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Abstract. Mass spectrometry-based peptidomic approaches are powerful tech-
niques to detect and identify the peptide content of biological samples. The present
study invest igated the l imitat ions of pept idomic approaches using
trimethylammonium butyrate isotopic tags to quantify relative peptide levels and
Mascot searches to identify peptides. Data were combined from previous studies
on human cell lines or mouse tissues. The combined databases contain 2155 unique
peptides ranging inmass from444 to 8765Da, with the vastmajority between 1 and 3
kDa. The amino acid composition of the identified peptides generally reflected the
frequency in the Eukaryotic proteome with the exception of Cys, which was not
present in any of the identified peptides in the free–SH form but was detected at

low frequency as a disulfide with Cys residues, a disulfide with glutathione, or as S-cyanocysteine. To test if the
low detection rate of peptides smaller than 500 Da, larger than 3 kDa, or containing Cys was a limitation of the
peptidomics procedure, tryptic peptides of known proteins were processed for peptidomics using the same
approach used for human cell lines and mouse tissues. The identified tryptic peptides ranged from 516 to 2418
Da, whereas the theoretical digest ranged from 217 to 7559 Da. Peptides with Cys were rarely detected and, if
present, the Cys was usually modified S-cyanocysteine. Additionally, peptides with mono- and di-iodo Tyr and
His were identified. Taken together, there are limitations of peptidomic techniques, and awareness of these
limitations is important to properly use and interpret results.
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Introduction

The development of mass spectrometry-based peptidomic
techniques has revolutionized the field of peptides [1–15].

Before development of peptidomics approaches, the detection
of peptides was largely performed using radioimmunoassays
[16]. Although radioimmunoassays are often sensitive, they
require antisera to the peptide, which take months to generate
and characterize, and are limited to known peptides. For the
identification of unknown peptides, it was previously necessary
to extensively purify each peptide in order for Edman degra-
dation sequencing to be effective. Mass spectrometry-based
peptide discovery allowed for identification of peptides in
complex mixtures [1–8, 11–15]. Quantitative peptidomic ap-
proaches facilitated the relative quantification of peptides in
mixtures, including both known and previously unknown pep-
tides. Collectively, the various peptidomic approaches led to

the discovery of dozens of novel neuropeptides, including
some of the most abundant neuropeptides in brain, such as
peptides named SAAS, PEN, and LEN [17]. Peptidomics also
led to the discovery that peptides derived from proteasome-
mediated cleavage of intracellular proteins exist within the cell
[18–20]. The proteasome cleaves proteins into peptides, and it
was previously thought that these peptides are highly unstable
because of the activity of intracellular aminopeptidases [21].
This hypothesis was shown to be incorrect based on the dis-
covery that numerous peptides derived from cytosolic, nuclear,
and mitochondrial proteins are present in tissues and cell ex-
tracts [18–20, 22, 23]. Many of these peptides require protea-
some activity for their production, with levels of peptides
affected by treatment of cells with proteasome inhibitors [20,
24, 25]. These and many other peptidomic studies have led to
major advances in our knowledge of peptides in biological
samples.

Most of the literature describing peptidomic techniques and
their uses has focused on the advantages of these techniques,
not on their limitations. In 2000, my laboratory began usingCorrespondence to: Lloyd Fricker; e-mail: lloyd.fricker@einstein.yu.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/s13361-015-1231-x&domain=pdf


peptidomics to detect and identify peptides in mouse extracts
that had been purified on affinity columns to isolate neuropep-
tide processing intermediates [17, 26, 27]. This affinity proce-
dure was necessary to detect neuropeptides over the back-
ground of post mortem protein degradation fragments. In
2003, Svensson and colleagues found that the post mortem
changes could be prevented by heating mouse brain with
focused microwave irradiation prior to dissection [13]. This
allowed peptidomic analysis on mouse brain extracts without
the need for affinity purification. In 2005, my laboratory found
that a conventional microwave oven can be used to rapidly heat
an undissected mouse head, raising the temperature of the brain
to >80°C within seconds of decapitation [28]. Peptidomic
analysis showed that the profile of peptides in brains heated
with a conventional microwave oven was similar to the pep-
tides detected in brains treated by focused microwave irradia-
tion, and free of the post mortem artifacts that appear 1 min
after death within brains not subjected to heat inactivation
either by microwave irradiation or another technique [13, 28,
29]. Also in 2005, we found that trimethylammonium butyrate
(TMAB) isotopic labels were superior to other isotopic tags for
the quantification of neuropeptide levels [30]. The TMAB tags
were developed by Fred Regnier for proteomic applications,
and because they label free amines the TMAB reagents are well
suited for peptidomic studies (Regnier et al. [31]). The TMAB
tags can be produced in five distinct isotopic forms, allowing
for multivariate analysis [32]. Using a combination of heat
inactivation of the sample and TMAB labels for quantitative
peptidomics, we have performed hundreds of LC/MS runs of
samples and MS/MS analyses of peptides [20, 22, 24, 25, 28,
30, 33–48]. In each LC/MS run, up to several hundred peptides
were detected and identified. During these analyses, some
trends were noted such as the relative absence of peptides with
free Cys residues, but because Cys is a relatively rare amino
acid [49], the sample size of each individual dataset was not
sufficient to permit conclusions. For the present study, datasets
were combined of all peptidomics analyses performed in my
laboratory over the past decade using heat inactivation of
tissue/cells and TMAB isotopic labels. The combined datasets
were then examined for features such as peptide mass, amino
acid composition, and the presence of post-translational mod-
ifications. This analysis reveals that there are several limitations
to quantitative peptidomics techniques, some which are specif-
ic to the TMAB-label approach, and others that are likely
common to all peptidomic studies.

Methods
Three databases were compiled for the present meta-analysis:
mouse, human, and tryptic peptides. These three databases
were composed of published studies [20, 22, 24, 25, 28, 30,
33–48] and a few additional studies that have not yet been
published; these unpublished studies used identical methods,
differing only in the treatment groups (which is not relevant to
the present meta-analysis). The mouse database contains all

peptidomic results from studies using mouse tissues—mainly
brain regions, but also whole brain as well as heart, spleen, and
testis. Mouse cell lines from kidney and pancreatic beta cells
are also included in this database. The human database contains
all peptidomic results with human cell lines: HEK293T,
HEK293H, SH-SY5Y, MCF7, and RPMI8226. The third da-
tabase contains peptides from analysis of proteins digested with
trypsin. Five proteins purchased from Sigma-Aldrich (St. Louis,
MO, USA) were digested with trypsin: bovine serum albumin
(P02769); bovine thyroglobulin (P01267); human α-
hemoglobin (P69905); human β-hemoglobin (P68871); and bo-
vine α-lactalbumin (P00711).

Prior to extraction of peptides, samples (tissue, cell lines, or
tryptic peptides) were heated to 80°C [50–52]. For cell lines,
cells were pelleted and resuspended in 80°C water, and then
incubated for 20 min at 80°C. For analysis of mouse brain, the
head of the mouse was placed in a conventional microwave
oven for 8 s, which raises the temperature to 80°C [28]. After
cooling, the brain was removed, dissected into regions (if
needed for the experimental protocol) and peptides extracted
as described below. Other mouse tissues were rapidly removed
from the animals, cut into pieces, and heated in a water bath at
80°C for 20 min. In some experiments, cells or tissue were
frozen and stored at –70°C prior to peptide extraction. Peptides
were extracted by sonication of the tissue in cold water follow-
ed by heating to 70°C in a water bath for 20 min. Homogenates
were cooled in an ice bath and combined with cold 1 M HCl to
a final concentration of 10mM, then centrifuged in a microfuge
for 40 minutes. The supernatant was removed and labeled with
isotopic labels as described below.

Peptides were labeled with TMAB using the N-
hydroxysuccinimide (NHS) ester of the TMAB reagents, pre-
pared as described [32]. In brief, the TMAB-NHS esters are
produced from the reaction of methyl iodide with gamma-
amino butyric acid in methanol with potassium bicarbonate as
a base. Methyl iodide containing 1, 2, or 3 atoms of deuterium
was used to create the D3-, D6-, and D9-TMAB forms (three
methyl groups react with the amino group). The D12 form was
generated from methyl iodide containing three deuterium atoms
and 13C. After the reaction, hydrochloric acid was added to
produce the chloride salt of the quaternary ammonium ion and
the product (TMAB) was isolated after precipitation with tetrahy-
drofuran. TMAB was activated with dicyclohexylcarbodiimide
and NHS in acetonitrile, the product precipitated with tetrahydro-
furan and purified by recrystallization.

Labeling of peptides with TMAB-NHS ester was performed
at pH 9.5 in 0.4 M sodium phosphate buffer. The protocol has
been described in detail [50–52]. In brief, an excess of TMAB-
NHS was dissolved in DMSO and an aliquot added to the
peptide at room temperature. After ~10–20 min incubation,
the pHwas adjusted back to 9.5 using dilute NaOH and another
aliquot of TMAB-NHS was added. This procedure was repeat-
ed for a total of five to seven additions of TMAB-NHS over
several hours. Excess TMAB-NHS was quenched by the addi-
tion of 2.5 M glycine and incubation at room temperature for
40 min. In a typical experiment, four to five different samples

1982 L. D. Fricker: Limitations of Mass Spectrometry-Based Peptidomic Approaches



were labeled with a different isotopic form of the TMAB-NHS
reagent. After the reaction was quenched, the samples were
combined, treated with hydroxylamine to remove TMAB
groups from Tyr residues, filtered on a 10 kDa membrane to
remove proteins, and desalted using C18 spin columns, as
described [50–52].

LC/MS/MS analysis was performed on a quadrupole time-
of-flight (qTOF) mass spectrometer. A variety of qTOF instru-
ments have been used for analysis of the various datasets over
the past 10 y: API Q-star Pulsar-i (Applied Biosystems/MDS
SCIEX, Foster City, CA, USA); Ultima (Micromass, Manches-
ter, UK); Synapt G1 (Waters Co., EUA); and Synapt G2
(Waters Co., Milford, MA, USA). LC conditions always used
0.1% formic acid in water at a flow rate appropriate for the LC
system; peptides were eluted with a gradient of acetonitrile
over 20–50 min, depending on the experiment. Prior to elution,
the sample was desalted online using a C18 trapping column.
Data were acquired in data-dependent mode and selected pep-
tides dissociated by collisions with argon. For optimal MS/MS
analysis of TMAB-labeled peptides, the collision energy values
were higher than those used for non-labeled peptides.

The first phase of the analysis involved searching MS
spectra for peak sets that co-eluted and differed in mass by
3 Da or a multiple of 3 Da; these represent the D0, D3, D6, D9,
and/or D12 TMAB-labeled peptides. The m/z values and in-
tensity of the observed ions, the charge state, and the elute
times were logged into a spreadsheet. In the second phase of
the analysis, peptides were identified by MS/MS analysis,
using a combination of Mascot searches and manual validation
of the results based on previously defined criteria [50–52].
Mascot searches of the databases always included the modifi-
cations of the various isotopic forms of TMAB tags (named
GIST in Mascot) on both N-termini and Lys side chains.
Mascot searches routinely included commonly found modifi-
cations such as methionine oxide and N-terminal acetylation.
Additional parameters used include C-terminal amidation and
phosphorylation of Ser, Thr, and Tyr. Identification of S-
cyanoCys, glutathione-conjugated to Cys, and iodinated His/
Tyr were initially made by manual searches of unmatched ions
that showed high quality MS/MS spectra. Once these were
identified, further Mascot searches included these modifica-
tions. Other modifications of Cys were tested for several of
the MS/MS data files but did not reveal additional modifica-
tions; these included acetyl-Cys, geranyl-geranyl-Cys,
farnesyl-Cys, Cys oxidation, Cys methylation, palmitoyl-Cys,
palmitoleyl-Cys, phospho-Cys, sulfo-Cys, and Ub-amide on
Cys. Mascot searches were performed on either the Swiss
Protein or NCBI databases, usually limited by the species of
the sample (i.e., human or mouse); the studies on the tryptic
proteins involved both human and bovine proteins, so this was
analyzed using Bmammalian^ filter. No enzyme was specified,
even for the analysis of tryptic peptides.

In each dataset, peptides that were detected at multiple
ionization states are represented by multiple rows, with each
row a distinctm/z. Similarly, peptides that incorporate different
numbers of isotopic tags also show multiple entries. Analysis

of the amino acid composition of each database was performed
using DNA Star. For this, the individual amino acid sequences
were combined into a single file and the DNA Star Protean
program was used to calculate the amino acid composition.

Results
Three master datasets were created by combining datasets from
individual studies, each separate study typically consisting of
2–20 LC/MS runs. Most of the individual studies have been
published over the past decade [20, 22, 24, 25, 28, 30, 33–48].
Several of the studies have not been published; these unpub-
lished studies were performed using techniques identical to
those of the published studies. All of these studies involved
TMAB isotopic labels and heat-inactivated samples. In com-
bining the datasets, peptides found in multiple studies were
listed multiple times; this was done so that the peptides found
most frequently would be highly represented in the database.
Each row in the database contains m/z values for each of the
TMAB isotopic forms observed in the peak group; for repre-
sentative data, see Table S1 in [20]. Peptides detected with
multiple ionization states are represented by multiple rows, with
each row a distinct ionization state reflecting the different m/z.
Similarly, peptides that incorporated different numbers of isoto-
pic tags also show multiple entries; in some experiments, the
peptides were incompletely labeled and lacked the TMAB tag
on the N-terminus. In most studies, the number of isotopic tags
corresponded to the theoretical number of free amines (peptide
N-terminus and unmodified Lys residues).

The combined human cell line database consists of 14,433
total rows of peptides. Of these, 7523 peptides were identified
by MS/MS analysis using a combination of Mascot searches
and manual validation of the results based on previously de-
fined criteria for excluding false positives [50–52].These 7523
rows of data represent 755 unique peptides, each found on
average 10 times (range from 1 to 227 times). The most highly
represented peptide in the database is thymosin beta-10, which
was typically found in three to four different ionization states in
each LC/MS run. The combined mouse peptide database con-
sists of 29,050 rows of peptides, of which 17,100 were identi-
fied by MS/MS analysis. Only the identified peptides in each
database were further considered in the present study. The
mouse peptide database was subdivided into peptides derived
from secretory pathway proteins (i.e., neuropeptides and relat-
ed molecules) and those derived from cytosolic, mitochondrial,
nuclear, and other nonsecreted proteins (termed Bintracellular^
proteins). There were 7945 rows of peptides in the secretory
pathway group (representing 397 unique peptides) and 9155
rows in the intracellular group (1003 unique peptides). The
third dataset included in the present study did not reflect the
endogenous peptides in a biological sample; instead, this
dataset was generated by tryptic digestion of five purified
proteins (bovine serum albumin, bovine thyroglobulin, human
α-hemoglobin and β-hemoglobin, and bovine α-lactalbumin).
This dataset was included in the present analysis so that
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comparisons between theoretical and observed peptides could
be made; this was not possible with peptides isolated from
biological samples. The tryptic peptide database consisted of
904 peptides detected by MS analysis, of which 411 peptides
were identified by MS/MS analysis. As with the other two
databases, tryptic peptides found in multiple LC/MS runs were
represented multiple times in the combined dataset.

The identified peptides present in the human cell line data-
base range from 578 to 5751 Da, with a median of 1559 Da
(Figure 1a). The identified peptides present in the mouse data-
base that were derived from intracellular proteins ranged in size
from 444 to 6718 Da with a median of 1693 Da (Figure 1b).
Identified mouse peptides derived from secretory pathway
proteins ranged from 555 to 8765 Da, with a median of
1694 Da (Figure 1c). The standard procedure used for all of
the peptidomic studies employed a 10 kDa microfiltration step
to eliminate proteins, and so it was expected that peptides up to,
or slightly exceeding, 10 kDa would have been detected [50–
52]. Although not the focus of the present study, peptides
detected by MS but not identified by MS/MS in the mouse
tissue and human cell line databases ranged from 224 to 12,000
Da, with a median of 1883 Da. Although the mass range of the
unidentified peptides is broader than the mass range of the
identified peptides, 95% of the unidentified mouse peptides
ranged from 625 to 5194 Da and 95% of the unidentified
human peptides ranged from 686 to 4430 Da, so the very small
and very large peptides represent a minor fraction of the pep-
tides detected by MS analysis. However, it is not clear if the
size range of the detected peptides reflects the true size range of
the endogenous peptides, or if there is a bias in the detection
and identification. To extend this analysis to a well-defined
database, peptides derived from tryptic digestion of five pro-
teins were analyzed by the same methods as used for the
endogenous peptides. Tryptic peptides whose sequences were
identified by MS/MS analysis ranged from 516 to 2418 Da
with a median of 1022 Da (Figure 1d). Peptides detected by
MS that matched the mass of a predicted tryptic peptide ranged
in size from 477 to 2488 Da with a median of 997 Da
(Figure 1e). This latter group of peptides did not involve MS/
MS analysis and Mascot searches, and in theory should match
the theoretical prediction of masses for all tryptic peptides. The
theoretical peptide fragments ranged in size from 217 to 7589
Da, with a median of 930 Da (Figure 1f). Because the TMAB
isotopic tags add 128–140 Da to the mass of each peptide, even
dipeptides of 217 Da would potentially be detectable on qTOF
with m/z >300 if the peptide was labeled with one TMAB tag
and present as the 1+ ion. Note that the indicated peptide
masses reflect the untagged and unprotonated mass, whereas
the detected m/z ions reflect the peptide with isotopic tags and
often additional protons (the tag contains a quaternary amine
and is positively charged without a proton, so protons are only
present if the peptide contains an Arg or His residue).

To further explore the difference between theoretical and
observed tryptic peptides, the data were further analyzed by
comparing the number of theoretical peptides in each size range
with the number of peptides detected byMS (Figure 2). For this

analysis, only theoretical peptides with m/z >300 were consid-
ered, using the expected charge state of 2 for tryptic peptides (3
if His is present) and the additional mass of 128 Da for each
D0-TMAB tag incorporated. Also, theoretical peptides with
Cys were excluded from the analysis because these peptides
may not be easily detected if the Cys is present as a disulfide
Cys-Cys with another peptide, or otherwise modified. To elim-
inate these issues, the theoretical database was filtered to re-
move all peptides with Cys residues or with an m/z below 300
(for the 2+ ion), leaving 180 peptides that should have been
detected. Only two of the 25 peptides with mass <500 Da were
detected byMS, but neither of these was confirmed byMS/MS
sequence by Mascot or manual sequencing (Figure 2). Simi-
larly, only one of the 22 peptides with mass >2000 Da was
detected by MS, and this was also not confirmed by MS/MS
sequence (Figure 2). In contrast, 47 of the 79 peptides in the
500–999 Da range, and 29 of the 54 peptides in the 1000–
2000 Da range, were detected by MS (Figure 2). The vast
majority of the peptides detected by MS with mass between
500 and 2000 Da were subsequently confirmed by MS/MS
sequencing (Figure 2, cross hatching). Thus, peptides with a
mass <500 or >2000 Da are less readily detected by MS than
peptides between 500 and 2000Da using our conditions, which
includes labeling with TMAB reagents and analysis on a
qTOF. It should be emphasized that in our analysis, all peptides
labeled with TMAB tags that are detected in MS spectra are
logged into a spreadsheet regardless of whether identified by
Mascot from MS/MS data. Thus, the failure to detect most of
the theoretical peptides with mass <500 or >2000 Da is unre-
lated to potential problems with Mascot searches of MS/MS
data.

The amino acid composition of the identified peptides in the
combined datasets was determined. For this analysis, Met and
Met-oxide were counted as Met, acetyl groups on the N-
terminus of the protein were removed, but all other modifica-
tions (phosphorylation, etc.) were considered as separate mod-
ifications. Except for Cys, which is not detected in the free form
within the human cell line peptidome, all of the other amino
acids are present at levels ranging from 0.39% (Trp) to 9.2%
(Lys) (Table 1). The relative level of each residue other than
Cys is generally comparable to the abundance of the amino
acid within the Eukaryotic proteome [49]. Cys is present in the
Eukaryotic proteome with a frequency around 2% [49], and
should have been detected around 2400 times (out of 120,137
combined amino acids in the human cell line database). Two
peptides with modified Cys were detected in multiple experi-
ments, for a total of 24 entries in the human cell line database.
Both of these peptides were identical fragments of the protein
triosephosphate isomerase, and the difference was the modifi-
cation. One peptide contained glutathione (GSH) attached to
the Cys (mass difference 305.07 Da); the other peptide
contained an attachment of 176.03 Da on the Cys, which
corresponds to the mass of glutathione lacking the Glu residue
(Figure 3). Both MS/MS spectra showed a strong 2+ y-series,
with y5 to y13 matching the ions predicted byMascot. The y14
ion includes the conjugated Cys, and this was detected with an
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additional mass of 31.9 Da, corresponding to the presence of
persulfide (Cys-SSH) instead of free Cys-SH. The y15 product
ion also had an additional 31.9 Da (Figure 3). These modified
y-ions were found for both the glutathione-conjugated peptide
and the peptide with an additional mass of 176.03, which
strongly suggests that this latter modification is a modified
GSH lacking the N-terminal Glu, rather than another modifi-
cation such as N-glucuronyl, which is also 176.03 Da.

Cys is present in the human peptidome database well below
its typical frequency of 2% in the Eukaryotic proteome [49],
even after taking into account the modified Cys residues. The
low frequency of Cys in the human peptidome database is not
due to the absence of Cys residues within the proteins cleaved
to produce the human cell line peptidome. Analysis of the
residues immediately upstream or downstream of the observed
peptides (i.e., the flanking residues) shows an abundance of
Cys residues in these positions. Cys is found in 311 out of 5265
N-terminal flanking residues (5.9%) and 367 out of 5666 C-
terminal flanking residues (6.4%); these are approximately 3-
fold higher than the expected frequency of Cys.

Similar analyses were performed on the mouse intracellular
peptidome. All of the identified peptides arising from

intracellular proteins collectively constitute 158,928 amino
acids. As found with the human cell line database, there were
no peptides containing free Cys in the mouse intracellular
peptide database. One peptide, a fragment of tubulin beta 2A
found 49 times, contained glutathione-conjugated to a Cys
residue on the C-terminus. Another two peptides contained
cyanoCys on the N-terminus; these two peptides were found
a total of 118 times. Only a few peptides were found with post-
translational modifications on other residues, including one
peptide with phosphoThr (found four times), one peptide with
phosphoSer (found once), and one peptide with N-terminal
pyroGlu (found once). Other than the absence of free Cys,
the frequency of other amino acids in the mouse intracellular
peptide database generally parallels their frequency in the
Eukaryotic proteome [49]. Cys is found in 236 out of 5680
N-terminal flanking residues (4.2%) and 457 out of 6380 C-
terminal flanking residues (7.2%); these are higher than the
expected frequency of Cys.

No free Cys residues were observed in the mouse secretory
pathway peptides. The only Cys-containing peptides detected
were oxytocin and vasopressin, both of which contain two Cys
residues linked by a disulfide bond. No Cys residues were

Figure 1. Size analysis of peptides. (a) Peptides identified fromMS/MS analysis of human cell lines. (b) Peptides identified fromMS/
MS analysis of mouse tissues and cell lines, andwhich are derived from proteins expressed in the cytosol, mitochondria, nuclei, and
other non-secretory compartments. (c) Peptides identified from MS/MS analysis of mouse tissues and cell lines, and which are
derived fromproteins expressed in the secretory pathway (i.e., neuropeptides, peptide hormones, and related peptides). (d) Peptides
identified fromMS/MS analysis of tryptic digests of five purified human and bovine proteins. (e) Peptides observed inMS analysis of
tryptic digests of five purified human and bovine proteins; these data include all peptides detected byMS, regardless of whether they
were confirmed by MS/MS analysis. (f) The predicted peptides resulting from the cleavage of the five human/bovine proteins by
trypsin, assuming complete cleavage at every Lys or Arg (except Lys/Arg-Pro). For panels (a)–(e), peptides found multiple times in
the various experiments are representedmultiple times in the figure, so that the results are weighted for the frequency of the detected
peptides. Themass of the identified (a)–(d), observed (e), or theoretical (f) peptides represents the monoisotopicmass of the peptide
in the absence of TMAB tags, not the observed m/z or mass of the TMAB-modified peptide. For all panels, the mass of the peptides
were sorted from low to high and plotted by rank order (x-axis)
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present among the residues flanking the observed peptides,
which were primarily (but not exclusively) basic amino acids;
the vast majority of secretory pathway peptides are derived
from precursors that are cleaved at basic residues by endopep-
tidases followed by trimming of the basic residues by carboxy-
peptidases. Of the 7947 peptide entries in the mouse secretory
pathway database, 1230 have a post-translational modification:
690 have a C-terminal amide group, 259 have phosphoSer, 160
have N-terminal pyroGlu, 107 have N-terminal acetyl, two
have di-acetyl, and 12 have dehydroSer. The overall amino
acid composition of the mouse secretory pathway peptides is
generally similar to the other databases found in peptidomic
analyses (Table 1).

Based on the above analysis, it appears that there is a
problem detecting peptides containing Cys. However, it is
possible that endogenous peptides containing Cys are pres-
ent at extremely low abundance in the biological samples
used for the peptidomic studies. To resolve these possibili-
ties, the database of TMAB-labeled tryptic peptides was
analyzed for amino acid content. Altogether, 127 distinct
peptides were identified by MS/MS sequencing, approxi-
mately half of which represented predicted tryptic fragments
of the five proteins. The remainder represented either missed
tryptic cleavage sites (i.e., peptides containing an internal
Lys or Arg residue) or cleavage at a non-basic site such as a
Cys residue. Twelve peptides contained a cyanoCys residue,
11 of these on the N-terminus (Figure 4). One peptide
contained two Cys residues in a disulfide bond; these Cys
are known to form a disulfide bond within the protein. Only a
single peptide was identified with a free Cys residue. This
peptide, a fragment of bovine serum albumin, was also found
with a cyanoCys on the N-terminus. Furthermore, the

Figure 2. Comparison of theoretical and observed tryptic pep-
tides. Five proteinswere digestedwith trypsin and the observed
peptides compared with the theoretical digest, assuming com-
plete cleavage at Lys or Arg residues except for Lys-Pro and
Arg-Pro, which are poorly cleaved by trypsin. The theoretical
products containing Cys were excluded from this analysis.
Also, any peptide that would have anm/z of <300 was excluded
because this was the lower cut-off for the qTOF analysis. The
remaining theoretical products were divided into four groups:
<500 Da, 500–999 Da, 1000–2000 Da, and >2000 Da. These
mass ranges represent the uncharged form of the peptide
without TMAB tag, not the observed mass of the labeled pep-
tide; all peptides were labeled with at least one tag—those with
Lys were labeled with two TMAB tags. The peptides detected
by mass spectrometry are indicated in red. Cross-hatching
indicated the subset of the detected peptides that were con-
firmed by MS/MS analysis, either by Mascot or by manual
sequencing. Blue indicates predicted peptides that were not
detected by mass spectrometry

Table 1. Amino Acid Composition of Identified Human and Mouse Peptides

Human cell lines Mouse intracellular Mouse secretory pathway
Amino acid Number (Frequency) Number (Frequency) Number (Frequency)

Ala 10628 (8.9%) 14366 (9.0%) 13056 (10.1%)
Arg 4609 (3.8%) 6561 (4.1%) 9806 (7.6%)
Asn 3694 (3.1%) 4393 (2.8%) 3800 (2.9%)
Asp 7856 (6.5%) 10166 (6.4%) 5630 (4.3%)
Cys 0 0 0
Cys-Cys 0 0 50 (<0.1%)
Cys-GSH 13 (<0.1%) 49 (<0.1%) 0
Cys-GSH w/o E 11 (<0.1%) 0 0
CyanoC 0 118 (<0.1%) 0
Gln 4831 (4.0%) 7903 (5.0%) 5215 (4.0%)
Glu 9187 (7.7%) 13362 (9.9%) 12774 (9.8%)
Gly 10646 (8.9%) 10044 (6.3%) 8820 (6.8%)
His 1324 (1.1%) 3262 (2.1%) 1855 (1.4%)
Ile 6643 (5.5%) 6824 (4.3%) 2447 (1.9%)
Leu 10513 (8.8%) 13363 (8.4%) 14246 (11.0%)
Lys 11055 (9.2%) 15351 (9.7%) 5577 (4.3%)
Met 1984 (1.7%) 2543 (1.6%) 2171 (1.7%)
Phe 4430 (3.7%) 6093 (3.8%) 4130 (3.2%)
Pro 6842 (5.7%) 10506 (6.6%) 12102 (9.3%)
Ser 7821 (6.5%) 11755 (7.4%) 11823 (9.1%)
Thr 5758 (4.7%) 8794 (5.5%) 4408 (3.4%)
Trp 469 (0.39%) 819 (0.51%) 985 (0.76%)
Tyr 1642 (1.4%) 2650 (1.7%) 3271 (2.5%)
Val 10181 (8.5%) 10016 (6.3%) 7591 (5.9%)
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upstream residue was not a basic residue, suggesting it was
produced by a non-tryptic mechanism. The five proteins used
to generate the tryptic peptide database contain a total of 168
Cys, 100 of which are known to be present in disulfide pairs,
leaving 68 free Cys residues in the proteins.

During the analysis of the MS/MS of the tryptic fragments,
an effort was made to identify peptides that did not match the
mass of expected fragments. Because the input was five puri-
fied proteins digested with trypsin, the sequence of each pep-
tide was expected to match one of these proteins (including

Figure 3. MS/MS spectra of Cys-modified peptides identified in extracts of human cell lines. These spectra are from a study of
HEK293T cells; similar spectra were obtained from other studies using HEK293T and SH-SY5Y cells. The peptide corresponds to an
internal fragment of triosephosphate isomerase 1, sequence AKVPADTEVVCAPPTAYIDFARQK, and with modifications on the Cys
residue. (a) The 656.17 ion is 5+ and contains 3 D0-TMAB tags (determined fromMS spectrum), resulting in a monoisotopic mass of
2894.40 Da for the unprotonated and untagged peptide. The theoretical mass of the peptide without modifications on Cys would be
2589.33 Da, and themass of themodification is 305.07 Da, whichmatches themass of glutathione (GluCysGly) attached to the Cys.
Because GSH has an amino group, this modified peptide should have four TMAB tags, and several times this peptide was observed
with four tags. However, in this example the peptide lacks a tag on the N-terminal Ala—the b2 and b3 ionsmatch themass predicted
for peptide lacking an N-terminal tag. In addition, a product ion of 198 is observed, which matches the predicted mass of Glu (from
the GSHmoiety) with a tag. Note that the trimethylamine group is lost inMS/MS, and themass of the tag inMS/MS spectra is 69 Da.
The y14 product ion is 31.9 Da heavier than predicted for a peptide containing Cys, which matches the mass of persulfide. (b) The
656.17 ion is 5+ and contains three D0-TMAB tags (determined fromMSspectrum), resulting in amonoisotopicmass of 2765.36 Da;
this is 176.03Da heavier than predicted for the unmodified peptide. Although 176.03Da corresponds to themass of theN-glucuronyl
group, this modification is not known to target Cys residues. The presence of y14 and y15 product ions that are 31.9 Da heavier than
predicted for the peptide with free Cys is consistent with persulfide, strongly suggesting that this peptide is modified with a disulfide
bond. One possible candidate is GSH lacking the N-terminal Glu residue; the theoretical mass is 176.03 Da. Asterisks indicate the
y14 and y15 ions that contain an additional 31.9 Da

Figure 4. MS/MS spectrum of a peptide containing S-cyanocysteine from the tryptic database. This peptide is a fragment of
thyroglobulin. The peptide was not labeled with TMAB tags, consistent with cyclization of the N-terminal cyano group. The observed
ion was 525.73 and was 2+, corresponding to a mass of 1049.46 Da. The theoretical mass of CLETGEFAR is 1024.46, consistent
with the addition of cyano on theCys (25.00Da). The expected tryptic fragment is DLFIPTCLETGEFAR, indicating cleavage at a non-
tryptic site probably attributable to cyanide-mediated chemical cleavage of the peptide. The source of the cyanide is unknown; none
of the reagents are known to contain cyanide
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trypsin) unless the peptide was a contaminant. However, Mas-
cot can only match post-translational modifications that are
defined in the search parameters, and there is a limit to how
many modifications can be selected in each Mascot search. In
several cases, MS/MS data was sufficient to manually derive a
partial sequence, which was then checked against the se-
quences of the five proteins and trypsin. Several peptides were
identified that matched the linear sequence of an expected
fragment except that the peptide had an additional mass of
125.91 or 251.81 Da. In all cases, the peptides with the extra
mass contained His and/or Tyr. For some peptides, the MS/MS
data were sufficient to map the extra mass to the His and/or Tyr
residue. For example, the beta-hemoglobin-derived fragment
VHLTPEEK was found in three forms; the expected form
(Figure 5a), the form with one mono-iodoHis (not shown),
and the form with di-iodoHis (Figure 5b). Levels of the signals
for each of the forms in the MS spectra showed large variation,
with the non-iodinated peptide showing strong signals with
D0-TMAB, D3-TMAB, and D6-TMAB, and the mono- and
di-iodinated peptides showing strong signals with D9-TMAB
and D12-TMAB (not shown).

Discussion
Peptidomic techniques have been used by a large number of
laboratories [1–15]. A recent search of PubMed shows over

500 publications on peptidomic(s). Although these related
techniques are extremely powerful and can detect many of
the most abundant peptides in a biological sample, there are
several limitations. Some of these limitations are likely to be
specific to the technique used; in our case, the use of TMAB
labels to perform quantification, qTOFs to run the samples, and
Mascot to identify the peptide sequence. But some of the
limitations noted in the present analysis may represent broader
problems common to a variety of peptidomic approaches.

In our early studies on mass spectrometry of neuropeptides
(prior to our use of TMAB labels), we noted that small and
large peptides are difficult to detect and identify by mass
spectrometry [27]. A typical neuropeptide precursor is cleaved
into a range of products of varying size, which should be
present in equal levels (unless a site is only partially cleaved).
For example, the precursor prothyrotropin releasing hormone
(proTRH) is cleaved into thyrotropin releasing hormone
(TRH), a tripeptide of the sequence pyroGlu-His-Pro-amide
(mass 361 Da), and six other peptides ranging from 1110 Da
to over 5000 Da. The 361 Da peptide was never detected in our
peptidomic studies, even though it is present in five copies
within the precursor and should be five times more abundant
than any other proTRH-derived peptide. Although the presence
of an N-terminal pyroGlu residue would prevent labeling by
the TMAB tags, we did not detect this peptide even in studies
without isotopic tags. Furthermore, in mice lacking carboxy-
peptidase E activity, there is an accumulation of neuropeptide

Figure 5. MS/MS spectra of peptides from the tryptic database with unmodified His and di-iodoHis. (a) The peptide VHLTPEEK
was identified by Mascot searches of the MS/MS data. The 606.71 ion is 2+ and has two D0-TMAB tags (determined from the MS
spectrum), and the monoisotopic mass of the untagged peptide is 951.49 Da. This peptide represents the N-terminal fragment of
beta-hemoglobin, theoretical mass 951.50 Da. (b) The 741.84 ion is 2+ and has two D12-TMAB tags (determined from the MS
spectrum), and the monoisotopic mass of the untagged peptide is 1203.30. This observed mass is 251.8 Da heavier than the
theoretical mass for the VHLTPEEK peptide, which matches the theoretical mass of 125.90 for each iodide. From the MS/MS
spectrum, it is clear that this addition occurs on the His residue. Both spectra show 2+ parent ion (M2+) with loss of one and two
trimethylamine (TMA) groups
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processing intermediates with C-terminal Lys and Arg, and we
should have detected pyroGluHisProGlyLysArg (mass 703 Da)
in these animals. We detected all of the predicted Lys/Arg-
extended fragments of proTRH ranging from 1482 to 3676 Da
in the brains of mice lacking carboxypeptidase E activity, but we
did not detect any peptide with a mass of 703 Da [41, 45]. We
also did not detect either of the two proTRH fragments that are
>4 kDa, even after taking into account potential post-
translational modifications of these peptides (Cys disulfide
bonds, phosphorylation of Ser). This analysis is independent
of the identification of the peptide fromMS/MS analysis, which
can be impacted by the size of the peptide [53]. In our analysis,
the detection of peptides depends only on MS data—all ob-
served peptides tagged by the TMAB labels are logged into the
database in the first phase of our analyses. In subsequent steps,
the peptides are tentatively matched to the size of predicted
neuropeptides and most are eventually confirmed by MS/MS
analysis. Based on the analysis of the detected proTRH peptides
as well as similar analysis of other neuropeptide precursors,
there appears to be an optimal size range for detection of
peptides by mass spectrometry on qTOF instruments.

The previous studies on neuropeptides detected a relatively
small number of peptides, making it difficult to draw firm
conclusions regarding the inability to detect particular peptides.
The present analysis combined datasets from individual exper-
iments to create very large databases so that trends in the results
would be clear. The vast majority of peptides detected in either
human cell lines or mouse tissues were between 1 and 3 kDa,
consistent with the previously observed analysis of peptides
derived from proTRH and other neuropeptide precursors. An-
other finding was the absence of peptides containing free Cys
residues in either the human cell line or mouse tissue databases.
Disulfide bonds are rare in cytosolic proteins and it was ex-
pected that free Cys would be detected in the human cell line
peptides and also in the subset of mouse tissue peptides that are
derived from intracellular proteins. Although modified Cys
was occasionally detected, peptides with free Cys were gener-
ally not found. One of the observed Cys modifications was
attachment of glutathione, a known modification that adds
305.07 Da to the mass of the peptide. One peptide modified
by attachment of GSH was also found with an attachment of
176.03 Da and the MS/MS spectrum was similar to that of the
GSH-modified peptide. The mass difference is 129.04 Da,
corresponding to a Glu residue; GSH has a Glu on the N-
terminus. It is possible that the 176.03 modification is GSH
lacking the Glu, which is a novel post-translational modifica-
tion. Unimod (www.unimod.org/) lists 176.03 as N-
glucuronyl, which can attach to the N-terminus of proteins
and also Ser residues, but is not known to modify Cys residues.
Based on the MS/MS spectra (Figure 3) that show persulfide in
the y14 and y15 product ions, it is likely that the Cys is
modified by a disulfide bond and not by glucuronylation.
However, further studies are needed to determine whether the
176.03 modification detected in the human cell lines represents
de-Glu GSH attached to Cys or another modification involving
a disulfide bond.

The trends observed in the analysis of the large combined
datasets suggest problems in the detection and identification of
small peptides, large peptides, and any peptide containing free
Cys. Alternatively, these peptides may not be abundant in the
biological samples analyzed by peptidomics. To distinguish
these possibilities, a dataset of tryptic peptides was also analyzed
in the present study. The tryptic peptides were generated for
studies characterizing the specificity of carboxypeptidases; the
tryptic peptides were incubated with different carboxypeptidases
and then labeled with TMAB isotopic tags and processed for
peptidomics using the same techniques used for the human cell
line and mouse tissue peptides (a manuscript describing the
biological results of this study is being prepared). The present
analysis of the tryptic peptide dataset showed the same trends
that were found for the human and mouse peptide databases.
Very few tryptic peptides <500 Da or >2000 Da were detected,
and none of the peptides in these ranges was sequenced by MS/
MS either manually or by Mascot. In contrast, the majority of
the theoretical peptides in the 500–2000 Da range were detected
by MS and nearly all of these were subsequently confirmed by
MS/MS sequencing. It is not clear if this problem is specific to
our approach that uses TMAB reagents and analysis by qTOF
instruments. Because the TMAB reagents add 128–140 Da to
the mass of the peptide and a positive charge, the use of this
reagent should improve the detection of small peptides.

Analysis of the tryptic peptide database provided solid
evidence that free Cys is rarely detected using our peptidomics
approach, and that one problem is the formation of cyanoCys
during peptide extraction, labeling, or analysis. Cyanide is
known to cleave peptides at Cys residues, forming cyanoCys
[54]. Although none of the reagents used in our peptidomic
approach are known to contain cyanide, this could be a trace
contaminant present in one of the reagents or solvents. An
important question is whether formation of cyanoCys is unique
to our approach with TMAB labels, or if it is common to other
peptidomic approaches. Although cyanoCys has not been re-
ported in peptidomic studies, it is unlikely that anyone previ-
ously looked for this modification. Free Cys is rarely detected
in other peptidomic studies. A study of human urinary peptides
did not detect any peptide containing Cys residues out of
31,296 total amino acids [55]. In a study on mouse brain
peptides [56], Cys was detected in only three related peptides
derived from actin, representing an abundance of 0.04%, which
is well below the 2% frequency of Cys in the Eukaryotic
proteome. A study of the peptidome of human breast and
ovarian cancer found several hundred Cys residues in each
sample, but this represented an abundance of 0.66% and
0.28%, respectively [57]. The low frequency of detection of
peptides with Cys in these peptidomic studies may be due to
post-translational modifications that are not routinely included
in database searches (i.e., glutathione) or novel ones such as the
176.03 Da modification (Figure 3b). Alternatively, it could
reflect a problem like cyanylation, as found for our mouse
tissue and tryptic peptide databases. To check this possibility,
the MS/MS data from other peptidomics studies need to be
searched using cyanoCys as a potential modification.
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The finding of mono- and di-iodoHis/Tyr is likely to be a
problem only for studies that use TMAB isotopic tags. Iodine is
presumably a contaminant of the TMAB reagents, which are
synthesized frommethyl iodide. In the synthesis, the iodide salt
is converted into the chloride salt by the addition of excess
hydrochloric acid, but it is likely that traces of iodide remain.
The uneven levels of iodinated peptides in the MS spectra
indicate that the impurity is variable between batches of
TMAB-NHS reagent. For this reason, it is essential that exper-
iments include biological replicates in which the TMAB labels
are switched. In spite of this drawback to the TMAB reagents,
there are many advantages of this isotopic tag for quantitative
peptidomics. The availability of five isoforms allows multivar-
iate analysis of multiple groups. The reagents are relatively
inexpensive, ranging from $100 to $1000 per gram of reagent.
Although they are not commercially available, their synthesis is
relatively easy and does not require extensive experience with
organic chemistry. The various isotopic forms of TMAB co-
elute from LC columns, which is important for accurate quan-
tification of peak intensity. Unlike i-TRAQ reagents that re-
quire MS/MS spectra for quantification, the TMAB-labeled
peptides are quantified from MS spectra, and many peptides
can be quantified in each LC/MS run. Disadvantages of the
TMAB reagents include the loss of the TMA moiety in
MALDI or if the peptide is exposed to basic conditions. Also,
the TMAB-labeled peptides do not work well with ion trap
mass spectrometers, including Orbitraps. Still, despite these
limitations and the finding from the present study of iodoTyr/
His, the TMAB reagents are effective for quantification of
peptides.

Understanding the limitations of scientific techniques is
essential in their effective use. For example, an important
technique for the quantification of mRNA levels is that of
microarray analysis. On occasion, there was considerable var-
iability between microarray experiments done at different lo-
cations, or done at the same location on different days of the
year. Careful analysis of the environmental factors found that
the dyes used in microarray analysis are differentially sensitive
to ozone, with Cy5/Alexa647 affected by 5–10 parts per billion
ozone, whereas Cy3/Alexa555 are not affected until ozone
levels reach >100 parts per billion [58]. Introduction of air
purifiers to reduce ozone levels has improved the consistency
of microarray data. Likewise, the reproducibility of
peptidomics data will be improved by careful attention to
details, such as the purity of the TMAB reagents, in order to
avoid formation of iodoHis and/or Tyr. The source of the
cyanide contamination needs to be determined so the problem
with formation of cyanoCys can be eliminated. It is not clear if
this problem is unique to our TMAB approach, or common to
other approaches. The difficulty in detecting and identifying
small and large peptides is a broad problem for peptidomic
studies, and is not likely to be limited to studies using TMAB
labels. Although part of the problem may be the database
searching to identify peptides, there is underdetection of m/z
signals for small and large peptides in our studies that is
independent of the database searches. Until these problems

are resolved, knowledge of the limitations of the peptidomic
techniques will help in the interpretation of data. A key point is
that the failure to detect a particular peptide in a peptidomic
study does not necessary mean that the peptide is absent from
the sample, as it may be undetected for a number of different
reasons.
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