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Protein phosphorylation is central to the understanding of cellular
signaling, and cellular signaling is suggested to play a major role
in the regulation of human embryonic stem (ES) cell pluripotency.
Here, we describe the use of conventional tandem mass
spectrometry-based sequencing technology—collision-activated
dissociation (CAD)—and the more recently developed method
electron transfer dissociation (ETD) to characterize the human ES
cell phosphoproteome. In total, these experiments resulted in the
identification of 11,995 unique phosphopeptides, corresponding to
10,844 nonredundant phosphorylation sites, at a 1% false discov-
ery rate (FDR). Among these phosphorylation sites are 5 localized
to 2 pluripotency critical transcription factors—OCT4 and SOX2.
From these experiments, we conclude that ETD identifies a larger
number of unique phosphopeptides than CAD (8,087 to 3,868),
more frequently localizes the phosphorylation site to a specific
residue (49.8% compared with 29.6%), and sequences whole
classes of phosphopeptides previously unobserved.

phosphoproteomics � phosphorylation � MS/MS � PTM analysis �
ion-ion chemistry

Reversible protein phosphorylation plays a critical role in
cellular signaling and process regulation (1). Over the past

several years, the field of phosphorylation site discovery has
greatly evolved, allowing researchers to develop and test new
views of the proteins that bear these marks. Evidence of this
expansion can be found in multiple phosphorylation site repos-
itories that are curated by researchers. One of these databases,
PHOSIDA, contains 8,969 human phosphorylation sites, gath-
ered from the collective literature reports (2). Two main tech-
nological advancements have enabled the creation of such lists:
(i) phosphopeptide enrichment methodologies and (ii) large-
scale mass spectrometry (MS)-based proteomics. Low stoichio-
metric levels coupled with transient regulation hindered the field
for years. This problem has been largely overcome by a variety
of chromatography-based enrichment techniques, e.g., strong
cation exchange (SCX), immobilized metal affinity (IMAC),
titanium dioxide (TiO2), and hydrophilic interaction (HILIC)
(3–11). These methods rely on the unique chemical character-
istics of the modification to purify phosphoryl-containing pep-
tides from the bulk. Once purified, the captured phosphopro-
teome is characterized by nanoflow liquid chromatography
tandem MS (nHPLC-MS/MS). MS-based protein sequencing
technologies have continually progressed so that recent studies
combining these technologies report the discovery of several
thousand phosphorylation sites in a single large-scale experi-
ment (4, 6, 10–15).

For all of the progress detailed above, complications still
persist. In an ironic twist, the very chemical features of phos-
phopeptides that allow for efficient enrichment often impede the
MS-based sequence identification (16). The problem occurs
during MS/MS—the process of dissociating peptide cations into
a collection of fragment ions (17–19). The customary method of
imparting MS/MS is to collide a population of selected peptide

cations with inert atoms (collision-activated dissociation, CAD).
Protonated amide linkages are particularly weakened and are
often cleaved upon such collisions (20). Random dissociation of
the amide linkages along the peptide backbone produces frag-
ment ions that allow for interpretation of the amino acid
sequence. The presence of phosphoryl groups on Ser or Thr
residues, however, can change this chemistry. In the gas phase,
the phosphoryl group competes with the backbone as the
preferred site of protonation and, upon collisional activation, is
subject to nucleophilic attack from a neighboring amide carbonyl
group. The result is that cleavage is often directed toward the
phosphoryl group, rather than the peptide backbone. For this
reason, many, if not most, MS/MS spectra of phosphorylated
peptides have insufficient information to allow for confident
sequence assignment (21).

In the last decade, alternative peptide dissociation methods
based on electron capture, and later transfer, rather than colli-
sions (ECD and ETD, respectively) have been developed (22–
24). Electron-based methods impart cleavage of the backbone
N–C� bond via free radical chemistry. Posttranslational modi-
fications (PTMs) that are labile upon CAD (e.g., phosphoryl,
glycosyl, sulfonyl, etc.) are preserved during ECD/ETD (12, 13,
25–30). Recently, we modified a hybrid linear ion trap–orbitrap
mass spectrometer to perform ETD and examined the proba-
bility of either method (i.e., CAD or ETD), resulting in a
successful sequencing outcome for both phosphorylated and
nonphosphorylated peptides (30, 31). In that work, we discov-
ered 8,359 phosphorylation sites on proteins harvested from
human embryonic stem (ES) cells (31). By performing further
analysis, we have extended this dataset to include 10,844 phos-
phorylation sites—the largest collection ever reported for hu-
man ES cells. In this report we present these collective sites and
use the dataset to quantify the relative performance of either
fragmentation method for phosphopeptide sequence identifica-
tion and phosphorylation site localization.

Results
Phosphopeptide Identification. Fig. 1A presents an overview of the
large-scale phosphorylation site identification strategy used
here. The process began with the harvest of 10 mg of protein
from federally registered human ES cells (line H1), followed by
brief digestion with trypsin (45 min). Strong cation exchange
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chromatography (SCX) was then applied to separate the mixture
into 12 fractions, each of which was subjected to phosphopeptide
enrichment via immobilized metal affinity chromatography
(IMAC). After IMAC enrichment, the eluate of each fraction
was analyzed via nanoflow reversed-phase LC-MS/MS on a
hybrid linear ion trap–orbitrap mass spectrometer that had been
modified to perform ETD (30). High mass accuracy and reso-
lution MS1 analysis (30,000) was performed in the orbitrap mass
analyzer, followed by data-dependent MS/MS acquisition in the
ion trap mass analyzer. The type of dissociation used for MS/MS
analysis was either CAD or ETD. All MS/MS spectra were
searched against a concatenated version of the forward and
reversed human IPI database by using the open mass spectrom-
etry search algorithm (OMSSA) and filtered to a 1% false
discovery rate (FDR) (32, 33). A total of 62,642 phosphorylation
sites on 51,920 peptides were identified after analyzing each
fraction up to 8 times (Fig. 1 A).

Next, using in-house written software, we analyzed the MS/MS
spectra to determine the most probable phosphopeptide posi-
tional isomer for each identification. All of the theoretical
fragment ions for each positional isomer were compared with the
ions present in the raw MS/MS spectrum. The most probable
positional isomer was that with the greatest number of matches
to the MS/MS spectrum. All CAD phosphopeptide identifica-
tions were then reduced to a list of unique peptides, resulting in
a total of 5,773 unique identifications (Fig. 1B). This was also
performed for all phosphopeptides identified by ETD, resulting
in 8,603 unique identifications. Of the 14,376 sequences, 2,421
were identified by both dissociation methods (Fig. 1B); however,
only the best scoring of these was retained in the unique peptide
list. When combined, the 2 approaches resulted in the detection
of 11,955 unique phosphopeptides (3,868 via CAD and 8,087 via
ETD), corresponding to 14,954 total phosphorylation sites, of
which 10,844 were nonoverlapping (8,850 serine, 1,948 threo-
nine, and 316 tyrosine). In total, 113,315 unique amino acids
spanning 4,339 proteins within the human IPI database were
identified. These results make this the largest collection of
human ES cell phosphorylation sites identified to date and
exemplify the utility of ETD for phosphopeptide analysis.

The percentage of unique phosphopeptide identifications
per fraction via either CAD or ETD is shown in Fig. 2 A–C.
CAD was most effective for the earlier fractions (1–3), those
that contain peptides of lower net charge state. These results
support previous reports that have used a shallow SCX gra-
dient to extend this phosphopeptide enriched region to in-
crease the number of identifications via CAD. Although CAD
soundly outperformed ETD in this region, contributing �80%
of the phosphopeptide identifications, these fractions only
represent 11% of the total unique phosphopeptides discovered
(Fig. 2B). Conversely, in the remaining SCX fractions, 4–12,
the majority of phosphopeptides were identified via ETD; an
anticipated result as the later fractions contained phosphopep-
tides of higher net charge. On average 996 unique human ES
cell phosphopeptides were identified in each strong cation
exchange fraction.

Phosphorylation Site Localization. Phosphopeptide identification
and site localization depends highly on the tandem mass spectral
quality. To examine the relative qualities of the spectra resulting
from either collisional or chemical activation (i.e., CAD or
ETD), we next calculated fragmentation efficiencies for identi-
fied phosphopeptide spectra from all unique sequences for
either method. Here, we define fragmentation efficiency as the
number of observed fragments divided by the number of possible
fragments present in a tandem mass spectrum. The average
fragmentation efficiency was 74.8% for ETD and 55.3%, for
CAD. These fragments corresponded to an average sequence
coverage—defined as the detection of at least 1 fragment
representing each cleavage of each backbone bond—of 86.8%
for ETD and 74.0% for CAD. The greater fragmentation
efficiency and sequence coverage of peptides identified via ETD
allowed for site-specific phosphorylation localization of 49.8% of
all of the peptides identified, whereas 29.6% were localized via
CAD.

These data demonstrate that ETD spectra are more often
correlated to the correct phosphopeptide sequence and that the
site of phosphorylation is more often located to a single Ser, Thr,
or Tyr residue. To further investigate the probability of site

Fig. 1. Method and results for analysis of human ES cell phosphoproteome. (A) Cells were lysed and digested with trypsin to produce peptides that were
separated via strong cation exchange chromatography. Each fraction was then enriched for phosphopeptides via IMAC and analyzed via nano-RPLC-MS/MS on
an ETD-enabled orbitrap mass spectrometer. All raw data were searched using OMSSA against a target/decoy version of the human IPI database and filtered to
a 1% FDR, resulting in the total phosphopeptide identifications and phosphorylation sites shown above. (B) Overlap of the phosphopeptides identified via ETD
and CAD. The number of overlapping peptides is shown in the diagram, whereas the total unique identifications are shown below.
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localization for each method, we examined the frequency of
cleavage of the 3 bonds on either side of a localized phosphor-
ylation site for each of these residues (Fig. 2 D–F). We conclude
that ETD spectra are almost twice as likely to produce cleavage
of the backbone in the vicinity of phosphorylated serine residues
as compared with CAD (Fig. 2D). Fig. 2E displays a similar but
somewhat lesser edge for ETD when the phosphorylated residue
is threonine. These data provide direct evidence for 2 long-
standing observations: (i) CAD-driven fragmentation of
phosphoserine- and -threonine-containing peptides often results
in the formation of spectra devoid of the necessary backbone
fragments for phosphosite localization and (ii) ETD is more or
less indifferent to the presence of CAD-labile PTMs. Note that
phosphotyrosine residues are less labile during CAD fragmen-
tation; our data confirms this, there is virtually no difference in
the probabilities of generating backbone cleavages in proximity
of phosphotyrosine sites for either CAD or ETD (Fig. 2F).
Another interesting trend is the reduced cleavage efficiency for
the bond in the �1 position of serine and threonine phosphor-
ylation sites observed for ETD spectra. A common phosphory-
lation motif places a Pro residue on the C-terminal side of
phosphorylated Ser or Thr residues—that is, the �1 position.
Because ETD fragmentation is directed at the N–C� bond, such
peptides do not show cleavage of the �1 position because the
cyclical structure of proline tethers the newly formed fragments.
Recall CAD targets the amide linkage and therefore is not
subject to that phenomenon.

Amino Acid Frequency. With the 11,955 unique phosphopeptide
sequences in hand, we next sought to address 2 targeted ques-
tions: (i) what are the relative frequencies of all amino acids

found in the vicinity of a phosphorylation site and (ii) does the
applied dissociation method alter these distributions? To do this,
we plotted the frequency of every amino acid detected in this
phosphopeptide dataset relative to that observed from another
large-scale analysis of human ES cell peptides that were not
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phosphorylated (Fig. 3) (31). This dataset contained 11,919
peptide sequences that were the result of endoproteinases
Lys-C digestion, SCX fractionation, and both ETD and CAD
MS/MS interrogation. Pro, Ser (unphosphorylated), and Arg
are significantly overrepresented in phosphorylated peptides
(P � 0.05, n � 20), whereas Ile and Leu were all found to be
marginally underrepresented (P � 0.18, n � 20) in the
phosphopeptide dataset. Note, the residue that was phosphor-
ylated was removed from peptide sequences before amino acid
frequency analysis to eliminate artificial inf lation of the
frequency of those amino acids. The average frequency of any
amino acid was 4.6%. As noted above, Pro is a player in a
common phosphorylation motif, so its enrichment is expected;
however, to our knowledge, the enrichment of Ser and Arg
residues surrounding phosphorylation sites has neither been
previously reported nor quantified. By increasing the number
of potential positional isomers, the frequent presence of Ser in
phosphopeptides presents increased difficulty in identifying
the exact site of modification. Surprisingly, the differences in
amino acid frequency between CAD and ETD were minimal,
but for 2 exceptions—Arg and Lys. The largest discrepancy
between the 2 activation methods was the significantly greater
(P � 0.03, n � 20) frequency of Arg (3.1%) and Lys (2.0%)
residues within sequences identified via ETD. From these data
we conclude that the complementary nature of CAD and ETD
will be essential to uncovering the entire phosphoproteome
and to reveal the dynamics that predispose certain residues/
regions to modification.

Motif Analysis. Given the enrichment of Arg and Lys in the ETD
phosphopeptide dataset, we reasoned that this sizeable
collection—the largest reported to date—might contain evi-
dence for previously unidentified phosphorylation motifs. To
test this hypothesis, all unique phosphorylation sites were

subjected to motif analysis using the Motif-X algorithm (34).
Sequences were centered on every phosphorylation site and
extended to 6 residues on either side, by using the correspond-
ing protein sequence from the human IPI database. The
frequency of all motifs was compared with the human IPI
database in its entirety. We first sought to identify motifs for
phosphorylated Ser, Thr, and Tyr from our entire dataset (i.e.,
CAD and ETD sequences). This yielded 20 Ser and 11 Thr
motifs with high significance (P � 10�6, [supporting informa-
tion (SI) Table S1]. Ten of these motifs had been previously
been identified in human, and corresponded to known sub-
strates such as PKA and CDK1. Five additional motifs have
been previously identified in large-scale phosphorylation anal-
yses of other organisms (10, 15). The remaining 16 motifs were
neither found in the human PHOSIDA database nor any other
large-scale phosphorylation experiments. A selection of these
motifs are shown in Fig. 4A—note the complete list can be
found in Table S1. Several of the motifs we have identified add
clarity and detail to known motifs. For example, the motif
xxxRSxsxxxxxx we report here contains the previously de-
scribed motif of xxxRxxsxxxxxx, where ‘‘s’’ indicates the site and
residue of phosphorylation (10, 15).

To test our theory that ETD contributed largely to the
discovery of these motifs, we examined whether any of the
patterns were enriched in either the ETD or CAD analyses. We
compared all unique phosphopeptides identified via ETD (those
in this report only) to the human subset of the PHOSIDA
database, which comprises 18,869 phosphopeptides identified
from CAD analyses by multiple researchers (2). Not surprisingly,
all of the phosphoserine and threonine motifs we discovered
contained 1 or more basic residues (18 of 28 total motifs, P �
10�6, Table S2). A selection of these motifs is displayed in Fig.
4B). In contrast, several recent large-scale experiments using
CAD have reported the percentage of phosphopeptides fitting a
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basic motif to be less than that of those fitting Pro-directed or
acidic motifs—the subset that is most readily identified via CAD
(10, 15). Here, we show that insights can be made simply by
combining complementary methods of phosphopeptide dissoci-
ation. Fig. 4 C and D display CAD and ETD tandem mass
spectra, respectively, for a phosphopeptide having the sequence
TRQsPQTLKR (‘‘s’’ indicates phosphoserine). The CAD tan-
dem mass spectrum of this phosphopeptide could not be
matched to the correct sequence upon database searching.
Manual inspection reveals only 6 of 18 possible backbone
cleavages are present, with the major peaks resulting from
neutral loss of phosphoric acid. Application of ETD to this
precursor, however, resulted in the observation of 14 of 18
possible backbone cleavages and a high-confidence match to the
correct sequence. This peptide represents an example of an
ETD-enriched motif, xxxxxsPxxxxR, that is evidently present but
particularly CAD-unfriendly. We conclude that for broad, ex-
pansive identification of protein phosphorylation, both colli-
sional and electron-based peptide dissociation technologies
should be applied.

Pathway Analysis. Gene symbols corresponding to all identified
phosphoproteins were submitted to the KEGG PATHWAY
Database (www.genome.jp/kegg/) (35). A list of several path-
ways and the number of genes identified in each pathway is
listed in Table S3. One pathway identified, and suggested to be
critical to the self-renewal of human ES cells, was the TGF�
signaling pathway (36). The activation of this pathway main-
tains the expression of genes associated with pluripotency such
as OCT4, SOX2, and NANOG (36–39). In this study, we have
characterized a total of 17 nonredundant phosphorylation sites
on proteins within the TGF� signaling pathway, as displayed
in Fig. S2.

Biological Significance. Human ES cells hold great promise for
their ability to self-renew indefinitely and to differentiate into
any type of cell in the adult human body. Ethical concerns of
using human embryos, however, have made the study of such
cells controversial. Recently, adult human cell lines were
reprogrammed to an ES cell state (induced pluripotent stem
cells, iPS cells) (40, 41). These cells possess the therapeutically
desired characteristics of ES cells, namely indefinite self-
renewal and pluripotency, without the requirement of human
embryo destruction. Of the collection of 4 transcription factors
used to induce pluripotency, OCT4 and SOX2 have been
identified as vital in every report. Thus, these 2 factors play a
critical role in cellular reprogramming, and greater character-
ization of the posttranslational modifications, such as phos-
phorylation, affecting the function of OCT 4 and SOX2 may
facilitate future reprogramming efforts.

OCT4, a homeodomain protein, is a component of a tran-
scriptional network including SOX2 and NANOG, which
works in concert to regulate the human ES cell state. High
levels of OCT4 are a marker for pluripotency, whereas dimin-
ishing levels are indicative of differentiation (42). Our large-
scale phosphoproteomic study identified a phosphorylation
site on OCT4 at Ser 236. This site is contained within the
DNA-binding homeodomain, which spans amino acids 230–
289, and hints at the potential of this phosphorylation site to
inf luence binding to DNA and, consequently, transcription. To
our knowledge, no sites of phosphorylation have previously
been described on OCT4, although the homologous site of
serine phosphorylation on Oct1 has previously been described
(43). We also identified 4 previously unreported sites of
phosphorylation within the SOX2 protein (Ser 246, 249, 250,
and 251). SOX2 is believed to work closely with OCT4 to
maintain human ES cell pluripotency, as half of the genes
bound by OCT4 are also bound by SOX2 (44). Because of the

serine-rich nature of the peptide and the presence of overlap-
ping b- and y- or c- and z�-type ions, we located the exact sites
of phosphorylation on 5 of the 8 possible isoforms. The
peptides identified on OCT4 and SOX2 are shown in Table S4.
Note, only those peptides with localized phosphorylation sites
are displayed. Of these 6 peptides, 2 were identified via ETD
and 4 via CAD, once again demonstrating the merit of using
complementary methods of dissociation.

Discussion
The field of phosphoproteomics has rapidly evolved over the
past decade. Phosphopeptide enrichment strategies, coupled
with MS-based proteomics, have greatly catalyzed this growth.
Proof of the impact of this methodology can be found in the
numerous recent literature reports cataloging several thou-
sands of phosphorylation sites across multiple organisms.
From these data, researchers have launched large-scale data-
mining efforts to elucidate common amino acid motifs that are
targeted for phosphorylation. That said, the peptide fragmen-
tation that often results from the conventional MS/MS strat-
egy, CAD, often restricts phosphorylation site or even se-
quence identification.

Here, we performed a large-scale analysis of phosphorylation
in human ES cells using both CAD and ETD MS/MS dissociation
methods. From these experiments we conclude that ETD iden-
tifies a larger number of unique phosphopeptides than CAD
(8,087 to 3,868), more frequently localizes the phosphorylation
site to a specific residue (49.8% compared with 29.6%), and
sequences whole classes of phosphopeptides previously unob-
served. The latter conclusion is drawn from the observation of
16 previously unreported phosphorylation motifs found only the
ETD-sequenced dataset. In general, these motifs can be classi-
fied as basic and will provide researchers a broadened view of
kinase targets. Although ETD analysis was superior to CAD in
many aspects, i.e., fragmentation efficiency, sequence coverage,
phosphorylation site localization, and peptide identification
rates, each method has its strengths and weaknesses. Factors
such as peptide precursor charge state (z), mass-to-charge (m/z),
and the identity of the phosphorylated residue, can strongly
influence the probability of a sequence assignment with either
method. For this reason, we envision that the routine application
of both CAD and ETD, in a decision tree-driven fashion, will
yield the broadest, most expansive view of the highly dynamic
phosphoproteome.

Methods
Cell Culture, Protein Harvesting, Digestion, Peptide Fractionation, and Phos-
phopeptide Enrichment. Cells were lysed by sonication and protein extracted.
An aliquot of 10 mg of human ES cell protein was digested with trypsin and
desalted, and the peptide mixture was separated by means of SCX. Each SCX
fraction was enriched for phosphopeptides by means of IMAC. Further details
are provided in SI Text.

nHPLC, MS, Database Searching, Phosphosite Localization, and Motif Extraction.
All experiments were performed on a hybrid linear ion trap–orbitrap mass
spectrometer (Thermo Fisher Scientific) that had been modified to allow for
ETD (30). All tandem MS spectra were searched against the human IPI database
by using OMSSA (Open Mass Spectrometry Search Algorithm) and phos-
phosites localized by using a program written in-house (33). Additional details
are provided in SI Text.
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