaction; (b) Lys modifications that can interfere with the iTRAQ labeling
reaction (acetylation, carbamylation and methylation); and (c) Oxidation of Cys and Met to
cysteic acid and Met sulphoxide, respectively, reactions that occur readily in the presence of
reactive oxygen species. As shown in Table 1, these amino acid residue modifications may
occur either as a result of enzymatic or sample prep related reactions. The change in mass
(Δm, Da) is also provided.

To assess the impact of these modifications on the iTRAQ quantitation accuracy, five
replicate LC-PQD-MS/MS analyses (i.e., technical replicates) were conducted on the
iTRAQ labeled MCF-7 extracts, and the combined results were evaluated by enabling
various amino acid modifications for the database searching process (see experimental
section). Two cell states were compared. MCF-7 cells were cultured in the presence of E2, a
hormone that is stimulating the proliferation of estrogen receptor positive cancer cells, and
Tam, a nonsteroidal drug, commonly prescribed in breast cancer therapy. To increase the
confidence in protein identifications and to minimize the rate of false positive matches, only
proteins with p<0.001 and matched by at least three peptides were taken into consideration.
A threshold of three peptides per protein was chosen as a result of our preliminary findings
that demonstrated that after manually eliminating proteins with unreliable iTRAQ ratios
(i.e., proteins matched by peptides that did not generate complete sets of iTRAQ reporter
ions, proteins matched by peptides that generated contradictory iTRAQ ratios, proteins
matched by peptides that generated a broad range of iTRAQ ratios, etc.), most proteins (>93
%) ended up being quantified by ≥3 sets of iTRAQ measurements, and that ∼75 % of these
proteins could be quantified within a range of true value ±30%.8 By running a double-
duplex experiment, two independent iTRAQ ratios were calculated for each protein
(116/114 and 117/115), and the average of the two ratios was used to generate the data in
Tables 2-4. In Table 2, we compiled information about the number of identified proteins and
peptides, as well as about the number of labeled/non-labeled Nt, Lys, and other specific
amino acid residues. The condition of iTRAQ labeling at only the Nt and Lys residues was
used as a reference for all future comparisons (i.e., the 144KNt condition). By allowing
additional modifications, the total number of identified proteins and peptides changed by up
to 10 %, the average being 188 (relative standard deviation RSD=4.2 %) and 3586
(RSD=2.4%), respectively (Tables 2-3). The efficiency of iTRAQ labeling was evaluated by
counting the total number of labeled vs. available Lys, and the total number of labeled Nt vs.
the total number of available peptides. Each specific amino acid residue modification was
counted separately and referenced to the total number of available residues of interest. By
evaluating the data in Table 2, we conclude that: (a) by allowing additional amino acid
modifications, the total number of proteins and peptides increased for certain conditions (up
to 10 % at the protein level, and up to 7 % at the peptide level), the major contributors to
such an increase being Tyr labeling by iTRAQ and Lys acetylation and carbamylation [rows
1-2]; (b) the percentage of labeled Nt amino acid residues was, essentially, not affected
(93-95 %) by allowing additional amino acid modifications [rows 3-4]; (c) the percentage of
iTRAQ labeled Lys residues was high (92-97 %) [rows 5-7]; Lys methylation, acetylation
and carbamylation contributed only 4 % to the pool of labeled Lys residues [rows 8-10]; (d)
iTRAQ labeling of internal Tyr/Cys, as well as Cys/Met oxidation, were rather large
contributors to the pool of labeled amino acid residues (11-28 %) [rows 8-10]; (e) the
number/percentage of peptides carrying additional labeled amino acid residues relative to
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the total number of peptides was relatively small (0.6-6.5 %) [rows 11-12], the number of
high quality peptides with p<0.001 being even smaller except for the case of iTRAQ
labeling of Tyr residues [row 13]; and, (f) across all modifications, the RSD of total
peptides/proteins identified, of total Lys residues, and of labeled Lys and Nt residues was
rather small (2.4-4.2 %), indicating that at the global level such modifications do not have a
major impact on iTRAQ quantitation (Table 3). For a better visualization of these effects,
Figure 1 displays the number of labeled amino acid residues (light color) relative to the total
number of specific residues available for modification (dark color). iTRAQ labeling of N-
terminus and Lys residues are clearly the predominant amino acid modifications.

Impact of amino acid modifications on individual protein iTRAQ ratios
The actual changes related to the nature of identified proteins, as well as the impact of
allowing additional modifications on individual protein iTRAQ ratios, are highlighted in
Table 4. The protein overlaps with the 144KNt condition ranged from 88 to 95 %, the
conditions involving proteins with alternative Lys modifications having the lowest overlap
with the reference 144KNt condition [row 1]. The change in the global iTRAQ was
minimal, indicating that the allowance of such modifications will not affect the global
normalization processes [row 2]. The rate of false positive protein identifications for the
reference 144KNt condition was 0 %, when calculated by searching the MS2 scans against a
forward/reversed database of proteins, and when considering only proteins with p<0.001 and
matched by three peptides [row 3]. By enabling additional amino acid modifications, the rate
of false positives increased from 0 % to a range of 1.1 %-3.6 %, but stayed below the 5 %
threshold that is commonly used for proteomic data filtering. Statistical evaluation of our
iTRAQ data has revealed that at least a 2-fold change in protein iTRAQ ratios is required to
consider the change to be of biological relevance.8 With the present mass shift allowances,
most changes in iTRAQ ratios for any of the data sets were less than 2-fold. Larger than 2-
fold changes were rather the result of losing previously identified proteins after enabling the
additional amino acid modifications, than a result of an actual change (i.e., 4-13 % of the
proteins identified in the 144KNt condition were lost after enabling additional amino acid
modifications, see Table 4, rows 4-5). In addition, protein losses where particularly
noteworthy for modification states involving the Lys residues (14K, 42K and 43K). Gains in
new proteins that were not detected without modification allowances were 3-21 %, of which,
iTRAQ on Tyr and acetylation/carbamylation on Lys generated 4-6 new proteins per set
with larger than 2-fold changes in iTRAQ ratios [rows 6-7]. Overall, the greatest impact on
the data shown in Tables 2 and 4, whether considering changes in the number of identified
peptides/proteins, or changes in iTRAQ ratios, was the result of enabling iTRAQ
modifications on Tyr, or taking into account additional Lys modifications. We note,
however, that Lys acetylation (+42 mass shift) and carbamylation (+43 mass shift) may not
be readily distinguishable on low mass accuracy instruments such as an ion trap, as the
corresponding doubly or triply charged peptides would be separated by only 0.5 or 0.3 m/z
units, respectively.

A list of all identified proteins is provided in Appendix 1. For all proteins that were present
in the reference condition of 144KNt, we provide the SwissProt ID, the name, the MW,
-10lg(p-value), the amino acid coverage, the total peptide hits, and the iTRAQ ratio of each
protein (i.e., the average of 116/114 and 117/114). In additional columns, we provide the
iTRAQ ratios for all proteins that were identified when specific amino acid allowances were
enabled, as well as the ratio of the new-to-old iTRAQ ratios for each protein. This ratio is
zero for the proteins that disappeared from the reference list. New proteins that were
identified after enabling the amino acid allowances are listed at the bottom of Appendix 1,
with their corresponding iTRAQ value.
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A close evaluation of the reasons for changes in iTRAQ ratios, as a result of enabling amino
acid modifications, revealed that such changes were induced mainly by the disappearance or
appearance of new peptides with rather poor Sequest scores that were mistakenly assigned to
a protein (however, new peptides did not always carry the enabled modification). Slight
changes in the p-value of proteins (with border line p-value) resulted occasionally in these
proteins to not pass the data filtering thresholds, and to be eliminated from the list.
Occasionally, peptides with good Sequest scores were not observable any longer when the
database searching was performed with new search parameters. All new proteins that
displayed a larger than 2-fold increase in iTRAQ ratio after enabling new modifications
were inspected manually [Table 4, row 7]. These proteins are displayed in Appendix 2,
including the corresponding peptide/protein Sequest scores. In addition, Appendix 2 lists all
identified peptides with p<0.001 in a data set that carried the newly enabled modification. A
set of tandem mass spectra, relevant for each enabled modification (144Y, 144C, 42K, 43K
and 16M), is provided in the Supplemental Figure. Such tandem mass spectra were
confirmed by the m/z of the parent ion, relevant a, b or y ions indicative of the amino acid
sequence, and good Sequest scores (Xcorr, ΔCn, Sp-preliminary score, and RSp-rank of
preliminary score). However, the exact modification site could not be always confirmed, as
ions indicative of the amino acid sequence at, or in the immediate right/left vicinity of the
modification site, were either missing or overlapping with multiply charged b/y ions. The
14K and 48C conditions did not generate reliable tandem mass spectra. Full Sequest reports
for each data set are provided in Appendix 3 (only the proteins that matched the data
filtering criteria described in the methods section are listed; iTRAQ ratios are raw, non-
normalized values).

Up/down regulation or change in posttranslational modifications (PTMs)?
Research studies focused on protein differential expression analysis have often revealed that
not all peptides that match a given protein show the same change in expression levels. For
example, some peptides may display up-regulation, while others down-regulation, or no-
change at all. Such results are confusing, and are often attributed to random errors associated
with the quantitation method. However, even if contradictory, such results could also have a
very reasonable explanation. Careful evaluation of the peptide-level raw data, in this study,
has revealed that some of the peptides that displayed differential expression according to the
iTRAQ measurements were also peptides that are known to carry PTMs. We present the
case of PCBP1 Poly(rC) (Q15365) and BAG 3 (O95817) proteins identified in the 144KNt
condition, for which, the peptides that contributed to the up-regulation status carried several
known possible phosphorylation sites (p-sites) at Ser 246, 262, 263 and 264, and at Tyr 240
and 247, respectively [ExPAsy proteomics server, http://www.expasy.ch/]. The Sequest
report for these two proteins is provided in Table 5 [note that the Poly(rC) protein was
matched by only two unique peptides, thus, it was not included in the 144KNt dataset
provided in Appendix 3]. Poly(rC) was matched by 8 spectral counts (corresponding to two
unique peptides), of which, only five generated measurable iTRAQ ratios. We attributed the
lack of measurable reporter ions for these tandem mass spectra to be the outcome of less
than optimal fragmentation of peptides via PQD-MS. Of the two unique peptides, the non-
phosphorylated peptide (L]LMHGK*EVGSIIGK*) did not display a significant change in
abundance. The peptide that carried four possible Ser p-sites
(Q]QS(246)HFAMMHGGTGFAGIDS(262)S(263)S(264)PEVK*) displayed a ∼2-3-fold
increase in abundance for four independent tandem MS events and two independent iTRAQ
ratio measurements (116/114 and 117/114). The marks “]” and “*” indicate the iTRAQ tag
at the Nt or Lys residues, respectively. BAG3 was matched by 8 spectral counts
(corresponding to four unique peptides), of which, four generated measurable iTRAQ ratios.
Of these, three measurements were on a peptide that carries two known possible p-sites
(T]HYPAQQGEY(240)QTHQPVY(247)HK*), and one measurement was on a peptide that
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carries no known p-site (EGHPVYPQLRPGYIPIPVLHEGAENR). The other two peptides
did not generate measurable iTRAQ ratios. In the case of BAG3, all iTRAQ measurements
displayed a ∼2-4 fold increase in abundance, including for the peptide that carries no known
p-site. However, an RSp value of 4 for this peptide is an indicator that the peptide may not
be a match for BAG3.

As no Ser/Thr/Tyr phosphorylations were allowed during database searching of the iTRAQ
labeled samples, if in the E2 treated cells these peptides were completely or partially
phosphorylated (thus being transparent to the search), and in the Tam treated cells were not,
then the iTRAQ ratio measurements will display an up-regulation in the Tam condition as a
larger abundance of non-phosphorylated peptides will be detected. We note that
phosphorylated peptides could not be observed in this dataset even if the modification was
enabled for database searching, as such peptides are hard to detect in the presence of their
non-phosphorylated counterparts without proper enrichment techniques. However, as a
variety of signaling pathways during cell proliferation and cell cycle arrest are mediated by
protein phosphorylation/dephosphorylation events, it is worth pinpointing the biological
significance of these proteins and of their phosphorylation status. For example, the Poly(rC)
protein is a nucleic acid binding protein that functions as an accelerator of mRNA metabolic
processes. The phosphorylation of Poly(rC) results in a marked decrease of its binding
activity, and such an alteration of binding properties relates signal transduction pathways to
nucleic acid dependent processes (transcription, translation, RNA processing).13,14

Likewise, the BAG family of proteins regulates a variety of cellular functions that include
cell survival, cell proliferation, and cell motility. BAG3 was recently found to have anti-
apoptotic activity and to sustain cell survival in response to stress inducing factors.15 In
response to Tam treatment, which is inducing apoptosis in cells,16 dephosphorylation of the
Poly(rC) could activate the protein to accelerate nucleic acid metabolic processes and
prevent cell death, and up-regulation of BAG 3 or a change in it's phosphorylated status
could inhibit apoptosis. Thus, the ability to place an experimental outcome in the proper
biological context can clearly strengthen the validity of proteomic data interpretation.

Conclusions
A detailed examination of iTRAQ quantitation results, generated by allowing various
combinations of amino acid modifications during database searching, revealed that the
allowance of such modifications will impact mainly the number and type of identified
peptides and proteins, but not the iTRAQ ratios of identified proteins, per se. Overall, we
conclude that: (a) iTRAQ labeling of Tyr residues, Lys acetylation/carbamylation and Met
oxidation generated the largest number of new peptides with good Sequest scores and p-
values<0.001, of which Tyr and Lys labeling also generated the largest changes in protein
losses or new protein identifications (up to 13 % or 21 %, respectively); the protein overlaps
with the reference KNt condition were, however, in excess of 88 %; for practical purposes,
conducting the database search with Tyr enabled iTRAQ modifications will generate the
most reliable results (smallest number of protein losses, largest number of protein gains, and
minimal increase in false rate of protein identifications); (b) Larger then 2-fold changes for
proteins that were identified in the reference KNt condition were mainly the result of protein
losses as a result of new database search parameters, than actual changes in iTRAQ ratios;
as for the newly identified proteins with larger than 2-fold changes in iTRAQ ratios, manual
examination of the modified peptide tandem mass spectra and their associated scores was
necessary to confirm that such peptides were correct assignments and that their contribution
to the protein iTRAQ ratios was legitimate; (c) To avoid an increase in the rate of false
positive identifications, iTRAQ data generated on low-resolution mass spectrometers should
not be searched simultaneously with many additional peptide modifications; in addition, it
should be noted that all possible modifications on a peptide cannot be anticipated a priori,
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and it is unpractical to simultaneously allow for a large number of modifications due to a
need for excessive computing power; high resolution/high mass accuracy mass
spectrometers that can accurately confirm the modification type and site will be beneficial
for generating high-confidence results; (d) The possible interference of changes in protein
PTMs with the iTRAQ quantitation should not be ignored, but rather carefully assessed and
confirmed by complementary analysis techniques; the larger the number of quantified
peptides for a given protein, and the smaller the number of peptides that carry eventual
PTMs, the smaller will be the impact of such peptides on the quantitation outcome; if at all
possible, the peptides that are used for the quantitation of a protein should be minimally
affected by PTMs, regardless of the chosen method for performing the quantitation; overall,
changes in protein expression level should be also evaluated in a relevant biological context;
(e) The results generated in this study will support the efforts invested in establishing
guidelines for improved proteomic quantitation and differential expression analysis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Amino acid labeling for various amino acid modifications. Light color bars represent the
number of labeled amino acid residues; dark color bars represent the total number of
residues available for labeling.
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