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ABSTRACT
Protein phosphorylation is central to most cellular processes. Despite the importance and
widespread occurrence of this modification, phosphoproteome analysis of complex biological
samples still remains a challenge. The present study has been undertaken to compare iron affinity
immobilized metal ion affinity chromatography (Phos-SelectTM IMAC) and Gallium immobilized
metal ion affinity chromatography (Ga-IMAC) to enrich and characterize phosphopeptides from the
whole-cell lysate of Jurkat cells. Our results indicated that enrichment was dependent on the
isoelectric point (pI) and molecular mass of the proteins and it was found to be better in case of
PHOS-Select IMAC (51.2%) as compared to Ga-IMAC (28.8%). This study compared and analysed
phosphopeptide profile of Jurkat cells by two different IMAC techniques and provides
advancement in phosphopeptide enrichment methods.

KEYWORDS
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Introduction

Reversible protein phosphorylation, principally on serine,
threonine or tyrosine residues, is one of the most important
and well-studied post-translational modifications. It has
been estimated that one-third of mammalian proteins may
be phosphorylated [1,2]. Many disease pathologies, such as
Alzheimer’s disease, are characterized by changes in phos-
phorylation levels of various proteins [3,4]. Despite the
importance and widespread occurrence of protein phos-
phorylation in cellular system, identification of phospho-
peptides and the site of protein phosphorylation still
remains a big challenge. Phosphopeptides have been iso-
lated earlier from complex protein mixtures by mass spec-
trometry (MS) method [5,6] and two-dimensional (2D)
phosphopeptide mapping method, which was commonly
used for analysing protein phosphorylation [7]. In recent
times, most phosphoproteomic studies are conducted by
immobilized metal ion affinity chromatography (IMAC) fol-
lowed by MS. IMAC was a widely used affinity medium for
phosphopeptide enrichment [8,9] and was introduced by
Porath in 1975 [10,11]. IMAC, usually Fe3+-IMAC, and metal
oxide affinity chromatography, mainly titanium dioxide
(TiO2) chromatography, are the most frequently used
enrichment techniques for S/T-phosphorylated peptides
[12]. The principle of IMAC is based on the affinity of transi-
tion metal ions to histidine and cystine in aqueous solution

[13]. The ions commonly used are of borderline or soft met-
als, such as Cu2+, Ni2+, Co2+ and Zn2+. Protein retention in
IMAC depends on the number and type of pendant groups
that can interact with the metal [14]. Interaction between
ions and protein is dependent on variables such as pH,
temperature, solvent, nature of immobilized metal and
chelate, ligand density and protein size. Proteins are usually
eluted by a decreasing pH gradient or by an increasing gra-
dient of a competitive agent, such as imidazole, in a buffer
[14]. Elucidation of phosphopeptides from complex biolog-
ical samples requires isolation and sequencing of phospho-
peptides derived from protein digests. Identification of
specific phosphorylated residues and actual site(s) of phos-
phorylation in proteins still remains a labour-intensive,
time-consuming challenge and is a very complicated pro-
cess [15,16]. Moreover, phosphoproteins are post-transla-
tionally modified proteins and are present in low
abundance, which tend to coexist with their unphosphory-
lated isoform within the cell. Hence, enrichment protocols
are required for identification of particular peptides. The
enrichment strategies are generally based on chemical
modifications, affinity chromatography or immunoprecipi-
tation by phospho-specific antibodies [17] and most fre-
quently affinity chromatography is used using immobilized
antibodies to phosphorylated amino acids [18,19]. Cur-
rently, IMAC is the most widely used technique for the
enrichment of phosphopeptides [20], and is based on the
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electrostatic interactions between the negatively charged
phosphate groups and positively charged metal ions like
Ga(III), Fe(III), Zn(II), Al(III), etc. Earlier, Ga-IMAC method was
compared with Fe(III)-, Zn(II)- and Al(III)-based IMAC meth-
ods to probe their ability to trap phosphopeptides [15,21]
and it is reported that Ga-IMAC has better enrichment
affinity than the other available IMACs [21]. Report shows
that the selectivity of monophosphorylated peptides are
better with Fe3+-loaded agarose when compared with
Ga3+-loaded agarose [22]. Methodologies are also reported
to enrich heterogeneous types of phosphopeptides using
distinct binding affinities column of Ga3+ and Fe3+ column
[23]. Also multidimensional fractionation strategies were
used in earlier studies to analyse phosphopeptides that
resulted in high performance both in terms of separation
peak capacity and the number of unique phosphopeptide
sequences [24]. Likewise, for the separation and enrich-
ment of phosphoproteins and phosphopeptides, Zn(II)-
IMAC with a novel phosphate capture bead, Phos-tag Toyo-
pearl was also used [25]. There are other reports like enrich-
ment of phosphopeptides by Zr4+ IMAC that provides a
large-scale phosphoproteome analysis [26]. Further
improvement can be achieved by changing the key vari-
able that mostly influences the enrichment [4]. Thus,
though IMAC had shown great promise for large-scale
studies on phosphoproteins, it still has a poor reputation
with regard to specificity [27]. There is still limited data on
phosphoproteome analysis in various disease conditions,
though several strategies for affinity enrichment of phos-
phorylated peptides have been employed. Therefore, it is
imperative to develop better techniques, which can enrich
phosphopeptides in complex protein mixtures in order to
elucidate the role of phosphorylation, to analyse activities
of kinases and phosphatases and to elucidate interactions
among proteins in a biological system, especially in differ-
ent pathological conditions [25]. Therefore, in this study,
we aimed to identify better affinity support columns for
phosphopeptide enrichment and compared two widely
used IMACs, i.e. Ga-IMAC and PHOS-Select IMAC using best
methodology of enrichment for phosphopeptides. In this
approach, we have analysed the MS/MS data carefully
because analysis of such vast data is very crucial in the
enrichment result for phosphopeptide and thus phospho-
protein. To overcome such low specificity, combination of
enhanced methodology and analysis shows remarkable
improvements in phosphopeptide enrichment.

Material and methods

Chemicals

Jurkat human T-lymphoma cell line Acc-282 (German
Collection), Fetal Bovine Serum (Gibco® Roswell Park

Memorial Institute (RPMI)-1640), streptomycin, trypan
blue, 4-2-hydroxyethyl-1-piperazineethanesulfonic acid
(HEPES), Sodium chloride (NaCl), Ethylenediaminetetra-
acetic acid (EDTA), Sodium fluoride (NaF), phenylmetha-
nesulphonylfluoride (Na2VO7), 1,4-dithiothreitol (DTT),
dodecyl b–Dmaltoside, Phosphatase inhibitor 3, acetoni-
trile (ACN), trifluoroacetic acid (TFA), methyl alcohol
(MeOH), acetic Acid, phosphate buffer (pH 7), formic acid
and Phosphatase inhibitor 1 were purchased from
Sigma-Aldrich, USA. Complete Mini protease cocktail
(Roche, Germany), trypsin (Promega, USA), iTRAQ
(Applied Biosystems, USA). Ziptips (Millipore, USA),
PHOS-Select beads (Sigma-Aldrich, USA), Ga-loaded
IMAC beads (GE Healthcare), MobiCol (Merck, USA),
reverse phase RP18 column (Merck, USA). Proteome Dis-
coverer version 1.3 (Thermo Scientific), Purified water
(Millipore, USA).

Apparatus

UltiMate 3000 Nano LC (Dionex, Germany), LT-Orbitrap
XL (Thermo Fisher Scientific, Germany), Linear Ion Trap
Mass Spectrometer (LTQ)-Orbitrap mass spectrometer
(Thermo Finnigan, San Jose, CA, USA), speed vacuum
concentrator (Thermo Fisher Scientific, Germany), Ultra
centrifuge (Beckman Coulter, USA), ultra sonicator
(Thermo Fisher Scientific Germany), centrifuge (Thermo
Fisher Scientific Germany).

Cell culture and preparation of cell lysate

The Jurkat cells were cultured at 37 �C in RPMI-1640
medium containing 10% (v/v) foetal bovine serum and
streptomycin [15], cells were lysed in buffer (50 mmol/L
HEPES pH 7.56, 100 mmol/L NaCl, 1 mmol/L EDTA, 10
mmol/L NaF, 1 mmol/L Na2VO7, 10 mmol/L DTT, 1% (v/v)
dodecyl b–D maltoside, 1% (v/v) Phosphatase inhibitor
3, 1% (v/v) Phosphatase inhibitor 1 and 1% (v/v) Com-
plete Mini protease cocktail), sonicated for 1 min, centri-
fuged for 20 min at 4 �C and protein concentration was
determined using the Bio-Rad protein assay.

Trypsin digestion and sample preparation

Protein (5 mg) precipitated using Wessel Flugge method,
digested with trypsin (Promega, USA) (20 mg) overnight
at 37 �C and purified using Ziptips [20] was used. The
Ziptips were equilibrated with 60% ACN and 0.2% TFA
and bound with peptides. Peptides were eluted in 12 mL
of 60% ACN and 0.2% TFA, concentrated, ultracentri-
fuged at 50,000 rpm at 4 �C, analysed by liquid chroma-
tography–mass spectrometry (LC-MS/MS). More samples
were purified by reverse phase RP18 column.
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Phosphopeptide enrichment

PHOS-Select bead (0.2 mL) was equilibrated with
25 mmol/L formic acid + 40% (v/v) ACN (Buffer A) and
Ga-loaded columns were equilibrated with 30% (v/v)
MeOH, 30% (v/v) ACN and 10% (v/v) acetic acid (Buffer
B). Dried peptides were loaded on PHOS-Select and Ga
columns. Peptides of PHOS-Select columns were eluted
in 500 mmol/L phosphate buffer (pH 7) and peptides of
Ga columns were eluted in 200 mmol/L phosphate
buffer (pH 7). Peptides were concentrated and analysed
by LC-MS/MS.

Peptide analysis by LC-MS/MS

LC-MS/MS was performed on a Dionex Ultimate 3000
RSLCnano system (Dionex, Germering, Germany) con-
nected to an LTQ Orbitrap Velos (Thermo Fisher Scien-
tific, Bremen, Germany) mass spectrometer [28,29].
Peptides were flushed onto a C18 precolumn (Acclaim
PepMap 100, 75 mm £ 2 cm, Dionex) with a flow rate of
15 mL/min and washed at constant flow for 3 min. The
LTQ-Orbitrap was used to acquire MS/MS spectra having
2 m/z isolation width, 35% collision energy, 5000 auto-
matic gain control target and 150 ms maximum ion
injection time. Purified phosphopeptides were loaded
onto a strong cation exchange (Mono-S, GE) column
using an auto sampler. Peptides were then separated on
an analytical column (Acclaim PepMap RSLC, 75 mm £
25 cm, Dionex) with Ultra Performance Liquid Chroma-
tography (UPLC) buffer A (0.1% formic acid in water) and
UPLC buffer B (0.1% formic acid in ACN) via linear B gra-
dients from 0% to 25% over 60 min followed by a linear
gradient from 25% to 50% over 30 min at a flow rate of
300 nL/min. Doubly and triply charged peptide ions
were automatically selected and fragmented with m/z
dependent collision energy settings. The collected frac-
tions were then dried using vacuum concentrator
(Thermo Fisher Scientific, Germany). The enriched pepti-
des were suspended in 15 mL of 0.2% TFA, and ultracen-
trifuged at 50,000 rpm for 20 min at 4 �C.

To the protein (2.5 mg) mixture, 1 mL dissolution
buffer (tri ethylene ammonium bicarbonate) and 10 mL
protease inhibitor (Sigma) were added and vortexed for
2 min in a thermocycler (Thermo Scientific) at 37 �C, 800
rpm. To this, 100 mL of 5 m mmol/L tris carboxyl ethyl
phosphine hydrochloride was added and reduction reac-
tion was carried out by incubating it for 1 h at 60 �C fol-
lowed by alkylation by adding 50 mL of methyl
methanethiosulfonate (10 m mmol/L) and incubating it
for 10 min at room temperature (RT). Trypsin (Promega,
20 mg) was then added and incubated overnight at 37
�C. Peptides were purified by 300 mg reverse phase

(RP18) column and eluted using 0.2% TFA and 60% ACN.
The peptides were than concentrated by speed vac
(Thermo scientific) spiked with 20 mL of 0.5 pmole/mL
standard phosphopeptide mix. The peptides were then
divided into two equal portions consisting of 70 mg pep-
tides (2 mL) each and labelled with 8plex iTRAQ (Applied
Biosystems, USA). One part was labelled with 5 mL of
iTRAQ reagent 113 and the other part was labelled with
5 mL of iTRAQ reagent 115 and passed through PHOS-
Select column (100 mL beads) and Ga column (100 mL
beads), respectively. The labelling was then stopped by
incubating it with 5 mL lysine (20 mmol/L) for 2 h at RT.
The peptides were then purified by passing through RP
C18 column as before and concentrated by speed vac.

Peptide filtering and protein identification

The raw data files were processed using the Mascot Dea-
mon (V2.32). Database searches were carried out with a
local Mascot server (V2.2) in a PA01 database national
center for biotechnology information (NCBI). Scaffold
(version Scaffold_3.3, Proteome Software Inc.) was used
to analyse the data from Mascot Search. Searching
parameters included: product ion tolerance of 10 ppm,
partially tryptic restriction, parent ion mass tolerance
(§10 ppm), MS/MS tolerance, 0.4 Da, fixed modification
on iTRAQ 8plex (k), iTRAQ 8plex (N terminal), Methylthio
(C) and dynamic modifications for phospho (S/T), phos-
pho (Y) (+79.96 Da) and oxidized Met (M) (+15.9949 Da).
The maximal number of modification sites per peptide
was set as 3 and the maximum missed cleavage parame-
ter was set to be 2. Only b and y ions were considered
during the database match search (not match). To
remove false positive matches, assigned peptides were
grouped by a combination of tryptic state (fully and par-
tial) and precursor ion-charge state (2+, 3+ and 4+). Each
group was filtered by mass accuracy (10 ppm for high-
resolution MS). All accepted proteins sharing peptides
were grouped together, in which only the top proteins
with highest spectral counts were selected to represent
the group. Phosphorylated Ser and Thr spectra without
signature phosphate neutral losses were removed.

Analysis of Magellan storage file

The ‘Magellan storage file’ obtained from the LC-MS/MS
were analysed using ‘proteome discoverer 1.3’ (Thermo
Scientific, Germany). Analyses include MS–MS searching
with Sequest, Mascot and ZCore and comparison of data
with FASTA database. We have carried out mainly two
types of analyses, namely ‘protein view’ and ‘peptide
view.’ The peptide view showed peptides with their
sequence and accession number, a phosphoRS score,
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phosphorylation site, pRS site probability and sequence
coverage. The phosphorylation site probability was fur-
ther confirmed by the spectra of the peptide indicating
the truly phosphorylated site. The protein view revealed
proteins with their accession number, sequence, isoelec-
tric point (pI) value, molecular weight, score value, pep-
tide and unique peptides.

Results and discussion

In the present study, phosphopeptides from Jurkat cells
were identified and analysed by SEQUEST algorithm of
Proteome Discoverer version 1.3 (Table S1, PHOS-Select
and Table S2, Ga-IMAC in supporting information). Com-
parison of IMAC method was carried out on the basis of
identified phosphopeptides, unique peptides, total pep-
tides, total protein enrichment, pI and molecular mass of
proteins. Generally, phosphorylation analysis involves
proteolytic digestion of the sample yielding peptide mix-
tures containing both phosphorylated and unphos-
phorylated peptides. Here, we used iTRAQ method, a

non-gel based technique, for the quantification and
labelling of all peptides using 8plex reagent [29,30]. The
fragmentation of the attached tag generates low molec-
ular mass reporter ions that can be used to relatively
quantify the peptides and proteins with a high degree of
sensitivity [9].

By applying this technique, total peptides (includes
phosphorylated and unphosphorylated peptides) gener-
ated by PHOS-Select IMAC were found to be 796, 1.3-
fold higher than Ga-IMAC (581), (Figure 1(a)), while the
phosphopeptide score revealed more than 3-fold (408)
phosphopeptides in PHOS-Select IMAC (Figure 1(b))
compared to Ga-IMAC (131), unlike the earlier finding
where Ga-IMAC was found to have the best phosphopro-
tein enrichment capacity [27]. Further, we compared the
number of phosphorylation sites and found that PHOS-
Select IMAC detected threefold higher phosphopeptides
(360) having at least one phosphorylation site and 3.5-

Figure 1. (a) Total number of peptides identified from jurkat cell
line using PHOS-Select IMAC and Ga- IMAC columns. phos-select
imac identified 796 peptides and ga-imac identified 581 pepti-
des. y-axis depicts the number of peptides. (b) Total number of
phosphopeptides identified from jurkat cells using PHOS-Select
IMAC and Ga-IMAC. PHOS-Select IMAC identified 408 phospho-
peptides and Ga-IMAC identified 131 phosphopeptides. The
number of phosphopeptides is displayed on y-axis.

Figure 2. Comparative analysis of phosphopeptide recovery in
PHOS-Select IMAC (a) and Ga-IMAC (b) having at least two phos-
phorylated sites. PHOS-Select IMAC recovered 46 double
charge phosphopeptides whereas Ga-IMAC identified 13 double
charge phosphopeptides.

Figure 3. Phosphopeptides identified on the basis of pRS site
probability in PHOS-Select (a) and Ga-IMAC (b). PHOS-Select
IMAC showed 338 phosphopeptides having more than 80% pRS
site probability while Ga-IMAC shows only 64 phosphopeptides.
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fold more phosphopeptides (46) having at least two
phosphorylation sites than Ga-IMAC (Figure 2). This find-
ing is supported by the pRS site probability graph, in
which PHOS-Select IMAC showed fivefold higher phos-
phopeptides (338) (Table S3) having �80% pRS site

probability than Ga-IMAC (64) (Table S4, Figure 3). In our
study, PHOS-Select IMAC uniquely recovered 325 phos-
phopeptides as compared to only 48 phosphopeptides
in Ga-IMAC, showing identification of nearly sixfold more
phosphopeptides in PHOS-Select IMAC than Ga-IMAC.

Figure 4. (a) Distribution of phosphopeptides between PHOS-Select IMAC and Ga-IMAC. The larger circle represents the phos-select
imac analysis that uniquely identified 325 phosphopeptides and smaller circle represents the Ga-IMAC analysis that uniquely identified
48 phosphopeptides, while the middle area represents 83 phosphopeptides that were commonly identified by both PHOS-Select IMAC
and Ga-IMAC. (b) Comparative analysis of peptide sequences and their spectra. A, B, C and D spectra were identified as phosphopepti-
des by PHOS-Select IMAC, while the same peptide spectra was identified as unphosphorylated by Ga-IMAC represented by a, b, c and d.
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Additionally, 83 common phosphopeptides were recov-
ered by both the methods (Figure 4(a)). It was also
observed that four peptides that were identified as phos-
phopeptides in PHOS-Select IMAC were seen to be
unphosphorylated in Ga-IMAC (Figure 4(b)). Further-
more, the ‘Magellan storage file’ obtained from the MS
analysis showed that the total number of unique pepti-
des were 714 and 699, whilst significant unique peptides
(�2 significant unique signature peptides) were 480 and
430 in PHOS-Select IMAC and Ga-IMAC, respectively
(Figure 5), indicating that PHOS-Select IMAC has better
binding capacity of phosphopeptides than Ga-IMAC. The
enrichment of phosphopeptides, thus, greatly varies
with the methodology of enrichment. Earlier, multidi-
mensional fractionation strategies were used to analyse
phosphopeptides that resulted in high performance
both in terms of separation peak capacity and the num-
ber of unique phosphopeptide sequences [31].

In another study, a comparison was made between
Poros-Fe3+ IMAC column and metal oxide affinity chro-
matography with TiO2 (titanium dioxide)-based methods
using simple and complex mixture of peptides where
they observed that although usage of low pH loading
buffer can increase enrichment selectivity, but it also
results in low recovery of phosphopeptides [32,33]. The
technique was used to separate and enrich phosphopro-
teins from an epidermal growth factor-stimulated
human epidermoid carcinoma A431 cell lysate [31]. We
therefore carried out ‘protein view’ analysis where the
number of total protein groups identified in PHOS-Select
IMAC and Ga-IMAC was found to be 418 and 329, respec-
tively. These protein groups were analysed on the basis
of pI value and molecular weight of the proteins. On the
basis of pI value, number of proteins identified in the pI
range of 3–4, 4–5, 5–6, 6–7, 7–8, 8–9, 9–10,10–11 and
11–12 were 35,108, 67, 46, 61, 44, 39 and 15 in PHOS-

Select IMAC and 30, 76, 54, 38, 53, 39, 28 and 9 in Ga-
IMAC, respectively (Figure 6). Thus, we observed that the
PHOS-Select IMAC has greater affinity for proteins in all
pI ranges as compared to Ga-IMAC. In both the methods,
the maximum number of identified proteins was found
to fall in 4–5 pI range (acidic range) and minimum num-
ber of proteins were observed in 11–12 pI range (basic
range). For categorization on the basis of molecular
mass, the identified proteins were grouped in seven dif-
ferent molecular mass ranges (1–50, 50–100, 100–150,
150–200, 200–250, 250–300 and greater than 300 kDa).
The number of proteins identified in these ranges is 198,
131, 50, 15, 10, 5, 7 and 183, 97, 26, 09, 5, 5 and 3 in
PHOS-Select IMAC and Ga-IMAC, respectively. Also, the
maximum number of proteins identified by both the
methods fall in the low molecular weight range (1–50
kDa) (Figure 7), although, PHOS-Select IMAC identified
more in number (198) as compared to Ga-IMAC (183).
This suggests that the enrichment strategy in both the
IMAC methods results in loss of proteins at high molecu-
lar weight and extreme pI ranges. Similarly, it was also

Figure 5. Total number of proteins identified from Jurkat cells
using PHOS-Select IMAC (a) and Ga-IMAC (b).

Figure 6. Graph representing the distribution of enriched pro-
teins obtained from PHOS-Select IMAC (solid line) and Ga-IMAC
(dotted line) on the basis of pI range. The number of proteins
and pI ranges is shown on y-axis and x-axis, respectively.

Figure 7. Graph representing the distribution of enriched pro-
teins obtained from PHOS-Select IMAC (solid line) and Ga-IMAC
(dotted line) on the basis of molecular weight. The number of
proteins and molecular weight (kDa) is taken on y-axis and x-
axis, respectively.
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observed that the protein affinity gradually decreases as
the size of the protein increases, in both the IMAC meth-
ods. So, this study clearly reveals that the proteins with
low to medium molecular mass and pI range of ‘4–6’ can
be enriched effectively by both PHOS-Select and Ga-
IMAC methods but PHOS-Select IMAC gives more phos-
phopeptides than Ga-IMAC.

Conclusion

Enrichment of phosphopeptides was carried out using
two different IMAC-based methods and the efficiency of
their binding capacity was compared. PHOS-Select IMAC
was found to be more efficient than Ga-IMAC. Our study
gave a comprehensive view on the enriched phospho-
protein and phosphopeptide which is useful for the
selection of IMAC for enrichment of known target phos-
phoprotein. Enrichment can be enhanced by selecting
IMAC according to the molecular mass, pI of the protein
and number of phosphorylated sites. This enrichment
method can be used for the identification and character-
ization of phosphoprotein profile of cellular systems in
various diseased conditions where changes in the phos-
phorylation sites occur thus give comparative view on
disease.
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