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FIGURE 6. The main window of the “Identify Proteins” task in ProteinPilot and workflow for (A,B) loading data for
processing, (C) setting search parameters, (D) establishing a directory for saving results, and (E) processing the data.

FIGURE 7. The “Paragon Method” editor page.

117-142_Exp08_PM.qxd:Proteo_Man  10/22/08  10:10 AM  Page 131



6. In the “Cys Alkylation” drop-down list, select “Iodoacetamide.”

7. In the “Instrument” drop-down list, select “4700.”

8. In the “Special Factors” box:

a. (for iTRAQ data) leave all check boxes unchecked.

b. (for 2D gel data) select “Gel-based ID.”

9. In the “Species” drop-down list, select “Saccharomyces cerevisiae.”

10. In the “Specify Processing” box:

a. (for iTRAQ data) make sure the “Quantitate” check box is checked.

b. (for 2D gel data) make sure the “Quantitate” check box is NOT checked.

11. In the “ID Focus” box, check “biological modifications.”

12. In the “Database” drop-down list, select “NCBInr.yeast.2007.08.08.”

Databases in the drop-down list are in FASTA format and located in the directory C:\Applied
Biosystems MDS Sciex\ProteinPilot Data\SearchDatabases.

13. In the “Search Effort” box, select “Thorough ID.”

14. In the “Detected Protein Threshold” drop-down list, select the desired protein confidence
interval threshold. The results will display all protein hits that score above the selected
threshold.

15. (for iTRAQ data only) In the “iTRAQ Isotope Correction Factors” box, enter the suggested
values as listed in the certificate of analysis that comes with the iTRAQ kit. These values
adjust the calculated iTRAQ ratios to compensate for the sub-100% yield in isotopic enrich-
ment of each of the iTRAQ reagents during synthesis.

16. Click “Save As...” to save the search parameters.

For students in the course, save the parameters by group name and application (e.g., “group A
iTRAQ”).

17. In the Results File box (Fig. 6D), click “Save As...” to select the results file name and direc-
tory. By default, the data will be saved (in .group format) in the directory C:\Applied
Biosystems MDS Sciex\ProteinPilot Data\Results, although this can be changed by the user.

18. Click “Process” (Fig. 6E).

Loading Result Files in ProteinPilot

19. In the “Workflow Tasks” task bar, click “Result” (Fig. 6).

20. Select the results file (.group format) from the directory C:\Applied Biosystems MDS
Sciex\ProteinPilot Data\Results.

Overview of the Results Screen in ProteinPilot

When a results file is open (Fig. 8), either three or four tabs will be available for data sorting and
interpretation. If search parameters were selected for identification only, such as those selected for
2D-gel identifications, then the tabs “Protein ID,” “Spectra,” and “Summary Statistics” will be avail-
able. If quantification parameters were selected in the search, such as those selected for iTRAQ,
then the “Protein Quant” tab will also be available.

The “Protein ID” tab (Fig. 8) lists all proteins identified above the confidence interval thresh-
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old specified in the search parameters. In the “Proteins Detected” pane, the proteins are listed
with scoring information, name, accession number, and species, among other things. Sorting by
score, protein name, or any other category is achieved by clicking the column headers. Repetitive
clicking on the column header allows for sorting in ascending or descending order. Each protein
is assigned two scores: Unused and Total. These are defined below. The active protein in the
“Proteins Detected” pane is illuminated green (Fig. 8A). Clicking on a protein row activates it. The
“Protein Group” table (Fig. 8B) displays the peptide information that pertains to the activated
protein as well as any proteins that have been grouped with it by the Pro Group algorithm. Each
peptide has a contrib score which represents the peptide’s scoring contribution to the protein’s
Total Score. The Total Score (third column from the left in the “Protein Group” table) is, there-
fore, a sum of all contrib scores from peptides assigned to it. However, these are not necessarily
unique peptides, so some peptides can be included in the Total Score of more than one protein.
Proteins that have peptide hits in common are grouped (Fig. 8B). The Unused Score (second col-
umn from the left in the “Protein Group” table) exhibits the peptide scores that have not also
been assigned to a higher-scoring protein. It is a reflection of the peptide’s uniqueness to the pro-
tein. Finally, the “Protein Sequence Coverage” pane (Fig. 8C) displays a view of the sequence cov-
erage of the activated protein. The colors reflect the confidence in the matched peptides assigned
to the protein.

The “Spectra” tab lists specific details of all MS/MS spectra that yielded peptide hits. It includes
scores, modifications, and a spectral view of the spectrum itself with annotation. If the data were
acquired and searched for iTRAQ quantification, then iTRAQ ratios are also included. It also lists
other peptides that matched the spectrum with lower confidence. The “Summary Statistics” tab
provides details about the number of proteins that were identified at different confidence intervals,
including the confidence interval selected for viewing when the search parameters were set. It also
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FIGURE 8. The “Protein ID” window of the results file. (A) The active protein is shown in green. (B) All peptide informa-
tion for the activated protein appears in the “Protein Group” pane. (C) Sequence coverage of the active protein is displayed
with color coding (inset) in the “Protein Sequence Coverage” pane.
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summarizes the results parameters, analysis parameters, and quantification settings that were used
to search and analyze the data.

The “Protein Quant” tab displays relative quantification of all confidently identified proteins
and only appears if the appropriate settings for quantification were entered in the search parame-
ters. The “Protein Quant” tab (Fig. 9) is arranged similarly to the “Protein ID” tab except that it
focuses more on quantification and less on identification. In the “Proteins Detected” pane, proteins
are listed with essentially the same information found in the “Protein ID” tab, with the inclusion
of iTRAQ ratios. Proteins are activated by clicking on the appropriate row, illuminating it green
(Fig. 9A). The user controls what information from the “Protein ID” or “Protein Quant” tab to dis-
play. By right clicking any of the column headings, a checkbox appears allowing the user to show
or hide information (Fig. 9B). (This feature is available for every table in the software.) The peptide
information in the “Peptide Quantitation” pane corresponds to the active protein (Fig. 9C). The
“Peptide Quantitation” pane displays information about all peptides assigned to the active protein
with emphasis on the iTRAQ ratios measured from the peptide. If the checkbox in the “Used” col-
umn is checked, then the iTRAQ ratios for the peptide were used in calculating the overall iTRAQ
ratios for the active protein. This provides user flexibility in deciding to use the data or omit it. The
“Annotation” column specifies whether the decision to use, or not to use, the quantification data
from the peptide was determined by the user or by the software. If it displays “auto,” the current
status in the “User” column was selected by the software. If it displays “manual,” the current sta-
tus in the “User” column was selected by the user. Mass spectral views of the active peptide iTRAQ
reporter ion m/z region and precursor m/z region are displayed in the bottom pane (Fig. 9D).

The most important information in the “Protein Quant” tab is the determination of which pro-
teins exhibit changes in abundance across samples. It is therefore practical to sort the protein infor-
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FIGURE 9. The “Protein Quant” window of the results file. (A) The active protein is shown in green. (B) All peptide quan-
tification information for the activated protein appears in the “Protein Group” pane. (C) Mass spectral views of the iTRAQ
reporter ion and precursor m/z regions are displayed. (D) Columns in any table can be added or hidden with the
“Show/Hide Columns” feature.
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mation by iTRAQ ratios. By clicking one of the iTRAQ ratio columns in the “Proteins Detected”
pane, the protein table automatically sorts by that column in ascending order. Clicking the column
heading again will sort the data by that column in descending order. This provides a quick view for
which proteins represent targets for further validation. The iTRAQ ratios in the “Proteins Detected”
pane appear with different colored backgrounds. Colors reflect the precision, in the form of a p-
value, by which the ratio was determined from each protein’s peptide hits. The color coding is
explained in Figure 10.

PROTOCOL 3

Evaluating an MS/MS Spectrum that Matches a Peptide
Sequence from a Database Search Program

In the course, we train students using this protocol to decide whether to accept or reject a peptide
sequence that matches an MS/MS spectrum after a database search. In the search research, there are
always both true and false identifications due to the random or stochastic matching between exper-
imental and theoretical data. When tandem mass spectra contain limited fragmentation informa-
tion, the database search engines may lead to incorrect identifications. Especially for proteins or
posttranslational modification identified from a single MS/MS spectrum, it is necessary to validate
identifications by vigilant inspection of the spectra.

1. Evaluate the MS/MS spectrum quality.

A strong criterion for spectral quality is the presence of background noise (see Fig. 2A). No back-
ground noise and only ions of similar intensity coming up from a flat baseline is an indication
that the precursor ion was not a peptide. A spectrum with few ions or low total ion intensity is
an indication of a peptide in low abundance and may contain inadequate information to vali-
date the peptide hit.

2. Evaluate how extensively the peptide’s predicted b- and y-ions match the product ions in
the spectrum (Fig. 11).

Most of the major product ions in the spectrum should match either the b- or y-ions from the
sequence. A large number of unexplained intense peaks throughout the spectrum is an indica-
tion of an incorrect identification. Examine the continuity of the b- or y-ion series. One should
see a continuous string of 3 to 4 ions of the same series as opposed to isolated ions here and
there. Complementing b- and y-ion pairs are a good indication of a correct identification.

While tryptic peptides typically generate doubly and triply charged precursor ions during ESI-
LC-MS/MS, small tryptic peptides (< 6–8 residues) will be seen commonly as singly charged.
Importantly, the short peptides will generate a limited number of fragment ions. The small num-

FIGURE 10. Color coding scheme representing the p-value of the iTRAQ ratios.
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FIGURE 11. Evaluating the first and second peptide hits to an MS/MS spectrum. Shown are the top two peptide hits for an
MS/MS spectrum after a Sequest search of the acquired data using a yeast protein database. (A) Highest-scoring peptide hit
(VPTVDVSVVDLTVK) from the yeast Tdh1/2/3 protein (Cn = 4.6). (B) Second-best scoring peptide hit (PVTVETVIGNLTNN)
from the yeast Meu1 protein (Cn = 2.0). Overall, the first peptide hit in Panel A is considered accurate because of several
important reasons. First, it is a good spectrum because of the overall ion intensity and the presence of strong ion signals above
the background noise. Second, the majority of the major fragment ions are labeled as a b- or y-ion. Third, the peptide hit is a
canonical tryptic fragment. Fourth, in the table showing experimental ion data matching the theoretical fragmentation ion val-
ues, the peptide has a long, continuous string of b- and y-ions. Finally, the b- and y-ion pairs are complementary (e.g., the sum
of the complementary b-y ion pairs equals the precursor ion mass). The second hit in Panel B is considered erroneous for a
number of reasons. Many of the major ions are unlabeled. The second-best hit is a noncanonical tryptic peptide. The table
below the spectrum shows a random matching of experimental data to the theoretical values with no recognizable pattern.
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ber of fragment ions hinders the search algorithm’s ability to identify the correct peptide and
the user’s ability to validate the sequence.

It is often not possible to explain all the fragment ions that are observed in a spectrum.
However, for doubly and triply charged tryptic peptides, the majority of the most abundant
peaks in the m/z range above the precursor ion should be evidence of a continuous y-ion series.

Tandem mass spectra that are extremely complex may be caused by fragmentation of two dif-
ferent peptides simultaneously. This can be determined by examining the precursor scan for evi-
dence of two precursor ions. After identifying one peptide, the unidentified peaks in the MS/MS
scan can be used for a second database search.

The moderate resolution of ion trap mass spectrometers often limits the ability to directly deter-
mine the charge state of the precursor ions. When the charge state of the precursor ions is
unknown, database search algorithms will commonly generate multiple charge states (e.g., +2,
+3, +4) for the precursor ions. Each precursor charge state is searched separately against the pro-
tein database and multiple peptide sequences are reported. It is important for users to accept only
one peptide identification.

It is important to recognize that the CID conditions used to fragment precursor ions are differ-
ent for ion trap and TOF/TOF analyzers. Ion trap instruments fragment precursor peptide ions by
inducing low-energy collisions with an inert gas, typically helium, within the ion trap analyzer.
Once the precursor ion fragments, the resulting fragment ions do not fragment again. In ion
traps, the mechanism of CID does not allow for trapping of fragment ions below 28% of the pre-
cursor mass. This “1/3 rule” or “low mass cut-off” is evidenced by a lack of ions in the low mass
range of the tandem spectra. In the TOF/TOF instrument, on the other hand, fragmentation is
variable. The TOF/TOF mass spectrometer is capable of high-energy collisions that can fragment
side chain bonds and low-energy collisions that fragment primary peptide bonds (Khatun et al.
2007). Internal fragment ions and y-ions are commonly observed. For users of QTOF and triple
quadrupole instruments, CID occurs in a separate radio-frequency collision cell so all of the ions
entering the cell are excited, and secondary fragmentation of b- and y-ions may occur. Compared
to the ion trap, the TOF/TOF, QTOF, triple quadrupole, and FTICR mass spectrometers all retain
the low mass product ions. Finally, while the precursor ions for tryptic peptides using ESI are typ-
ically doubly or triply charged, the precursor ions from a MALDI source are generally singly
charged ions. For all these reasons, the MS/MS spectra generated from an ion trap, TOF/TOF,
QTOF, and other mass analyzers for the same peptide sequence will not be identical and can show
substantial differences.

3. Evaluate the peptide sequence and spectrum for unique sequence effects on intensity (Fig. 12).

Fragmentation tends to occur in the middle of the peptide rather than near the termini. In ion
trap mass spectrometers, y-ion intensity is typically twice as strong as b-ion intensity (Tabb et
al. 2003, 2006). Specific residues tend to have unique effects on fragmentation. Recognizing
these effects on the spectrum increases the confidence of the identification. Most notably, pep-
tides with an internal proline have a strong tendency to fragment on the amino-terminal side
of the proline residue (Fig. 12). This is commonly referred to as the “proline effect.” Aspartic acid
residues have a strong tendency to fragment on their carboxy-terminal side (Kapp et al. 2003).
Studies of the frequency of peptide fragmentation based on amino acid pairs shows that
isoleucine, valine, and leucine residues favor fragmentation on their carboxy-terminal side and
glycine and serine favor fragmentation on their amino-terminal sides (Tabb et al. 2003). Peptide
bonds between asparagine and glycine are very labile (Kapp et al. 2003).

4. Examine the spectrum for neutral-loss product ions. Both precursor and fragment ions may
lose small neutral molecules (Fig. 13).

Neutral losses from the precursor can cause major peaks in the fragmentation spectrum at a lower
m/z value compared to the precursor value. Most notably, phosphopeptides containing phospho-
serine or phosphothreonine residues will readily lose phosphoric acid (–98 Da) when using low-
energy CID, such as an ion trap (Schlosser et al. 2001). This observation is extremely useful for rec-
ognizing phosphopeptides (Fig. 13). For doubly charged phosphopeptide precursor ions, the most
intense ion in the fragmentation spectrum will be the neutral-loss ion (–49 Da from the precur-
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sor). For triply charged ion phosphopeptides, the most intense ion will be the neutral-loss ion
(–32.6 Da from the precursor). In an ion trap’s fragmentation spectrum of the phosphorylated pep-
tide, the signal from the b- and y-ions is dramatically reduced relative to the neutral-loss peak. The
reduced intensity of the b- and y-ion peaks renders a confident identification more difficult. In
particular, it is difficult to identify the exact amino acid that is modified if the peptide contains
multiple Ser or Thr residues.

For fragment ions that have a neutral loss, pairs of peaks are typically produced. The neutral-loss
ion will typically be 10–20% of the intensity of the intact fragment ion. Fragment b- and y-ions
that contain Ser, Thr, Glu, or Asp may lose H2O (–18 Da). b- and y-ions that contain Asn, Gln, Arg,
or Lys may lose ammonia (–17 Da). Precursor ions with Gln at their amino termini can readily lose
ammonia (–17 Da), generating a neutral loss peak and a predominant b-17 ion series. Precursor
ions with oxidized methionines may lose methane sulfenic acid (–64 Da) (Reid et al. 2004).
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FIGURE 12. Peptide with a proline residue generates intense fragment ions. The MS/MS fragmentation spectrum of the pre-
cursor ion (m/z 592.92) shows two intense ions. The Sequest algorithm identified the peptide “VYPDVLYTSK” from the yeast
Gpm1 protein as the highest scoring hit (Cn 2.2). The two dominant ions are examples of proline peaks illustrating the intense
fragment ions formed on the amino-terminal side of proline residues. The y1–8 and y2–8 are the singly and doubly charged y8

ions, respectively. The precursor ion was doubly charged. The table below the labeled spectrum shows the observed frag-
ment ions matching the theoretical fragment ions from the peptide sequence. The b2 and y2 columns are the doubly charged
b-and y-ion values. The X–17 and –18 columns (where X is b1 or y1) are the singly charged values for the respective b- and
y-ions with neutral losses of ammonia and water, respectively. The X–8.5 and X–9 columns (where X is b2 or y2) are the dou-
bly charged values for the respective b- and y-ions with neutral losses of ammonia and water, respectively.
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5. Look for independent spectra identifying the same peptide.

For abundant peptides, different charge states (e.g., +2 and +3) of the identical peptide may be
selected for fragmentation. Since the searches for different charge states are independent of each
other, the probability that the identification is correct increases if the searches return the same
peptide sequence.

6. Evaluate the basicity of the fragment ions.

Several studies have examined the influence of basic residues on fragment ion intensities (Paizs
and Suhai 2002; Tabb et al. 2004). When a tryptic peptide contains a single basic amino acid
residue fragmented by CID (Lys or Arg), the product ions that retain the basic residue are gen-
erally more intense compared to the other fragment ion. For fragmentation in ion trap mass
spectrometers, the y-ions are typically more intense than the b-ions. When triply charged pep-
tide ions are fragmented by CID, the product ions that contain multiple basic residues (Lys, Arg,
His) are more likely to be doubly charged (Tabb et al. 2006). For singly charged precursor ions,
one of the fragment ion series may dominate over the other series, especially if the terminal
residue is a strongly basic Arg. When validating the MS/MS spectrum, b- and y-ion products that
follow these observations support the identification.

7. Examine the low mass ions in the MS/MS spectrum.

In ion trap mass spectrometers, the mechanism of CID does not allow for trapping of fragment
masses below 28% of the precursor mass. As described earlier, ion trap mass spectrometers suffer
from the “1/3 rule” during fragmentation and fail to retain the low mass ions. However, the
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FIGURE 13. MS/MS spectrum of a phosphopeptide. Phosphopeptides can show distinct neutral losses of phosphoric acid
(–98 Da) from the precursor and fragment ions. During low-energy CID, especially in ion trap mass spectrometers, phospho-
peptides with phosphoserine or phosphothreonine residues readily lose phosphoric acid generating an intense neutral ion in
the MS/MS spectrum. In this experiment, to identify phosphorylated peptides, IMAC-Fe+3 was used to enrich for phospho-
peptides from yeast. The captured peptides were analyzed by LC-MS/MS using an ion trap. This product spectrum was
acquired on a 1184 m/z precursor ion. The Sequest search identified the phosphopeptide LEDIPVDDIDFS*DLEEQYK as the
top hit (Cn = 5.4). Manual analysis of the MS/MS spectrum identified the most intense ion as a neutral loss of –49 (phosphoric
acid) from the doubly charged precursor ion. For singly or triply charged phosphopeptide precursor ions, neutral losses of –98
and –32.6 would have been observed, respectively. In this spectrum, a relatively intense proline peak is also observed.
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TOF/TOF and QTOF instruments retain the low mass product ions. The low mass ions may reveal
information about the sequence composition of the peptides that can be very useful for validat-
ing the peptide hits from the database search. Immonium ions are internal product ions pro-
duced as a secondary fragmentation of the amide bond during CID. Their structure is represent-
ed by RCH=H2N

+, where R indicates the amino acid side chain. For an amino acid, its immoni-
um ion is 27 Da less than its residue mass. Each amino acid in a peptide has a characteristic
immonium ion. The presence of immonium ions in the low mass region of an MS/MS spectrum
can indicate the presence of that amino acid in the peptide. The Tyr (136), His (110), Met (104),
Pro (70), Phe (120), Trp (159), Leu/Ile (86), and Val (72) immonium ions are most often observed.
The sequence composition of the peptide can be verified using the immonium ions. The carboxy-
terminal residue of the peptide can be checked against the product ions in the low-mass region
of the spectrum. For peptides with a carboxy-terminal Lys residue, the appearance of an ion at
147 may be detected. If the carboxyl terminus is an Arg, a product ion at 175 may be detected.
While b1 ions are rarely seen and y2 ions are often low intensity, an intense ion pair in the lower
m/z range of the MS/MS spectrum separated by 28 Da is frequently observed. The ions correspond
to the a2 and b2 fragment ions and is the result of the facile loss of CO from the b2 ion. This pair
of ions is commonly called the “a2/b2 pair”. Appendix 6 lists the m/z values of all the possible b2-
ion combinations of amino acid residue masses.

For cases where accurate identification of the peptide sequence is essential for future experiments,
the peptide is often chemically synthesized and the fragmentation pattern of the synthetic pep-
tide is compared to the MS/MS fragmentation of the native precursor ion. The two MS/MS spec-
trum should show identical fragment ions (m/z) and relative intensities.
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