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Finding Protein Sequences Using PROWL

UNIT 13.2

PROWL is a collection of tools for the identification of protein sequences using input data
derived from mass spectrometry. This unit presents protocols for several of the individual
PROWL tools. Specifically, PepFrag allows for the analysis of a single spectrum derived
from tandem mass spectrometry (see Basic Protocol 1). GPM, on the other hand, provides
for the analysis of multiple MS/MS spectra (see Basic Protocol 2). An additional protocol
introduces ProFound for analyzing a single spectrum of peptide mass fingerprinting data
(see Basic Protocol 3).

USING PROWL WITH THE WEB INTERFACE FROM THE ROCKEFELLER
SERVER WITH TANDEM MASS SPECTROMETRY (MS/MS) DATA: PepFrag

BASIC
PROTOCOL 1

There are several different tools in PROWL that make it possible to input tandem mass
spectra in order to match them to sequences. The simplest tool for this type of input is
called PepFrag. This tool allows the user to work with one spectrum at a time, to directly
compare sequences to data with very little automated assistance.

Necessary Resources
Hardware
Any Internet-connected computer
Software
Web browser
Files
Text list of MS/MS fragment peak masses, with each mass on a single line
Prepare for a PepFrag search
1. Point the Web browser to http://prowl.rockefeller.edu/prowl/PEPFRAGch.html. The
page illustrated in Figure 13.2.1 should appear. This page offers the user several
demonstration data sets, which can be used as tutorials for new users, as well as for
testing/validating the system when new versions of the software are installed.
2. Select the appropriate Database and Kingdom, reflecting the source of the original
sample. The Databases available are the NCBI FASTA versions of SWISS-PROT
(protein), nr (protein), and dbEST (translated nucleotide).
The term Database is used here in a rather inexact way to refer to any substantial list
of protein or nucleotide sequences. Formally it refers to specific data structures used to
efficiently store and retrieve large amounts of information. In this context, it means a
set of sequences stored in a reference file in FASTA format (APPENDIX 1B). The sequence
collections used by the present version of PepFrag are periodically downloaded from
ftp://ftp.ncbi.nih.gov/blast/db/FASTA. The term Kingdom refers to the taxonomic classification of the biological source of the sample.

3. Select the chemical modifications used in the experimental protocol.
The chemical modifications allowed are for the chemical blocking of cysteine residues.
This type of modification is part of most proteomic digestion protocols.
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Figure 13.2.1

The start page for a PepFrag session.

4. Enter the protein intact mass and pI ranges to be searched.
Proteins with intact masses and pI outside of these ranges will be excluded from consideration during the search. It is good practice not to limit these parameters too strictly,
because the mass and pI are calculated on the full sequence as it is written in the sequence
list. If the peptide of interest was derived from a proteolytic fragment of a larger protein,
or if the mature form of the protein is significantly different from the sequence in the list,
it may be missed.

5. Enter the maximum number of protein candidates to return for a search.
6. In the Enzyme menu, select an appropriate enzymatic cleavage chemistry for the
particular protocol. In the text box on the following line, enter the number of missed
cleavage sites to consider.
The selections available are for proteolytic enzymes commonly used in proteomics. Trypsin
is by far the most widely used enzyme.

7. On the “Mass of parent peptide line,” enter the parent ion m/z ratio, peak type, m/z
tolerance, and the measured charge state of the parent ion.
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8. Enter the number of potential phosphorylations to be considered for a particular
peptide.
9. Cut and paste the list of fragment ion m/z values into the “Fragment ion masses” box.
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Figure 13.2.2

Results obtained from a PepFrag search.

10. Select the fragmentation ion types to be considered.
11. Select exopeptidase hydrolysis products, if appropriate.
12. Enter any information already known about the peptide’s sequence, e.g., at what
amino acids the fragmentation occurs and what amino acids the peptide contains.
13. Enter a text description of the spectrum for inclusion in the output display, if desired.
14. Press the Identify Protein button to submit the search.

Interpreting the results of a PepFrag search
The results returned from PepFrag are illustrated in Figure 13.2.2. The result format is a
simple HTML page that presents the best possible candidate sequences for a given set of
input fragment m/z values and search parameters.
15. The first line contains the information available about the identified protein readily
available from the FASTA sequence list file, along with a calculated protein mass
and pI.
Clicking on the hyperlinked accession number on the first line will browse to a page that
has links to other information sources for that accession number.

16. The next line is the sequence of the proposed peptide sequence match to the mass
spectrum, along with the mass of the peptide in daltons (Da). The underlined section
of the sequence is the identified segment, with the residues N and C-terminal to the
identified segment shown in normal text.
Clicking on the hyperlinked sequence takes the browser to a helper tool, ProteinInfo,
which allows the manipulation of the sequence and calculation of a number of different
parameters about the sequence that may be of interest, such as its mass, predicted MS/MS
fragmentation pattern, hydrophobicity plots, and a link enabling the user to submit the
sequence to BLAST (UNITS 3.3 & 3.4) at NCBI.

17. The next set of lines are as follows:
a.
b.
c.
d.

The observed m/z value.
The fragment ion m/z error tolerance entered on the input page.
The assigned ion type and position.
The calculated mass for the assigned ion type.
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The ion types refer to the Roepstorff-Folman convention (Aebersold and Goodlett, 2001).
If more than one ion type can be assigned (within error) to the observed ion, additional
ions will be listed on the same line (see the line for m/z = 1010.50 in Fig. 13.2.2).
BASIC
PROTOCOL 2

USING PROWL WITH THE WEB INTERFACE FROM THE ROCKEFELLER
SERVER WITH TANDEM MASS SPECTROMETRY (MS/MS) DATA: GPM
The Global Proteome Machine (GPM) is a new addition to PROWL that allows the user
to input large collections of tandem mass spectra to match them to sequences (Craig and
Beavis, 2003). It is a much more comprehensive tool than PepFrag, and is based on an
open-source software project that allows investigators to download and use the software
and user interface themselves. It also allows the user to analyze thousands of tandem mass
spectra at once, with a user interface that can display genomic information and SNP data,
where they are available. This protocol presents a simple GPM search. Support Protocol
describes setting advanced parameters.

Necessary Resources
Hardware
Any Internet-connected computer
Software
Web browser
Files
A collection of MS/MS fragment peak masses and parent ion masses, in PKL,
DTA, or Mascot Generic Format (Matrix Science)
Prepare for a GPM search
1. Point the Web browser to http://h.thegpm.org. The page illustrated in Figure 13.2.3
should appear.
2. Using the Browse button near the top of the page, locate the properly formatted file
that contains the peak tables for the MS/MS spectra to be identified.
3. Select the appropriate “taxon,” reflecting the source of the original sample. This
selection will determine the list of sequences searched.
GPM is organized around the concept of complete proteomes. Therefore, each of the taxon
names represents the protein sequences corresponding to the best current translation of
open reading frames of a complete genome into assembled proteins. The current public
version of the GPM uses ENSEMBL sequences for most species, except S. cerevisiae
(SGD) and A. thalania (ATH1). Common contaminant sequences (such as trypsin and
bovine serum albumin) are included in all searches.

4. In the box labeled “fragment δm,” enter the appropriate fragment ion mass tolerance,
in daltons (Da) or parts per million (ppm).
A good rule of thumb is to set this tolerance to be fairly broad, but to keep it less than
0.5 Da, if possible. If an unfamiliar instrument is being used, iteratively determine a good
setting using standard proteins before using true unknowns.

5. On the line for “output,” select the desired expectation value cutoff.
Finding Protein
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GPM uses an expectation value to measure the confidence in an identification. Only
proteins with expectation values less that the cutoff value will be reported on the main
report page.
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Figure 13.2.3

The start page for a GPM session.

6. In the “modifications” section of the page, in the box labeled “complete,” enter a list of
“complete” residue modifications to be used in the search. The choice of modifications
will depend on the experimental protocols used; only chemical derivatizations that
result in stochiometrically complete reactions should be entered here.
This user interface does not have a list of “fixed” modifications available; the user is
expected to know the mass difference associated with the modifications required. For example, iodoacetamide derivatization of free sulfhydryl groups results in a mass increase
of 57.01 Da to cysteine residue, so the entry 57.01@C indicates this modification. Additional modifications to other residues can be made using the same notation, separating
each type of modification with a comma. Modification masses can be positive or negative. Only one modification entry is allowed per residue type—in the case where multiple
entries have been made in error, only the last.

7. In the “modifications” section of the page, in the box labeled “potential,” enter a list
of “potential” modifications to be used in the search. The format for entering the
modifications is the same as for step 4.
Potential modifications—often referred to as “partial” modifications—are used to allow for the possibility of any type of residue derivatization where the stochiometry is
less than 100%. Several types of common potential modifications produced by normal
sample handling are the oxidation of methionine (16@M) and the deamidation of glutamine and asparagine (1@Q,1@N). Common potential modifications due to biological
post-translational modification of a protein are phosphorylation of serine or threonine
(79.98@S,79.98@T), acetylation at lysine residues (42.04@K), and proline oxidation to hydroxproline (16@P). The list of potential modifications used in this box should
only include the most likely types of modifications, such as methionine oxidation. Rare
modifications should be entered in the following step.
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8. Again in the “modifications” section of the page, in the box labeled “refinement,”
enter a list of “potential” modifications to be used in the refinement process.
The GPM is one of the first generation of tandem spectrum search interfaces to introduce
the idea of “refining” identifications. The list of potential modifications used in step 5 is
used to rapidly scan through the proteome list, finding proteins that may be represented by
the mass spectra submitted. In the refine process, this more extensive list of modifications
is checked against proteins that were found in the first pass, greatly speeding up the
sequence-assignment process. In this refinement step, cleavage at all residues and protein
N-terminal modifications are also considered for the shortened list of proteins.

9. From the two radio buttons (“yes” and “no”) next to “mutations,” select whether point
mutation analysis should be performed as the final step in the refinement process.
The GPM is also the first generation of tandem-spectrum search interfaces that allows the
analysis of point mutation as a part of the main search process. If “yes” is selected, all
possible single-point mutations for a peptide are tested against the available set of mass
spectra to find a possible match. This comparison is done at the end of the refinement
process, and only the potential modifications and cleavage conditions used in the first
round of the search are applied to the point-mutated sequences.

10. From the menu under “method,” select a general method to be used, depending on the
type of mass spectrometer used to collect the data. The full contents of a particular
method can be reviewed by pressing the “. . . view method” button.
11. Press the “Find models” button (to the right of the “taxon” list) to submit the data
and begin the search.

Interpreting the results of a GPM search
The results returned from the GPM are illustrated in Figure 13.2.4. The result format is a
simple HTML page that presents the best possible candidate sequences for a given set of
input tandem mass spectra and selected search parameters. This page is organized around
the protein sequences that best fit the set of mass spectra analyzed.

Finding Protein
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Figure 13.2.4

Initial results page obtained from a GPM search.
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Main (“initial results”) page (Fig. 13.2.4)
12. Links that have the following behaviors are provided on the top of the page in a menu
bar:
a. performance: displays performance statistics about a particular search.
b. parameters: displays the search parameters used for a search.
c. details: an alternative set of views that are organized around the individual
spectra, rather than identified proteins.
d. XML: retrieves the XML file that contains all of the data about the results of a
search (this file can be stored and uploaded for later viewing).
13. The main list of proteins illustrated in Figure 13.2.4 corresponds to the best-scoring
proteins found during the search. Each protein listed has an associated expectation
value and a short description derived from the primary information sources associated
with the accession number for the protein (EBI, SCD, or TGIR). The precise form
of this additional information will change from time to time, but it is meant to give
the user a quick idea of what proteins have been observed.
14. In Figure 13.2.4, the links beside the accession number for the protein are to pages
that summarize additional information:
a. homologue: this page (Fig. 13.2.5) lists all of the proteins that could be identified
with the subset of the mass spectra that were used to identify the listed protein
(see steps 15 and 16).
b. protein: this page (Fig. 13.2.6) lists all of the evidence for the identification of
this sequence (see steps 17 to 20).

Homologue page (Fig. 13.2.5)
15. Links that have the following behaviors are provided on the top of the page in a menu
bar:
a. model: returns to the main model page corresponding to this page.
b. details: the same effect as the details link on the main page (see step 12).
c. XML: the same effect as the XML link on the main page (see step 12).
16. The format of the list of proteins is similar to the main page, starting with the best
protein fitting the list of mass spectra searched.

Figure 13.2.5

Homologue page for one protein.
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Figure 13.2.6 Protein model page, upper section showing sequence coverage. This black and
white facsimile of the figure is intended only as a placeholder; for full-color version of figure go to
http://www.interscience.wiley.com/c p/colorfigures.htm.

The term homologue is used here in a somewhat different sense than normal. In this
case, homologue proteins share the same set of mass spectra, rather than the same set
of sequences. In many cases, the mass spectra will be associated with similar sequences
in each protein, but this may not always be true. A protein is listed as a homologue if it
was assigned to at least one spectrum that is also assigned to the first ranked protein. If a
homologue was also assigned to mass spectra not associated with the first ranked protein,
it will also appear in the main page.

Protein page (Figs. 13.2.6 and 13.2.7)
17. Links are provided on the top of the page (Fig. 13.2.6) in a menu bar that have the
same behaviors as those on the homologues page (see step 15).
18. There is an additional menu bar that provides links to external sources of information
(e.g., “ensembl,” “ncbi,” “omim,” “snps,” shown in Fig. 13.2.6) that can be accessed
using the accession number associated with the protein. The links in this bar differ
from protein to protein and taxon to taxon, as the same types of information may not
be available for different proteins.
19. The display in Figure 13.2.6 is the top section of the protein page, showing the
placement of the peptides that have been associated with the protein’s sequence. When
available, this information is superimposed on the protein sequence’s gene model,
showing exon boundaries and known single nucleotide polymorphisms (SNPs).
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The upper line (in lowercase) represents the gene model, with exon boundaries indicated
by a color change in the residues from black to blue. Residues shown in red are necessary
for correct exon overlaps. Residues with green backgrounds are synonymous SNPs and red
backgrounds are nonsynonymous SNPs. The lower line (in uppercase) shows the peptides

13.2.8
Supplement 7

Current Protocols in Bioinformatics

Figure 13.2.7

Protein model page, lower section showing spectrum assignments.

that correspond to mass spectra in bold red. Residues with red backgrounds correspond to
observed point mutations. Chemical modifications are not shown on this display. Clicking
on observed sequence links to the evidence for that assignment, lower down on the same
page (Fig. 13.2.7).

20. The display in Figure 13.2.7 is the bottom section of the protein page. It is composed
of a table that indicates which spectra are associated with a particular sequence
and information about that assignment. The spectra are listed in the order in which
the assigned peptides are arranged in the protein, from N-terminal to C-terminal. If
multiple spectra are associated with the same peptide, these spectra are arranged with
the best assignment appearing first.
a. spectrum: the number format is xxx.zz, where xxx is the position of the
spectrum in the original spectrum listing file, and zz is the peptide assignment
number. If zz is greater than 1, the spectrum has been equivalently assigned to
more than one sequence in the same protein.
b. log(e): the base-10 logarithm corresponding to the confidence of the assignment.
c. m+h: the calculated mass of the singly charged peptide.
d. delta: the mass difference between the calculated and measured mass of the
assigned peptide.
e. z: the charge state of the peptide ion.
f. sequence: the assigned sequence (uppercase, blue on screen), with the sequence
region N- and C-terminal included (lowercase, black on screen). The residue
numbers correspond to the position of the peptide in the original sequence.
Clicking on the uppercase (blue) sequence opens the peptide model page (Fig.
13.2.8), which allows for the detailed inspection of the spectrum assignment
data quality.
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Figure 13.2.8 The peptide model display page. This black and white facsimile of the figure is intended only as a placeholder; for full-color version of figure go to http://www.interscience.wiley.com/
c p/colorfigures.htm.

Peptide page (Fig. 13.2.8)
21. Links are provided on the top of the page illustrated in Figure 13.2.8 in a menu bar
that have the same behaviors as those on the Homologues page (see step 15).
The model number at the top of the page is in the format xxx.yy.zz, where xxx is the
position of the spectrum in the original spectrum listing file, yy is the homologue rank
number and zz is the peptide assignment number.

22. Details similar to the table on the Protein page (see step 20 and Fig. 13.2.7) are shown
in a table at the top of the page. If available, a line describing the experimental details
associated with the mass spectrum is also displayed.
23. The main display is a graphical representation of the quality of the mass spectrum
assignment in three sections.
a. At the top of the display is a fragmentation diagram, showing the relative
strengths of signals corresponding to each bond in the peptide.
b. A display of the MS/MS spectrum, with peaks assigned to b ions shown in blue
and those assigned to y ions in red. Unassigned ions are shown in black and
ions that can be assigned to trivial neutral loss reactions are shown in mauve.
c. To the right of the spectrum display is a scatter plot, showing the difference
between the calculated and observed mass for each of the assigned ions.
SUPPORT
PROTOCOL
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USING ADVANCED FEATURES FOR GPM SEARCHES
On the top left side of the simple search page described in Basic Protocol 2 and illustrated
in Figure 13.2.3, there is a link (“advanced PAGE”) to an advanced search page that
allows the user access to more parameters that can be adjusted for a search session. The
values of these additional parameters are fixed by the selection of a “method” in Basic
Protocol 2 (see step 10 in that protocol); the values fixed in a “method” are appropriate for
many common experiments, but may need to be varied for a specific circumstance. This list
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of parameters is useful if the experiment being performed involves the use of customized
reagents or protocols. Parameters that were not discussed above are described below.
1. isotope error: If the radio button “no” is chosen, then the parent ion mass tolerance is
simply applied and any peptide with a calculated mass outside of the allowed range
is not scored. If “yes” is chosen, then multiple parent ion mass tolerance windows are
used to attempt to detect errors made by the mass spectrum data system in assigning
the correct all-12 C peak associated with the mass spectrum.
2. protein N-terminus: The mass value (in Da) entered into the text box here is added
to the N-terminal residue of any peptide that includes the protein’s N-terminus.
3. protein C-terminus: The mass value (in Da) entered into the text box here is added
to the C-terminal residue of any peptide that includes the protein’s C-terminus.
4. cleavage C-terminal change: When a peptide is cleaved by an enzyme or reagent, the
C-terminus revealed by the cleavage is modified by the addition (or subtraction) of
some moiety whose mass is entered into the text box here. For example, hydrolysis
results in the addition of a hydroxyl group (∼17 Da). Nonhydrolytic reactions will
add different moieties.
5. cleavage N-terminal change: When a peptide is cleaved by an enzyme or reagent, the
N-terminus revealed by the cleavage is modified by the addition (or subtraction) of
some moiety whose mass is entered into the text box here. For example, hydrolysis
results in the addition of a hydrogen (∼1 Da). Nonhydrolytic reactions will add
different moieties.
6. cleavage site: The cleavage chemistry used in the initial round of scoring is set using
a simple expression, written into the text box here using the sequence pattern format
originally used for PROSITE (a slight modification of the more general “regular
expression” format). The expression is in the form of two subexpressions specifying
the N-terminal and C-terminal residues adjacent to the cleaved bond, separated by
a pipe (|) that represents the position of the bond to be cleaved. The subexpressions
can be in one of two forms.
a. [ABC] indicating that the residue in that position can be any of the set of
residues with the square brackets.
b. {ABC} indicating that the residue in that position can be any residue except the
residues in the curly brackets.
The special residue character “X” represents all residues, so that the expression [X]|[X]
represents cleavage at all residues. The expression {X} is not useful, as it means that bond
cannot represent cleavage for any residue combination.
For example, the commonly used enzyme trypsin can be specified by the expression
[KR]|{P}, V8 proteinase can be specified by [ED]|[X] and the enzyme Asp-N can
be specified by [X]|[D].

7. missed sites: The entry typed in the text box here represents the number of cleavable
sites that may be present in a peptide.
No protein-cleavage reagent will cleave all accessible peptide bonds at the same rate. Some
bonds will be preferred, either because of sequence-specific effects or secondary/tertiary
structural constraints. Therefore, in any protein digest mixture there will be peptides that
contain sites that satisfy the cleavage specification mentioned in step 6. In order to speed
up the calculation, it is often advantageous to limit the number of potentially missed sites
to a small number.
IMPORTANT NOTE: in the case of cleavage at any bond ([X]|[X]) it is necessary to
set this value to allow for many missed cleavages, e.g., 50, which will be sufficient to
consider peptides up to a parent ion mass of up to ∼5000 Da.
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8. refine model: If the radio button “no” is chosen in steps 1 to 7, then the sequenceto-spectrum comparison process ends after the parameter set in steps 1 to 7 has been
considered. If “yes” is selected, then further rounds of comparison are performed,
based on the following set of parameters. This analysis is performed only on protein
sequences that contain at least one peptide that was assigned to a spectrum with an
expectation value of less than the “valid expectation” value specified in below in
point “f.”
a. refinement potential modifications (mass@X): This entry is a list of potential
modifications, specified using the same format used for modifications on the
simple search page. These modifications are used, along with a “missed sites”
value of 5, to more thoroughly check for modified peptides with larger numbers
of missed cleavage sites than specified in the first round.
b. use these modifications throughout: If the radio button “no” is selected, then
the partial modification list specified above is not used for further rounds of
analysis, and the program reverts to the list specified in the first round. If “yes”
is selected, then this list is carried forward through subsequent rounds.
c. unanticipated cleaves: If the radio button “yes” is selected, then the sequences
from the first round are re-examined with cleavage at all bonds ([X]|[X]) and
missed sites = 50.
d. potential N-terminus modifications (mass@[): If this entry is not left blank,
then the sequences from the first round are re-examined with cleavage at all
bonds ([X]|[X]) and missed sites = 50, with each of the masses represented
by the entry applied to the N-terminus of each peptide.
e. potential C-terminus modifications (mass@]): If this entry is not left blank,
then the sequences from the first round are re-examined with cleavage at all
bonds ([X]|[X]) and missed sites = 50, with each of the masses represented
by the entry applied to the C-terminus of each peptide.
f. valid expectation (< value) This value is the maximum expectation value
cutoff used to determine if a sequence should be used in the refinement rounds
of analysis.
It is best to keep this value near 1 to include sequences that may have only weak identifications in the first round, but which may identify more strongly following refinement (the
default value is 0.1).

9. spectrum synthesis: If the radio button “no” is selected, then all peptide bonds are
considered to be equally likely to generate fragment ions. If “yes” is selected, then a
set of rules is applied that biases the score for a spectrum-peptide pair, based on the
observed pairwise propensity of specific residue combinations to form fragment ions.
10. noise suppression: If the radio button “yes” is selected, then the following parameters
are used to limit the number of spectra and fragment ions that are considered.
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a. minimum parent M+H: Mass spectra in an input list with parent ion masses
less than the value in Da entered into the text box here will not be scored.
b. minimum fragment m/z: Fragment-ion peaks with m/z values less than the value
entered into the text box here will not be scored.
c. total peaks: The number entered into the text box here represents the maximum
number of peaks in a single spectrum that will be considered. The peaks are
ordered from the most intense to the least intense and the total peak count is
used to cut off the low intensity peaks, if necessary.
d. minimum peaks: Any spectrum with fewer peaks than the number entered into
the text box here will not be scored.
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11. Press the “create models” button (immediately below the “taxon” list drop-down
menu) to submit the data and begin the search.

USING PROWL WITH THE WEB INTERFACE FROM THE ROCKEFELLER
SERVER WITH PEPTIDE FINGERPRINTING MASS SPECTROMETRY (MS)
DATA: ProFound

BASIC
PROTOCOL 3

ProFound makes it possible to input peptide mass fingerprinting spectra and match them
to sequences. This tool allows the user to work with one spectrum at a time, comparing
sequences to data (Zhang and Chait, 2000).

Necessary Resources
Hardware
Any Internet-connected computer
Software
Web browser
Files
Text list of MS peak masses, with each mass on a single line
Enter general search requirements
1. Point the Web browser to http://prowl.rockefeller.edu/profound bin/WebProFound.
exe. The page illustrated in Figure 13.2.9 should appear. This page offers the user
a demonstration data set (click on the “Example” button), which can be used as a
tutorial for new users, as well as for testing/validating the system when new versions
of the software and databases are installed.

Figure 13.2.9

The start page for a ProFound session.
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2. Optional: Enter a Sample ID for a personal reference to the search.
3. Select the appropriate Database; also select the appropriate organism from the Taxonomic Category menu, reflecting the source of the original sample. The Databases
available (see discussion of the usage of this term in Basic Protocol 1) are the NCBI
FASTA versions of protein sequences from SWISS-PROT and NR.
4. Under “Search for,” select how complex the protein mixture of interest is suspected
to be.
It is usually best to start with “single protein only.” An alternative way of searching
protein mixtures iteratively is described below.

5. Enter the protein intact mass and pI ranges to be searched.
Proteins with intact masses and pI outside of these ranges will be excluded from consideration during the search. It is good practice not to limit these parameters too strictly,
because the mass and pI are calculated on the full sequence as it is written in the sequence
list. If the peptide of interest was derived from a proteolytic fragment of a larger protein,
or if the mature form of the protein is significantly different from the sequence in the list,
it may be missed.

6. In the line labeled “Report Top,” select the maximum number of protein candidates
to return for a search.

Specify digestion conditions and chemical modifications
7. From the Enzyme menu on the right side of the page, select an appropriate enzymatic
cleavage chemistry for the particular protocol. From the menu on the line above the
Enzyme menu, enter the number of missed cleavage sites to consider. An enzymatic
cleavage chemistry can be user-defined by following the hyperlink provided.
The selections available are for proteolytic enzymes commonly used in proteomics. Trypsin
is by far the most widely used enzyme. Commonly, one missed cleavage site is allowed in
the proteolytic peptides.

8. In the Modifications section of the page, select appropriate chemical modifications
used in the experimental protocol from the list. User-defined chemical modifications
can be defined by following the hyperlink provided.

Enter the mass and charge data (Masses section of the ProFound page)
9. Cut and paste the list of m/z values into the Average Masses and Monoisotopic Masses
boxes.
10. In the “Mass tolerance for average data box,” enter the m/z tolerance for average and
monoisotopic masses.
11. Enter the units for the m/z tolerance for average and monoisotopic masses (Da, %,
or ppm).
12. Select the charge state (M, mass of the neutral molecule, or MH+ , mass of the singly
protonated molecule).
13. Press the Identify Protein button to submit the search.
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Interpreting the results of a ProFound search
The results returned from ProFound are illustrated in Figure 13.2.10. The result format
is a simple HTML page that presents the best possible candidate sequences for a given
set of input m/z values and search parameters.
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Figure 13.2.10

Results obtained from a ProFound search.

14. A list of protein candidates is shown in the results, with the protein candidate best
matching the data shown on top.
15. The following information is shown for each candidate protein (online help is available by clicking on the text in the table heading):
a. Rank.
b. Probability: the Bayesian probability calculated by ProFound.
c. Est’d Z: The estimated Z-score is as an indicator of the quality of the search
result.
d. Protein Information and Sequence Analyse Tools: The protein identifier and a
short description of the function of the protein.
e. %: The percentage coverage.
f. pI: The calculated pI of the protein.
g. kDa: The calculated mass of the protein in kilodaltons.
The probability for a protein candidate being a false positive can be calculated from the
estimated Z-score. Z-scores of 2.33 and 1.64 correspond to a false-positive rate of 1%
and 5%, respectively.

16. More information can be viewed for each candidate protein by following the following
hyperlinks:
a. Clicking on the “T” in front of the protein identifier leads to the ProteinInfo
helper tool.
b. Clicking on the protein identifier leads to the Entrez Web site (also see UNIT 1.3)
for more information on the protein.
c. The details of the match between the data and the protein sequence can be
viewed by clicking on the number showing the % coverage.
17. The details of the match between the data and a protein sequence are summarized in
three graphs and a table (Fig. 13.2.11).
18. The first graph illustrates what fraction of the data is explained by the protein sequence.
19. The second graph shows what parts of the protein sequence are observed in the
experiment (coverage map).
20. The third graph shows the difference between the measured and the calculated masses
as a function of peptide mass (error map).
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Figure 13.2.11

Details of a match between the data and a protein sequence.

21. The table lists information about the matching peptides:
a. Measured Mass (M): Measured mass.
b. Avg/Mono: Indicates if the mass is average (A) or monoisotopic (M).
c. Computed Mass: Calculated mass.
d. Error (Da): The difference between calculated and measured mass in daltons.
e. Residues: The location of the peptide in the protein sequence, Start and To (end)
residue.
f. Missed: The number of missed cleavage sites in the peptide.
g. Peptide sequence.
Finding Protein
Sequences Using
PROWL
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GUIDELINES FOR UNDERSTANDING RESULTS
The final steps in each protocol discuss data interpretation.

MS/MS data do not mean a peptide was sequenced
There has been a tendency to somewhat overstate the value of MS/MS data by drawing
an analogy to peptide sequencing as obtained by an Edman sequencer. Peptides are
“identified” by mass spectrometry on the basis of a set of gas-phase fragments that do
not completely define the sequence of the peptide (Yates et al., 1995). Instead, the set of
fragments are sufficient information to allow the statistically significant assignment of
a particular peptide sequence, compared to all of the other possible peptide sequences
being considered (Mann and Wilm, 1994). Peptides that fragment so as to give unequivocal
evidence for a particular amino acid sequence are relatively rare (Nielsen et al., 2002).

MS data do not contain an amino acid analysis
Peptide fingerprint identifications, such as those provided by ProFound, are in some ways
analogous to identifying a sequence by very accurate amino acid analysis (AAA). By
knowing the amino acid composition of a tryptic peptide, it is often possible to eliminate
all but a few candidate peptides from even very large lists of protein sequences (Parker,
2002; Eriksson and Fenyö, 2004). Obtaining an accurate molecular mass for a peptide is
somewhat similar; however the number of potential residue compositions that can have a
particular mass can be quite large. Multiple isobaric combinations of amino acids (e.g.,
M(GA) = M(Q)) and the fact that leucine and isoleucine cannot be differentiated by
simple mass measurement means that any peptide of more than a few residues can have
more than one composition corresponding even to an exact mass measurement. The mass
spectrometry data make up for this increased ambiguity (when compared to AAA) by
providing information about many peptides from the same protein simultaneously, while
AAA is a sequential, relatively slow process.

Interpreting the statistical evidence in context
The goal of any real experiment that involves the use of PROWL to discover protein
sequences is not simply to name proteins. Instead it is to produce information that can be
rationally used in the investigation of biological processes. Therefore, it is very important
to interpret the results of the bioinformatics software analysis within the framework of
what is known about a biological system. For example, keratin is often identified, and it
is regularly dismissed as an experimental artifact caused by contamination from dust and
dander. Automated systems may use peak “exclusion” lists that make identifying keratin
impossible. However, keratin is expressed in almost all eukaryotic cells as an important
element in the cytoskeleton, and its detection may be crucial evidence in a particular
experiment. Understanding the types of exclusion lists and filters that have been used to
process the data is therefore a necessary part of interpreting the results of bioinformatics
results.
The identifications produced by PROWL are all statistical in nature; as mentioned above,
they are not the exact equivalent of detailed peptide sequencing. This fact makes the
use of the results similar to the use of sequence homology information generated by
utilities such as BLAST (Karlin and Altschul, 1990, 1993). One can fairly accurately
estimate the likelihood that a particular assignment has happened at random, but one
cannot say that an assignment is unambiguously “true.” Therefore, it is necessary to
clearly indicate the confidence of any assignment when reporting that result either to a
colleague or for published research. It is often the case that sequence assignments with
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fairly low confidence can be of great assistance to a well informed biological researcher
who understands the significance of a set of correlated results in context. Important
correlations resulting from poor evidence can be tested with more focused informatics
analysis of existing data or improved experimental designs.

COMMENTARY
Background Information

Finding Protein
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PROWL is a collection of tools for the identification of protein sequences, using input data
derived from mass spectrometry. It was designed and initially made available in 1996, as
a collaboration between the protein mass spectrometry research groups at Rockefeller University and the Skirball Institute at New York
University Medical Center (Fenyö et al., 1996,
1998). It was clear at the time that one of the
most important applications of mass spectrometry to protein biochemistry was going to be for
sensitive determination of which mature gene
products are present in a mixture of proteins
derived from a biological source. The use of
mass spectrometry for the complete sequencing of proteins and peptides had a long history,
but practical difficulties in obtaining complete,
unambiguous sequences had limited the general applicability of the technique. Instead, Edman degradation chemistry had been the gold
standard since its development. The availability of reasonably complete genomic and cDNA
sequence databases in the middle 1990s reduced the necessity for the complete sequencing of a protein: the task switched to determining enough sequence to directly match the
protein with a known translated nucleotide sequence or to create a primer that could be used
to amplify the mRNA coding the protein for
subsequent nucleotide sequencing.
The advancements in the use of mass
spectrometry to identify proteins were made
possible by discoveries made between 1987
and 1989 that produced a new generation of
ion sources for peptides: electrospray ionization (ESI, Fenn et al., 1989) and matrixassisted laser desorption/ionization (MALDI,
Hillenkamp et al., 1991). These ion sources
were more than 1000× more sensitive than
the ion sources that they replaced. With this
new sensitivity, it was possible to routinely
examine sample amounts of <1 picomole,
which is a practical level for the preparation
of biologically derived protein samples (Aebersold and Goodlett, 2001). By combining
the new ion sources with digestion and separation protocols that had been developed for
handling Edman sequencing samples, it was
possible to derive enough information from

mass spectra to correlate a protein sequence
with a known translated nucleotide sequence
(Mann and Pandey, 2001).
PROWL is designed to use protein sequence
information to identify potential matching sequences; experimental data from various types
of mass spectrometers can be input directly
into PROWL’s component software. For comparison with familiar genomic tools, it would
be similar to directly inputting a sequencer’s
untranslated trace data into BLAST. This is not
a perfect analogy, however, as mass spectrometric data rarely contain enough information
to unambiguously sequence a peptide. Instead,
PROWL utilizes a set of sophisticated statistical techniques to draw reasonable correlations
between a protein’s sequence and often noisy,
incomplete experimental data.
While PROWL was one of the first sites that
made tools for this purpose available, it has become part of a group of academic and commercial Web sites that offer a range of tools aimed
at the same applications, utilizing different approaches and software. Most notable among
these are the ExPasy, Mascot (Perkins et al.,
1999), and Protein Prospector suites. Many of
the freely available sites also have commercial
versions with more flexibility. These include
Mascot (Matrix Science), Spectrum Mill (Agilent), Protein Prospector (ABI, licensed from
UCSF), and Knexus (the Proteometrics version of PROWL, currently licensed to Harvard
Biosciences; Field et al., 2002).
The use of convenient, form-based search
engines for retrieving information using the
Internet has become such a commonplace
way of obtaining detailed information that it
scarcely needs comment. PROWL was first
made available when the notion of using a
remote resource for this type of search was
still rather novel. Therefore, the goal of the
original PROWL resources, such as PepFrag
(Basic Protocol 1), was to obtain sequence information as an end in itself. As the Internet
(and various genome projects) has evolved, sequence information has been supplanted by an
ever-expanding network of information that is
linked together by a set of unique accession
numbers. ProFound (Basic Protocol 3) and the
GPM (Basic Protocol 2) now mainly fill the
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role of generating lists of the relevant accession
numbers and providing rapid “click-through”
access to the additional bioinformatics information available on the proteomic, genomic,
and transcriptomic levels.

Critical Parameters
Difficulties with “non-redundant databases”
At the moment, most protein identification work is performed using the collection
of protein sequences compiled by the U.S.
National Center for BioInformatics (NCBI),
called nr, short for “non-redundant.” This list
of sequences is compiled by comparing a new
sequence with all of the sequences currently
contained in the collection. If a sequence is
exactly the same as one currently available, it
is given an accession number, but the protein
sequence is not added to the list: the accession
number is added as an additional description
item for the sequence. If a sequence is exactly
the same as an existing sequence, except for
as little as one residue, then it is assigned an
accession number and the sequence is added
to the collection. Therefore, when using this
collection for protein identification, large lists
of protein sequences are often retrieved, all of
which contain the same peptide. This problem
can be compounded by the existence of similar
gene families in an organism and the fact that
the sequences of some proteins are very highly
homologous across broad taxonomic families.
In fact, some of these highly homologous protein sequences are over-represented in nr (e.g.,
myoglobin and cytochrome c) because these
sequences have been used in studies meant to
understand the basis of this type of sequence
homology. When presented with a long list of
potentially homologous sequences generated
from nr, it is important to realize that the protein present in one’s original sample may not
be the description at the top of the list and
that multiple genes, resulting in very similar
sequences, may have been active. Splice variants are an additional complication, making
the detailed review of the evidence supporting
a particular identification necessary to ensure
that results are not reported with undue confidence.
Much of the confusion associated with using nr can be alleviated if the organism that is
the source of the proteins has a known genome.
By limiting the search to the proteins predicted
for a particular genome, it is often possible to
greatly reduce the complexity of the resulting
list of sequences that correspond to the mea-

sured data. It is also much clearer when a measurement is sufficient to distinguish between
the members of multigene families of similar sequences. Designing a search strategy to
limit the complexity of the results is part of
the overall design of an experimental protocol, and should be considered as early on in
the planning process as possible.
Instrumental mass accuracy can be
deceptive
Part of the specification for a particular mass spectrometer’s performance is its
mass accuracy, often given in parts per million (ppm). If a mass spectrometer can measure a 2000 Da parent ion with an accuracy
of ±10 ppm, then the mass error for the
measurement would be 2000 × 0.000010 =
±0.020 Da. Using this type of calculation to
set the parent ion mass measurement tolerance
for an MS/MS identification can lead to errors, however. Identifications are made based
on the assumption that the all-12 C peak (A0 ) in
the isotope cluster corresponding to a peptide
has been correctly determined. Unfortunately,
most commonly available software will often
assign the most abundant peak in the isotope
cluster, rather than the A0 peak. This effect
can result in a systematic mass-assignment error of 1 or 2 Da, even though the accuracy of
the instrument is considerably less than 1 Da.
The result of being overconfident in the true
accuracy of parent ion mass assignments is often to completely miss a good identification
or to misinterpret the spectrum in such a way
as to imply that one or two chemical deamidations of asparagines or glutamine residues
have occurred, which will compensate for the
systematic error in mass assignment. Reasonable care should be taken to ensure that the
correct peak has been assigned (when possible), and any software settings should take into
account the possibility of this type of error. It
is important to note that very accurate determination of a parent ion mass does not necessarily help MS/MS peptide identifications, as
it is the pattern of fragment ion masses that is
used to ensure a good identification. Relaxing
the parent ion mass tolerance to be as much as
±2 Da, even when high-accuracy instruments
are used, is a good way to ensure that correct
identifications are not missed.
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GE Healthcare
Piscataway, New Jersey

Mann, M. and Pandey, A. 2001. Use of mass
spectrometry–derived data to annotate nucleotide and protein sequence databases. Trends
Biochem. Sci. 26:54-61.

Finding Protein
Sequences Using
PROWL

13.2.20
Supplement 7

Current Protocols in Bioinformatics

