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Abstract
The work describes the development of an enrichment method for the analysis of endogenous phosphopeptides in serum. Endogenous
peptides can play significant biological roles, and some of them could be exploited as future biomarkers. In this context, blood is one of the
most useful biofluids for screening, but a systematic investigation of the endogenous peptides, especially phosphorylated ones, is still
lacking, mainly due to the lack of suitable analytical methods. Thus, in this paper, different phosphopeptide enrichment strategies were
pursued, based either on metal oxide affinity chromatography (MOAC, in the form of commercial TiO2 spin columns or magnetic
graphitized carbon black-TiO2 composite), or on immobilized metal ion affinity chromatography (IMAC, in the form of Ti4+-IMAC
magnetic material or commercial Fe3+-IMAC spin columns). While MOAC strategies proved completely unsuccessful, probably due to
interfering phospholipids displacing phosphopeptides, the IMAC materials performed very well. Different sample preparation strategies
were tested, comprising direct dilution with the loading buffer, organic solvent precipitation, and lipid removal from the matrix, as well as
the addition of phosphatase inhibitors during sample handling for maximized endogenous phosphopeptide enrichment. All data were
acquired by a shotgun peptidomics approach, in which peptide samples were separated by reversed-phase nanoHPLC hyphenated with
high-resolution tandem mass spectrometry. The devised method allowed the identification of 176 endogenous phosphopeptides in fresh
serum added with inhibitors by the direct dilution protocol and the Ti4+-IMACmagnetic material enrichment, but good results could also
be obtained from the commercial Fe3+-IMAC spin column adapted to the batch enrichment protocol.
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Introduction

The term Bbiomarker^ is used to indicate a broad subcategory
of medical signs, indicators for normal biological processes,

pathogenic processes, or pharmacologic responses to a thera-
peutic intervention. Biomarkers are mostly connected to dis-
ease, but they can also be indicators of environmental expo-
sure [1].

Blood, together with urine and other biofluids, is the sam-
ple of choice to investigate for possible biomarkers.
Biomarker discovery based on blood has the advantages of
the availability of blood, plasma, or serum samples, which are
commonly employed also for routine analysis and on the wide
range of substances therein present, which comprise proteins
[2], lipids [3], metabolites [4], vesicles and cells and cell frag-
ments [5, 6], and nucleic acids [7], whose profile depends on
the physiological and pathological states.

Due to their bioactivities [8–12], peptides and proteins are
suitable compounds for biomarker investigation, because they
can be involved in pathways specific of disease [13–15]. In
order to perform a comprehensive profile of possible bio-
markers, high-throughput methods for molecular analysis are
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fundamental. Low molecular weight proteins have been con-
sidered a source of useful diagnostic biomarkers [16], as they
comprise cytokines, peptide hormones, endogenous peptide
products, and potentially bioactive fragments derived from
the parent proteome. Peptides are small enough to easily move
within the body by crossing the vascular permeable barriers,
including the blood–brain barrier and tumor barriers. The in-
vestigation of the endogenous peptidome is important to pro-
vide additional information on the state of the system, as en-
dogenous peptides can originate by a regulated process which
would represent a post-translational maturation of proteins
[17]. Thus, the peptidome is not simply the result of protein
degradation and peptides can also play important roles in the
body, for example as signaling molecules [18].

When dealing with the investigation of peptides as bio-
markers, peptides with post-translational modifications
(PTMs) can also provide valuable information. Protein phos-
phorylation is biologically significant, as it regulates several
cell functions in living organisms; in humans, abnormal phos-
phorylation has been linked to several diseases, such as cancer
[19]. Differently from other PTMs, the analysis of protein
phosphorylation can be achieved by shotgun proteomics ap-
proaches [20].

Peptidomics is the tool of choice to investigate the endog-
enous peptides in complex matrices. In fact, peptidomics al-
lows a comprehensive qualitative and quantitative analysis of
peptides in a biological sample. Peptidomics can be consid-
ered a subfield of proteomics, from which the separation ap-
proaches and analytical and computation technologies are
borrowed. Peptidomics well applies to biomarker discovery,
which represents the main field of peptidomics applications
thus far [18].

The complex biological matrices typically examined in
peptidomics experiments require systematic peptide extrac-
tion to achieve a successful analysis. The analysis of the en-
dogenous peptidome in blood poses some challenges: blood is
a very complex matrix, in which many compounds are present
[21], and direct analysis can be hindered. Endogenous pep-
tides in bloodwith no PTMhave already been addressed in the
literature, and strategies for their selective analysis have been
described [22–24]. As far as the endogenous phosphopeptide
analysis is concerned, blood derivative products can be much
better exploited for analysis, in particular serum, which is free
from chelating agents used to prepare plasma. In the analysis
of phosphorylations in blood, on the one hand, phosphopro-
teins in human have already been addressed [25], also for
searching new biomarker candidates [26], and on the other
hand, the investigation of endogenous phosphopeptides is
limited to new material applications [23, 27, 28] and applica-
tion of database search strategies, either by a focused database
[29] or a de novo search sequencing-assisted database search
approach [30]. As a consequence, the investigation of endog-
enous phosphopeptides in serum is limited to few peptides

[31]. Still, endogenous phosphopeptides represent interesting
targets in serum, possible phosphopeptide biomarker candi-
dates have been suggested in comparative studies for breast
cancer [26], and differences in the endogenous phosphopep-
tide profiles were reported for gastric cancer [31], gallbladder
carcinoma [32], and hepatocellular carcinoma [33].

Given the different performance of the most common phos-
phopeptide enrichment strategies [34] and the lack of a suit-
able comparison for the analysis of the endogenous serum
phosphopeptides, in this work, both the immobilized metal
ion affinity chromatography (IMAC) and the metal oxide af-
finity chromatography (MOAC) were exploited for the enrich-
ment of the endogenous phosphopeptides in human serum. A
comparison of their performance was accomplished: for
MOAC enrichment, commercial TiO2 spin columns and mag-
netic graphitized carbon black-TiO2 composite [35] were test-
ed to compare spin column and batch enrichment. For IMAC,
commercial Fe3+-IMAC spin columns and Ti4+-IMAC mag-
netic material [36] were used. The sample preparation prior to
phosphopeptide enrichment was also systematically ad-
dressed, by comparing the performance of serum direct dilu-
tion to protein precipitation by organic solvent pretreatment.
Experiments were performed on commercial serum, but the
effect of phosphatase inhibitors added to fresh serum was also
evaluated. The best combination of sample preparation and
enrichment was exploited for endogenous serum phosphopep-
tide analysis by means of a shotgun peptidomics workflow.

Materials and methods

All chemicals, reagents, protein standards, and organic sol-
vents of the highest grade available were purchased from
Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.
Doubled-distilled water (ddH2O) was prepared by arium 611
VF system from Sartorius (Göttingen, Germany).

Preparation of serum samples

The serum samples employed in the comparison experiments
were purchased by Sigma-Aldrich. The commercial serum
was employed for all comparative experiments, except where
clearly stated, which is for assessment of phosphatase inhibi-
tors effect on phosphopeptide identification. Only for these
experiments, freshly prepared serum (referred to as Bfresh se-
rum added with inhibitors^) was employed and prepared as
follows. Fresh serum added with inhibitors was prepared from
the human whole blood provided by the Department of
Experimental Medicine (Sapienza University of Rome) ac-
cording to institutional bioethics (informed consent). In this
latter case, 5 mL of whole blood was drawn by venipuncture
from 20- to 40-year-old healthy donors and pooled. Soon after
collection, blood was left to clot for 30 min, then it was
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centrifuged at 2000×g for 10min at 4 °C. The supernatant was
gently withdrawn to avoid clots and hemolysis. At this point,
one tablet of cOmplete™Mini, EDTA-free Protease Inhibitor
Cocktail (Sigma-Aldrich), and one tablet of PhosSTOP
Phosphatase Inhibitor Cocktail (Sigma-Aldrich) were added
to 10 mL of fresh serum. Both the Sigma pool and the fresh
sera added with inhibitors were stored in 1-mL aliquots at −
20 °C until use. Before each enrichment, the aliquots were
thawed at 4 °C and centrifuged at 12,000×g for 10 min to
remove insoluble debris.

Selective enrichment of phosphopeptides from serum
by the Ti4+-IMAC magnetic material

For comparative purposes, two serum preparation protocols
were followed for the enrichment of endogenous
phosphopeptides from serum. Enrichment was performed ei-
ther directly on 1:10 diluted samples or on the supernatant
obtained after serum protein precipitation by organic solvents
(see the Electronic Supplementary Material (ESM) for exper-
imental details).

In the final method (see the ESM for experimental details
about the commercial TiO2 spin column and magnetic graph-
itized carbon black-TiO2 composite protocols), 1 mL of the
clarified serum sample was diluted with 9 mL of loading buff-
er (H2O/acetonitrile (ACN), 50:50 (v/v) with 0.1% TFA).
After dilution, the sample was shaken for 5 min until clear.
After this step, the sample was applied to the enrichment me-
dia as later described.

The Ti4+-IMAC magnetic material was prepared by
seeded polymerization [37, 38] as previously described
[36]. In the final protocol, 10 mg of Ti4+-IMAC magnetic
material was conditioned with 200 μL of loading buffer
under gentle agitation (Digital Vortex-Genie 2 by
Scientific Industries, Bohemia, NY, USA) for 2 min.
After this and the following steps, a 30-s centrifugation
(14,000×g) was performed to settle drops adhering to the
vial and then the magnet (a permanent magnetic disk Nd-
Fe-B, 25 mm × 5 mm, by Supermagnete, Gottmadingen,
Germany) was applied to retrieve the magnetic phase. The
conditioning operation was performed twice. After this
step, the conditioned phase was added to the serum sam-
ple and gently shaken for 40 min. The supernatant was
discarded, and three washing steps with 500 μL of the
loading buffer (2-min shaking) were performed. Finally,
phosphopeptides were eluted twice with 500 μL of 1.5%
NH3 (aq) by gently shaking for 5 min. Combined eluates
were acidified with TFA to pH 2.5, desalted, dried down
in a Speed-Vac SC250 Express (Thermo Savant,
Holbrook, NY, USA), and dissolved with 100 μL of
0.1% formic acid (FA). Three experimental replicates
were performed for each condition.

Commercial Fe3+-IMAC spin column enrichment

For comparative purposes and to provide a commercial mate-
rial for application of the final protocol, the Pierce™ Fe-NTA
Phosphopeptide Enrichment Kit (Thermo Fisher Scientific)
was purchased from VWR (Radnor, Pennsylvania) and used
according to instructions, with some modifications to adapt it
to the batch enrichment. Since the kit has volume restrictions
due to the spin column size (600 μL ca.), the direct dilution
enrichment experiments from serum were performed by dis-
persing the affinity material in the diluted serum inside 15-mL
PP falcon tubes, employed exclusively for the incubation step.
After incubation, the tubes were centrifuged at 7000×g for
5 min and the entire volume was stepwise transferred to the
spin column. All other operations were performed according
to the instruction manual.

NanoHPLC-MS/MS analysis and peptide identification

For each sample, a 20-μL sample was analyzed by nanoHPLC
and high-resolution MS/MS. Chromatographic separation
was performed on a Dionex Ultimate 3000. Samples were
online preconcentrated (Dionex, 300 μm i.d. × 5 mm
Acclaim PepMap 100 C18 μ-column, 5 μm particle size,
100 Å pore size), loaded with ddH2O/ACN 99:1 (v/v) contain-
ing 0.1% (v/v) TFA at a flow rate of 10 μL min−1. RP separa-
tion was performed on an EASY-Spray column (50 cm ×
75 μm i.d. PepMap C18, 2-μm particles, 100 Å pore size;
Thermo Scientific) operated at 200 nL min−1 and at 40 °C.
A 166-min-long multistep gradient was for peptide separation,
using ddH2O with 0.1% FA as phase A and ACN with 0.1%
FA as phase B. One percent phase B was maintained for
5 min, then it was linearly increased to 5% within 2 min;
afterwards, phase B was gradually increased to 35% in
90 min. For column washing, B was brought to 90% in
3 min and kept constant for 20 min and then the column was
re-equilibrated for 45 min. Eluting peptides were ionized by
an EASY-Spray source and analyzed by high-resolution tan-
dem MS by Orbitrap Elite Hybrid Ion Trap-Orbitrap mass
spectrometer (Thermo Scientific) in the m/z range of 380–
1400 Da and 30,000 (full width at half maximum at m/z
400) resolution for the full scan. A data-dependent mode ac-
quisition was enabled in top 10 mode, rejecting + 1 and unas-
signed charge states and fragmenting precursor ions by HCD
at 15,000 resolution, normalized collision energy of 35%, and
an isolation window of 2 m/z. To minimize redundant spectral
acquisitions, dynamic exclusion was enabled with a repeat
count of 1 and a repeat duration of 30 s with exclusion dura-
tion of 70 s. For each sample, three technical replicates were
performed.

The acquired rawMS/MS data files fromXcalibur software
(version 2.2 SP1.48, Thermo Fisher Scientific) were searched
against UniProt database by Proteome Discoverer software
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(version 1.3, Thermo Scientific) and the Mascot (v.2.3.2,
Matrix Science) search engine, as previously described [39],
using Swiss-Prot and human taxonomy (20,284 entries).
Finally, physicochemical features of the identified peptides
were calculated using the freeware ProPAS [40].

Results and discussion

Serum endogenous phosphopeptide investigation
by MOAC systems

Experiments for comparison between the two most important
strategies for phosphopeptide enrichment, i.e., IMAC and
MOAC, were performed to assess differences between the
two, given the well-known partial complementarity [34].

Experiments were initially performed using the commercial
TiO2 spin columns, which represent one of the most widespread
approaches for phosphopeptide enrichment, within which hand-
packed pure TiO2 spin columns can be included. The main prob-
lem with spin columns is the strict volume limitation, since they
are assembled from 200-μL micropipette tips. Due to volume
limitations, the serum sample preparation by dilution was not a
compatible procedure. Firstly, the use of large volumes implied
an extremely long loading time during enrichment; secondly,
column clogging issues could not be bypassed, not even by initial
serum clarification. Given the above, a classical acetone precip-
itation strategywas tested. Acetone precipitation is a pretreatment
often employed for the analysis of endogenous peptides, as it
allows to remove proteins from the matrix and enrich free pep-
tides. However, as later also observed for the magnetic graphi-
tized carbon black-TiO2 composite and the Ti

4+-IMACmagnetic
material, the performance of acetone precipitation was disap-
pointing. Coupling acetone precipitation of serum with the com-
mercial TiO2 spin column enrichment allowed to identify a single
phosphopeptide, QQYHRALVAVLLSRT, which belonged to
the translator activator GCN1. The most abundant fibrinogen
peptides were not detected at all. The result was search space
independent, as the use of focused database [29] only added three
more identifications (KSIIEEKTQELDSITKKLQEINKEISGR,
ADSGEGDFLAEGGGVR, VEQTAIKVSLK).

To try improving MOAC performance by bypassing the
volume restrictions, a batch enrichment using the magnetic
graphitized carbon black-TiO2 composite [35] was tested,
with three composite amounts (3, 5, and 10 mg) to exclude
saturation phenomena, but also in this case, the detection of
endogenous phosphopeptides was limited, with no more than
11 identifications (ESM Table S1). For comparison, the pre-
cipitation protocol was tested also for the magnetic graphi-
tized carbon black-TiO2 composite, employing three organic
solvents with different polarity: acetone, methanol, and ACN.
The aim of testing different solvents for precipitation was to
assess any effect on the isolation of the endogenous

phosphopeptides, which might be large peptides potentially
removed by precipitation. Attempts were all unsuccessful,
and no improvement could be accomplished (ESM Table S1).

The poor performance provided byMOAC systems agreed
with previous reports using a TiO2-based strategy [41]. At this
point, it was clear that a MOAC strategy was not feasible for
serum, probably due to interfering compounds which compet-
ed for binding to the TiO2 active material and thus displaced
the less abundant phosphopeptides. The hypothesis about the
presence of compounds competing with phosphopeptides for
binding to TiO2 agreed with a previous report about the use of
magnetic rutile echinus microspheres for removal of
phosphocholines and lysophosphocholines from plasma, as
those phospholipids were the main matrix interferences in
the detection of low abundance metabolites [42]. It was evi-
dent that the use of a MOAC strategy for enrichment of the
endogenous phosphopeptides in serum was not feasible under
the tested experimental conditions, due to the contemporary
presence of interfering species.

Serum endogenous phosphopeptide investigation
by IMAC systems

Given the poor results of MOACmaterials for the enrichment
of the endogenous phosphopeptides in serum, the IMAC ap-
proach was tested. IMAC was not chosen simply because it is
a common alternative to MOAC in the enrichment of
phosphopeptides. In fact, assuming the interaction with phos-
pholipids can hinder phosphopeptide enrichment, the electro-
static nature of the interaction of IMAC materials appeared
suitable to improve the selectivity for phosphopeptides over
phospholipids. In IMAC, the interaction exploits the affinity
of phosphonate groups to the metal center with formation of a
complex as for MOAC, but there is also a strong electrostatic
interaction. The latter could be exploited to both enrich
phosphopeptides and repel zwitterionic phospholipids, name-
ly phosphatidylcholine, phosphoethanolamine, and
phosphatidylserine derivatives, which are abundant in serum.

The first IMAC system employed was the Ti4+-IMAC
magnetic material previously used to enrich phosphopeptides
from yeast protein digests used as a model system [36]. The
Ti4+-IMAC magnetic material appeared to be the ideal system
for enrichment of phosphopeptides from serum. Due to the
magnetic properties, the Ti4+-IMAC magnetic material can
be employed in batch format, with no volume restriction or
clogging issues. Moreover, from results obtained in the previ-
ous work [36], the Ti4+-IMAC magnetic material showed a
better interaction with hydrophilic peptides, which proved
useful in reducing co-enrichment of non-phosphorylated pep-
tides, due to reduced hydrophobic interactions, thus increasing
the selectivity.

Different protocols were applied to find the best conditions
(see the ESM for details): to begin, the precipitation protocols
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were tested; however, the results were still not positive, and a
limited number of peptides, both phosphorylated and unmod-
ified peptides, were identified for acetone and ACN precipi-
tation. Results, although improved with respect to MOAC
materials, were sti ll unsatisfactory, with up to 6
phosphopeptides for the ACN precipitation and 11 for acetone
precipitation (Table 1, ESM Table S2).

Only the methanol precipitation provided slightly better
results, with up to 35 phosphopeptides out of 889 total iden-
tifications. This result only partially agreed with previous lit-
erature reports, in which endogenous peptides were purified
by organic solvent precipitation due to their very limited sol-
ubility [24, 43]. In these studies, the endogenous peptides
were isolated from serum by ACN precipitation and the pre-
cipitate was then selectively extracted with water modified by
organic solvents and collected over C18 resin. These studies
[24, 43] were not aimed at ident i fying the free

phosphopeptides; however, they can explain the low recovery
of endogenous phosphopeptides obtained by analyzing the
supernatants from organic solvent precipitation experiments,
even if the latter procedure was previously exploited for pro-
filing free phosphopeptides in different biofluids, including
serum [44]. Thus, given the possibility that some
phosphopeptides could be precipitated with the proteins dur-
ing organic solvent precipitation, the direct dilution protocol
was tested. The direct dilution protocol is the simplest among
the tested ones, but it also provided the best results both for
phosphopeptide characterization and for enrichment perfor-
mance. Given the improvement with respect to the precipita-
tion protocols, for the direct dilution, the amount of Ti4+-
IMAC magnetic material employed for enrichment was opti-
mized; thus, 5, 10, and 15 mg were tested for enrichment. The
results indicated that the amount of enrichment phase did af-
fect the performance, as previously observed for other

Table 1 Endogenous
phosphopeptide identifications
for the Ti4+-IMAC magnetic
material experiments on
commercial serum and different
preparation protocols: acetone,
acetonitrile and methanol
precipitation, direct dilution (with
5, 10, or 15 mg material), and
dichloromethane phospholipid
removal

Sample preparation protocol Experimental
replicate

Phosphopeptides Total
peptides

Enrichment
%

Acetone precipitation A 11 213 5

B 11 220 5

C 10 201 5

ACN precipitation A 6 80 7

B 3 75 4

C 5 91 5

Methanol precipitation A 35 889 4

B 31 823 4

C 30 901 3

Direct dilution, 5 mg A 49 356 14

B 59 400 15

C 59 410 14

Direct dilution, 10 mg A 98 485 20

B 114 488 23

C 94 469 20

Direct dilution, 15 mg A 44 305 14

B 55 371 15

C 43 354 12

DCM phospholipid removal A 36 208 17

B 32 195 16

C 35 217 16

Direct dilution, 10 mg on fresh serum
added with inhibitors

A 168 742 23

B 162 745 22

C 176 750 23

Commercial Fe3+-IMAC spin column A 84 846 10

B 78 821 9

C 82 837 10

Results for the best sample preparation and enrichment (serum direct dilution and 10 mg Ti4+ -IMAC magnetic
material) are also reported for fresh serum added with protease and phosphatase inhibitors. Endogenous phos-
phopeptide identifications for the commercial Fe3+ -IMAC spin column for the direct dilution protocol on com-
mercial serum are reported for comparison. Results are reported for each experimental replicate
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materials [45], and it was significant, indeed. For both the 5-
and 15-mg experiments, the total number of phosphopeptide
identifications did not exceed 59, with up to 410 total peptide
identifications (Table 1, ESM Table S3). The enrichment, cal-
culated as the total number of phosphopeptides divided by the
total number of identifications, was higher than the previous
experiments and ranged between 12 and 15%. The best results
were, however, obtained for the 10-mg direct dilution exper-
iments, which provided up to 114 phosphopeptides out of 488
total peptide identifications, and the enrichment was also sig-
nificantly improved up to 23% (Table 1, ESM Table S4). The
identification of such a large number of endogenous
phosphopeptides indicated a problem connected to a large
dynamic range in phosphopeptide natural abundance, since
in most experiments, no more than ten endogenous
phosphopeptides were identified and they probably were the
most abundant ones [46]. Due to the large dynamic range and
heterogeneity of phosphopeptides in serum, a comprehensive
approach, as the shotgun peptidomics one, is the best one for
phosphopeptide characterization in serum.

Finally, an attempt of phospholipid removal from serum
was performed, to test if any improvement could be accom-
plished by removing the non-zwitterionic lipids. In fact, it is
generally known that they can severely hinder other analyte
detection by RP-HPLC-MS, due to their strong retention on
hydrophobic columns and the important ion suppression dur-
ing ionization in the mass spectrometer [47]; thus, they out-
compete analyte molecules for ionization and, given that such
problems already affect phosphopeptide analysis, this could
provide an additional obstacle. Moreover, a competition for
interaction with the IMAC phase is also possible and would
significantly affect the enrichment capability. Thus, a purifi-
cation step prior to enrichment was introduced, based on a
literature procedure, and DCM was employed to remove
phospholipids in serum [48]. DMC pretreatment did not im-
prove the performance than the simple dilution and enrich-
ment protocol (Table 1, ESM Table S5), even though it im-
proved the selectivity with respect to the precipitation
methods, from 7 to 16%.

A final issue was considered. Many biological systems (in-
cluding blood and digestive samples) contain proteases, either
endogenous or produced by other organisms (e.g., bacteria). In
order to use peptides as biomarkers and guarantee method repro-
ducibility to compare different samples, postsample collection
proteolysis should be eliminated (by the addition of protease
inhibitors) [18]. This applies to phosphopeptide analysis too,
since phosphatases are endogenous in blood as well. Thus, fresh
human serum samples were prepared and immediately added
with protease and phosphatase inhibitors. The fresh serum sam-
ples thus prepared were usedwith the direct dilution protocol and
enrichment with the Ti4+-IMAC magnetic material. Results
(Table 1) clearly showed a remarkable improvement in the char-
acterization of endogenous phosphopeptides (ESM Table S6).

Up to 176 endogenous phosphopeptides were identified from
the analysis of serum fresh samples, and the number of total
identifications increased as well, up to 750 total endogenous
peptide identifications. The enrichment % did not improve as
much and reached 23%. In the case of the present work, a stan-
dard commercial serum sample was employed for method devel-
opment to ensure sample homogeneity and remove irreproduc-
ibility due to individual donors and serum preparation. However,
these results did not only indicate the need of a standardized
protocol in which phosphatase inhibitors are added as soon as
possible to the sample but also showed how endogenous pep-
tides, regardless of phosphorylation, can undergo degradation
during conservation, also at low temperatures; protease inhibitors
are also fundamental for endogenous peptide characterization
[43], thus should be considered for biomarker investigation to
meet the requirement for clinical research [49].

Finally, the proposed method, based on batch magnetic
solid-phase extraction with 10 mg of Ti4+-IMAC magnetic
material and the direct dilution protocol, was compared with
a commercial Fe3+-IMAC spin column for two main reasons:
to compare the performance of different IMAC systems and to
provide an established commercial system suitable for the
characterization of the endogenous phosphopeptides in serum.
As the Fe3+-IMAC spin columns are commercially available,
the use of such devices allowed to avoid preparation and char-
acterization of the Ti4+-IMAC material and would thus be
accessible virtually to any laboratory. The test was performed
on the commercial serum pool and gave overall good results,
with up to 83 out of 846 total peptide identifications (Table 1,
ESM Table S7). Thus, if on the one hand, the number of
identified phosphopeptides was close to the one obtained by
the Ti4+-IMAC magnetic material, the selectivity was not as
good and the number of co-enriched peptides was significant-
ly larger. Nevertheless, the commercial Fe3+-IMAC spin col-
umn was suitable for analysis of the endogenous
phosphopeptides in serum and provided a valuable alternative.

General features of serum endogenous
phosphopeptides

A general investigation of the physicochemical features of the
identified peptides was done. To this purpose, the grand average
of hydropathy (GRAVY) index, the molecular weight, the iso-
electric point (pI), and the amino acid composition were calcu-
lated, pooling the results by the Sigma and fresh serum pool for
the dilution experiments. As far as the GRAVY was concerned,
the endogenous peptides identified in this workwere all extreme-
ly hydrophilic and had a negative value, regardless whether they
were phosphorylated (95%) or co-enriched peptides (97%,
Fig. 1). The large presence of hydrophilic peptides could be
expected, since they were extracted from an aqueous matrix.
However, some concerns about possible interactionwith proteins
may arise (larger proteins [50], lipids [51], etc.), despite the
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employ of organic solvents in the loading buffer. Moreover, al-
though a hydrophilic support is considered to increase the selec-
tivity of the system [52, 53], still the large abundance of co-
enriched very hydrophilic peptides with GRAVYvalue between
− 2 and − 1 may be ascribed to hydrophilic interactions with the
material and some improvement or complementary information
could be obtained by the use of a different material.

As far as themolecular weight distributionwas concerned, the
endogenous peptides identified in the study were small peptides,
mainly in the range 2000–3000 Da (ESM Fig. S1). Additionally,
the pI distribution analysis indicated that they were mainly acidic
peptides, with amaximum at 5 (ESMFig. S2). Finally, the amino
acid distribution (ESM Fig. S3) showed that the most frequent
residues were glutamic acid, for both the phosphopeptides
(10.1%) and the co-enriched peptides (14.5%), a phenomenon
which can be ascribed to the affinity of themetal cation for acidic
peptides together with the phosphorylated ones. Additionally, the
second significantly represented residue was serine (13.8% for
the phosphopeptides and 10.2% for the co-enriched peptides).
Apart from these small differences, all other residues showed a
similar distribution for the two groups, and a small bias for acidic
peptides in both groups could be observed as well, which could
still be attributable to the material.

The residues at the first and last positions of the identified
phosphopeptides were considered to find some hint on the pro-
teases which might have produced the identified peptides. The
results of the analysis of the distribution of the amino acids in the
first and last residues in the identified phosphopeptides showed
that glutamic acid was the most frequent residue at the end of
such peptides (Fig. 2). However, no enzyme in the human body
shows specificity for cleaving after such amino acid but some

bacterial ones do, such as the glutamyl endopeptidase. A very
represented cleavagewas also the one after arginine, which could
be attributed to thrombin and factor Xa, both of them being
involved in the coagulation cascade of blood. Finally, threonine
was frequently the last amino acid in the identified
phosphopeptides and can be attributed to the action of chymo-
trypsin, which is also a marker of acute pancreatitis and in renal
failure [54]. The first amino acids (P1′) most represented in the
phosphopeptides were serine, lysine, arginine, and alanine, but
only the latter could be connectedwith any enzyme specificity, in
particular with thermolysin, which, however, has a bacterial
origin.

As far as the phosphorylated proteins related to the endog-
enous phosphopeptides identified by this comprehensive
study were concerned, the 11 most abundant phosphopeptides
belonged to fibrinogen alpha chain, which had a coverage of
54.74%. The large presence of peptides from fibrinogen alpha
chain agreed with most previous reports, for which at least
four phosphopeptides belonging to fibrinogen were always
reported. However, it should be noted that such large coverage
did not derive entirely from the phosphopeptides; a significant
contribution to fibrinogen alpha chain is provided by the co-
enriched peptides as well, for which the ten most abundant
peptides also belong to fibrinogen alpha chain. Such large
dynamic range needs to be considered in case of the quantifi-
cation of endogenous phosphopeptides between a physiolog-
ical condition and a pathological one; if the fibrinogen
phosphopeptides were not significantly expressed in different
amounts between two conditions, suitable depletion systems
would greatly help in extending the characterization of endog-
enous phosphopeptides to the least abundant ones.

Conclusions

In this work, a comparison between MOAC and IMAC enrich-
ment materials for phosphopeptides was performed and applied
to the characterization of serum endogenous phosphopeptide.
Despite the generally recognized similar performance of IMAC
and MOAC strategies, in serum, the enrichment of the endoge-
nous phosphopeptides by MOAC is hindered, probably due to
matrix components, whereas IMAC performs significantly bet-
ter. Sample preparation proved critical, and better results could be
obtained using phosphatase inhibitors soon after serum prepara-
tion. Moreover, minimal sample pretreatments allowed to avoid
depletion of endogenous phosphopeptides. The identified endog-
enous phosphopeptides were very hydrophilic; thus, common
precipitation treatments employed in peptidomics could possibly

Fig. 1 GRAVY (grand average of hydropathy) distribution of the
endogenous peptides identified in the study

Fig. 2 First (P1′) and last (P1)
amino acid distributions in the
identified phosphopeptides
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depleted the endogenous phosphopeptides. From the results, the
largest number of phosphopeptide identifications could be ob-
tained by direct dilution of serum combined to an IMAC enrich-
ment. Even if the Ti4+-IMAC magnetic material provided the
largest number of identifications, the commercial Fe3+-IMAC
spin column could be adapted to the dilution protocol and
employed for phosphopeptide enrichment with good results. In
both cases, few abundant phosphopeptides, mainly belonging to
fibrinogen and to the coagulation cascade involved in serum
preparations, may hinder the detection of the least abundant
phosphopeptides; thus, the development and the use of suitable
depletion media for the most abundant phosphopeptides are de-
sirable. The developed method relies on shotgun technologies;
thus, the introduction of quantification strategies typical of shot-
gun proteomics is completely compatible with this method, es-
pecially label-free quantification. Thus, in the end, the work pro-
vides an improvedmethod for endogenous phosphopeptide iden-
tification in serum and, definitely, the starting point for screening
of differently expressed phosphopeptides in disease.
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