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Advances in phosphopeptide enrichment methods enable
the identification of thousands of phosphopeptides from
complex samples. Current offline enrichment approaches
using TiO,, Ti, and Fe immobilized metal ion affinity chro-
matography (IMAC) material in batch or microtip format
are widely used, but they suffer from irreproducibility and
compromised selectivity. To address these shortcomings,
we revisited the merits of performing phosphopeptide
enrichment in an HPLC column format. We found that
Fe-IMAC columns enabled the selective, comprehensive,
and reproducible enrichment of phosphopeptides out of
complex lysates. Column enrichment did not suffer from
bead-to-sample ratio issues and scaled linearly from 100
ng to 5 mg of digest. Direct measurements on an Orbitrap
Velos mass spectrometer identified >7500 unique phos-
phopeptides with 90% selectivity and good quantitative
reproducibility (median cv of 15%). The number of unique
phosphopeptides could be increased to more than 14,000
when the IMAC eluate was subjected to a subsequent
hydrophilic strong anion exchange separation. Fe-IMAC
columns outperformed Ti-IMAC and TiO,, in batch or tip
mode in terms of phosphopeptide identification and
intensity. Permutation enrichments of flow-throughs
showed that all materials largely bound the same phos-
phopeptide species, independent of physicochemical
characteristics. However, binding capacity and elution ef-
ficiency did profoundly differ among the enrichment ma-
terials and formats. As a result, the often quoted orthog-
onality of the materials has to be called into question. Our
results strongly suggest that insufficient capacity, ineffi-
cient elution, and the stochastic nature of data-dependent
acquisition in mass spectrometry are the causes of the
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experimentally observed complementarity. The Fe-IMAC
enrichment workflow using an HPLC format developed
here enables rapid and comprehensive phosphoproteome
analysis that can be applied to a wide range of biological
systems. Molecular & Cellular Proteomics 14: 10.1074/
mcp.M114.043109, 205-215, 2015.

Protein phosphorylation is a reversible post-translational
modification with pivotal roles in cellular signaling. It is impli-
cated in many essential biological processes, and aberrant
protein phosphorylation is causally linked to numerous dis-
eases (1). At least one-third to one-half of all human proteins
are thought to be phosphorylated at some point (2, 3), and
hundreds of thousands of different phosphorylation sites are
believed to exist. Because of this molecular complexity and
the often substoichiometric extent of phosphorylation, spe-
cific enrichment prior to analysis via liquid chromatography—
tandem mass spectrometry (LC-MS/MS)' is generally re-
quired (4, 5). Most current such strategies exploit the affinity
of phosphate groups for metals immobilized on carrier resins.
These approaches include Fe3* (6), Ga®" (7), and Zr** (8)
immobilized metal ion affinity chromatography (IMAC); metal
oxide affinity chromatography (TiO, (9), ZrO, (10), and others);
and the recently introduced Ti-IMAC, which is a hybrid of the
other two methods (11, 12). It is often stated, if not generally
accepted, that these enrichment methods are capable of
purifying complementary parts of the phosphoproteome with
unique physicochemical characteristics (11, 13, 14). For ex-
ample, Ti-IMAC is thought to be better for purifying basophilic
phosphopeptides than TiO, (11), whereas Fe-IMAC is cred-
ited with the more efficient enrichment of multiply phosphor-
ylated peptides (15). The current consensus in the field is that
no method is superior over others and none alone is sufficient
for the comprehensive purification of the phosphoproteome, a

" The abbreviations used are: LC-MS/MS, liquid chromatography—
tandem mass spectrometry; FDR, false discovery rate; IMAC, immo-
bilized metal ion affinity chromatography; ACN, acetonitrile; FA,
formic acid; hSAX, hydrophilic strong anion exchange; HPLC, high-
performance liquid chromatography; TiO,, titanium dioxide.
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view that we challenge in this study. Most phosphopeptide
enrichments are conducted either in a batch format or in
self-constructed microcolumns packed into pipette tips. Both
formats have been found to suffer from considerable variabil-
ity introduced by various manual steps in the process. More-
over, differences in loading conditions including additives (16,
17), acid concentration (17), incubation time (17, 18), and
wash volume (18) can lead to different results. One prominent
parameter that was found to have a considerable effect on the
enrichment quality is the ratio of bead amount to protein
digest quantity, and finding the optimal ratio is often a tradeoff
between comprehensiveness and selectivity (13, 18-21).
Consequently, careful a priori evaluation and optimization of
enrichment conditions is generally required on a case-by-
case basis for every experimental system. Even then, the use
of such formats often comes at the expense of intra-experi-
mental and, even more so, inter-experimental accuracy. As a
means to overcome these issues, direct coupling of the chro-
matographic enrichment step with the LC-MS/MS system has
been applied. Although these online systems increase repro-
ducibility, sensitivity, and robustness, they suffer from limited
capacity, which is why they have been primarily used for the
analysis of limited sample amounts or samples of rather low
complexity (9, 22-27).

In order to address this, phosphopeptide enrichment work-
flows often employ an upstream peptide separation step fol-
lowed by phosphopeptide enrichment from each fraction.
Examples of first-dimension separations include hydrophilic
interaction liquid chromatography (28), electrostatic repulsion
hydrophilic interaction chromatography (29), strong anion ex-
change (30), and strong cation exchange (11, 31). Although
powerful and frequently used, enrichment after fractionation
can be irreproducible and time consuming. As a conse-
quence, reversing the order (i.e. enrichment of phosphopep-
tides first, followed by fractionation of the phosphopeptide
pool) has recently become popular (17, 18, 32). This, however,
requires that the phosphopeptide enrichment step be of ex-
quisite selectivity, have sufficient capacity, and allow com-
plete elution (17, 18). Phosphopeptides purified in this way
can be directly analyzed via LC-MS/MS (33, 34), typically
using shallow reversed phase LC gradients (35). However, it
turns out that current mass spectrometers still lack the scan
speed and dynamic range required to reach complete (phos-
pho)peptide sampling in direct LC-MS/MS measurements
(36, 37).

In this article, we describe a robust and flexible workflow
based on offline chromatographic enrichment of phospho-
peptides using a commercially available Fe-IMAC column.
This approach offers selective, comprehensive, and repro-
ducible enrichment and scales over a wide range of sample
quantities. We show that this method outperformed all Ti-
IMAC and TiO, methods tested, and our data argue that the
apparent orthogonality of all three methods is caused by a
combination of format inadequacies, inefficient elution, and

insufficient data acquisition speed, rather than the different
physicochemical characteristics of phosphopeptides.

MATERIALS AND METHODS

Cell Culture and Protein Digest—Human epidermoid A431 cells
were grown in Iscove’s modified Dulbecco’s medium supplemented
with 10% (v/v) fetal bovine serum and 1% antibiotic/antimycotic
solution. For all phosphopeptide enrichment optimization experi-
ments, cells were treated with 1 mm pervanadate for 5 min prior to
lysis. After harvesting, cells were washed two times with ice-cold PBS
and lysed in 8 M urea, 40 mm Tris/HCI (pH 7.6), 1X EDTA-free
protease inhibitor mixture (Complete Mini, Roche), and 1X phospha-
tase inhibitor mixture (Sigma). The lysate was centrifuged at 20,000
rpm for 1 h at 4 °C. The protein concentration was determined using
the Bradford method (Coomassie (Bradford) Protein Assay Kit,
Thermo Scientific). The supernatant was reduced with 10 mm DTT at
56 °C for 1 h and alkylated with 25 mm iodoacetamide for 45 min at
room temperature in the dark. The protein mixture was diluted with 40
mm Tris/HCI to a final urea concentration of 1.6 m. We induced
digestion by adding sequencing-grade trypsin (Promega, Mannheim,
Germany; 1:100 enzyme:substrate ratio) and allowing samples to
incubate at 37 °C for 4 h. Subsequently another 1:100 quantity of
trypsin was added for overnight digestion at 37 °C. Samples were
acidified with TFA to pH 2 to stop the trypsin activity. SepPack
columns (C18 cartridges, Sep-Pak Vac, 1 cc (50 mg), Waters Corp.,
Eschborn, Germany; solvent A, 0.07% TFA; solvent B, 0.07% TFA,
50% ACN) were used for peptide desalting according to the manufa-
cturer’s instructions, and eluates were dried down and stored at
—80 °C. Smaller sample amounts of up to 100 ng were desalted as
described elsewhere (38).

Fe-IMAC Batch Enrichment—Fe-IMAC batch enrichments were
essentially performed as described in Ref. 31. Briefly, 100 ul of
Fe-IMAC beads (PhosSelect iron affinity gel, Sigma) were washed
four times with 1 ml of binding solvent (25 mm FA, 40% ACN), and a
50% slurry in binding solvent was prepared. Dried-down peptides
were resuspended in binding solvent at a concentration of 1 ug/ul.
After the beads and dissolved peptides had been combined, samples
were incubated for 1 h at room temperature with vigorous shaking.
Subsequently, Fe-IMAC beads were transferred on top of previously
equilibrated C18 StageTips and washed by being sequentially passed
through 50 ul of Fe-IMAC binding solvent (twice) and 40 ul of 1% FA.
Elution was achieved via the application of 70 ul of 500 mm K,HPO,,
pH 7 (twice). Peptides that were retained on the C18 material were
washed with 40 ul of 1% FA and eluted directly into an MS plate using
40 pl of 60% ACN, 0.1% FA. Eluates were dried down and stored at
—80 °C.

Fe-IMAC Column Phosphopeptide Enrichment—The desalted di-
gest was reconstituted in 0.5 ml of Fe-IMAC solvent A (30% ACN,
0.07% (v/v) TFA) and loaded onto an analytical Fe-IMAC column (4 X
50 mm or 9 X 50 mm ProPac IMAC-10, Thermo Fisher Scientific)
connected to an HPLC system (AKTA Explorer FPLC system, Amer-
sham Biosciences Pharmacia) with a 1-ml sample loop. The column
was charged with iron according to the manufacturer’s instructions.
Briefly, the column was rinsed with 3 column volumes of 20 mm formic
acid and charged using 3 column volumes of 25 mm FeCl;, 100 mm
acetic acid. To wash out unbound iron ions, we flushed the column
with 20 column volumes of 20 mm formic acid and subsequently
removed it from the HPLC system. The HPLC lines were flushed first
with 20 ml of double-deionized H,O and then with 20 ml of 50 mm
EDTA and 10 ml of double-deionized H,O to remove remaining iron
ions. After column reconnection and baseline equilibration, the gra-
dient was started. Sample was loaded (0.1 ml/min over 10 min), and
unbound peptides were washed out with Fe-IMAC solvent A (0.3
ml/min over 16 min). Subsequent phosphopeptide elution was
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achieved with a linear gradient from 0% to 45% Fe-IMAC solvent B
(0.5% (v/v) NH,OH) (0.2 ml/min over 60 min). After an increase to
100% solvent B and a 5-min holding step, the column was re-
equilibrated with Fe-IMAC solvent A (0.5 ml/min over 30 min). Flow-
through and a phosphopeptide fraction were collected according to
the UV signal (280 nm), dried down, and stored at —80 °C. The
column was recharged after a maximum of three enrichments.

Ti-IMAC Synthesis and Phosphopeptide Enrichment—Ti-IMAC
beads were synthesized as previously described by Zhou et al. (39),
with some modifications and additional quality control steps. A de-
tailed description can be found in the supplemental “Materials and
Methods” section. Enrichment of up to 250 ug of sample was per-
formed as described in Ref. 39; the phosphopeptide enrichment
protocol was modified for sample amounts exceeding 250 ug. Sep-
Pak cartridges (C18 cartridges, Sep-Pak Vac, 1 cc (50 mg), Waters
Corp.) were attached to a vacuum manifold and flushed with 1 ml of
Ti-IMAC loading solvent (80% ACN, 6% TFA). Subsequently, 50 mg
of Ti-IMAC beads were loaded on top of the C18 material and equil-
ibrated with 5 X 1 ml loading solvent. Dried-down digests were
dissolved in 1 ml of binding solvent and slowly passed through the
cartridges. After reapplication of the flow-through, columns were
washed with 10 ml of washing solution 1 (50% (v/v) ACN, 0.5% (v/v)
TFA, 200 mm NaCl) and 10 ml of washing solution 2 (50% (v/v) ACN,
0.1% (v/v) TFA). Bound peptides were eluted sequentially with 0.8 ml
of 10% (v/v) NH,OH and 0.2 ml of 80% (v/v) ACN, 2% (v/v) FA.
Flow-through and elution fractions were dried down and stored at
—80 °C.

TiO, Batch Enrichment—TiO, batch enrichment was performed as
described by Kettenbach and Gerber (17), with some modifications.
TiO, beads (5 um, GL Sciences Inc., Mainz, Germany) were washed
twice with 1 ml of washing solvent (50% ACN, 0.1% TFA) and four
times with 1 ml of binding solvent (2 m lactic acid, 50% ACN, 0.1%
TFA). In between, beads were spun down and the supernatant was
discarded. Peptides were dissolved in 0.5 ml of binding solvent, and
after the addition of 0.25 ml of equilibrated bead slurry, the mixture
was incubated for 1 h at room temperature with vigorous shaking.
Subsequently, the beads were washed four times with 0.2 ml of
binding solvent and five times with 1 ml of washing solution. Bound
peptides were eluted in two 10-min incubation steps with 200 ul of
elution solvent (50 mm KH,PO,, 0.5% (v/v) NH,OH, pH 11.3). The
supernatant was quenched by the addition of 30 ul of 100% FA,
dried down, and stored at —80 °C.

Phosphopeptide Enrichment with TiO, and Ti-IMAC Columns —For
chromatographic separation of phosphorylated peptides, TiO, beads
(5 wm; GL Sciences Inc.) were packed into a column (10 X 4 mm; Dr.
Maisch, Ammerbuch, Germany; Amersham Biosciences) and con-
nected to an HPLC system (AKTA Explorer FPLC, Amersham Biosci-
ences). Dried samples were reconstituted in 0.5 ml of TiO, solvent A
(80% ACN, 6% TFA) and injected. The system was operated at a flow
rate of 0.2 ml/min with a linear gradient from 0% to 85% solvent B
(1.5% (v/v) NH,OH, pH 11.8) over 30 min followed by an increase to
95% over 15 min. For elution of bound peptides, the concentration of
solvent B was kept at 95% for 50 min. In total, 13 fractions were
collected. In-house-synthesized Ti-IMAC beads were also packed
into a column (50 X 4 mm; Dr. Maisch, Amersham Biosciences). The
gradient corresponded to the one used for Fe-IMAC column enrich-
ments, except for some modifications; because of the strong metal
ion—peptide interaction, 10% (v/v) NH,OH was used for elution.

Hydrophilic Strong Anion Exchange Separation— A Dionex Ultimate
3000 HPLC system (Dionex Corp., Idstein, Germany) equipped with
an lonPac AG24 guard column (2 X 50 mm, Thermo Fisher Scientific)
and a lonPac AS24 strong anion exchange column (2 X 250 mm,
Thermo Fisher Scientific) was used for hydrophilic strong anion ex-
change (hSAX) separation of both enriched phosphopeptides and

digested full proteome samples. The system was operated at 30 °C
with a flow rate of 0.25 ml/min and an initial 3-min equilibration step
with 100% hSAX solvent A (5 mm Tris/HCI, pH 8.5) followed by
elution with a linear 17-min gradient up to 40% hSAX solvent B (5
mm Tris/HCI, pH 8.5, 1 m NaCl). Solvent B was increased to 100%
in 10 min and held constant for another 10 min. A subsequent
switch to 100% solvent A in 3 min was followed by column re-
equilibration with 100% solvent A for 10 min. 24 fractions were
collected in 1-min intervals (starting 2 min into the gradient), dried
down, and measured after on-trap desalting.

LC-MS/MS Analysis—Nanoflow LC-MS/MS was performed by
coupling an Eksigent nanoLC-Ultra 1D+ (Eksigent, Dublin, CA) to an
Oribtrap Velos (Thermo Scientific, Bremen, Germany). Peptides were
delivered to a trap column (100-um inner diameter X 2 cm, packed
with 5-um C18 resin (Reprosil PUR AQ, Dr. Maisch)) at a flow rate of
2 wl/min for 12 min and 5 wl/min for 13 min in 100% solvent A (0.1%
FA in HPLC-grade water). After 25 min of loading and washing,
peptides were transferred to an analytical column (75 um X 40 cm
C18 column; Reprosil PUR AQ (3 um), Dr. Maisch) and separated
using a linear gradient from 2% to 27% (4% to 32% for samples not
previously enriched) solvent B (0.1% FA, 5% dimethyl sulfoxide in
ACN) at a flow rate of 300 nL/min. For one direct measurement, a
210-min gradient (220-min turnaround) was applied, whereas hSAX
factions were measured for 110 min per fraction (135-min turnaround
including an on-trap desalting step). TiO, column fractions were
measured for 45 min each (60-min turnaround including an on-trap
desalting step). To prevent potential Fe®* and Ti** ion adsorption to
the reversed phase stationary phase, 5 ul of 1 um deferoxamine
dissolved in double-deionized H,O was injected between phospho-
peptide direct measurements (40).

Peptides were ionized using a 2.2-kV spray voltage and a capillary
temperature of 275 °C. The mass spectrometer was operated in
data-dependent acquisition mode, automatically switching between
MS and MS2. Full-scan MS spectra (m/z 360-1300) were acquired
in the Orbitrap at 30,000 (m/z 400) resolution and with an automatic
gain control target value of 1e6. For internal calibration, the signal at
m/z 401.922718 was used as a lock mass (41). High-resolution higher
energy collision-induced dissociation MS? spectra were generated for
up to 10 precursors with a normalized collision energy of 30% (for
non-enriched samples) or 35% (for phosphopeptide samples). The
precursor ion count for triggering an MS? event was set at 500 with a
dynamic exclusion of 20 s. Fragment ions were read out in the
Orbitrap mass analyzer at a resolution of 7500 (isolation window: 2
Th). For phosphopeptide samples, the MS? automatic gain control
target value was set at 4e4 with a maximum ion injection time of 250
ms, whereas samples that had not been previously enriched were
measured with values of 3e4 and 200 ms.

Peptide and Protein Identification and Quantification—For peptide
and protein identification, peak lists were extracted from raw files
using Mascot Distiller v2.2.1 (Matrix Science, London, UK) and sub-
sequently searched against the Human IPI database (v3.68; 87,061
entries) using Mascot (v2.3.0) with carbamidomethyl cysteine as a
fixed modification. Phosphorylation of serine, threonine, and tyrosine;
oxidation of methionine; and N-terminal protein acetylation were al-
lowed as variable modifications. The precursor tolerance was set to
10 ppm, and the fragment ion tolerance to 0.05 Da. Trypsin/P was
specified as the proteolytic enzyme, with up to two missed cleavage
sites allowed. Identified phosphopeptides were filtered using two
criteria: (i) peptide—spectrum matches were filtered for 1% FDR using
Rockerbox (42) in combination with Percolator (v1.0) (43), and (i)
remaining peptides corresponding to accepted peptide-spectrum
matches were filtered according to a 5% global peptide FDR cutoff
based on the formula published by Marx et al. (44) (higher energy
collision-induced dissociation, global FDR). This translated to Mascot
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Fic. 1. Workflow utilizing an Fe-IMAC HPLC column setup for the purification of phosphopeptides from complex digests. Fe-IMAC
eluates can be either directly measured via LC-MS/MS, providing considerable throughput, or further fractionated via hSAX to provide

increased analytical depth.

ion scores of >13.96 for phosphopeptides and >27.65 for non-
phosphorylated peptides. The peptide table created after Rockerbox
processing was used for further analysis. We established three different
categories for phosphopeptide identifications: (i) unique phosphopep-
tides were based on non-redundant phosphosequences including
phosphoisomers, (i) unique phosphosequences were based on the
sequence combined with the number of phosphomodifications (phos-
phoisomers were not considered), and (jii) confidently localized phos-
phopeptides were unique phosphopeptides that were additionally fil-
tered with a 5% false localization cutoff based on the Mascot delta
score, which was calculated according to the formula introduced by
Marx et al. (44) (higher energy collision-induced dissociation). In order to
calculate phosphopeptide selectivity, we applied the global 5% FDR
cutoff separately to identified phospho- and non-phosphopeptides.

For label-free experiments, Progenesis (v4.1, Nonlinear Dynamics,
Newcastle, UK) was used essentially as described previously (45).
Briefly, after one sample had been selected as a reference, the
retention times of all eluting precursor m/z values within the experi-
ment were aligned. Precursors between 2 and 10 charges were
included, and those with two isotopes or less were excluded. After
filtering, precursor abundances were normalized, and replicate sam-
ples were grouped together. The corresponding MS? spectra were
exported and searched against the Human IPI database (v3.68) using
Mascot (v2.3.0). The parameters corresponded to those used for
previously mentioned peptide identification. The search results were
exported in a .dat file format and filtered for 1% peptide-spectrum
match FDR and Mascot ion scores > 13.96 (or > 27.65 for non-
phosphopeptides) using Rockerbox in combination with percolator
(v1.0). Filtered peptide-spectrum matches were re-imported into Pro-
genesis and matched to the respective features. Raw data were
normalized by VSN using the R environment.

All data associated with protein and peptide quantification and
identification have been deposited as supplementary tables in Pro-
teomeXchange with the identifier PXD001060 (supplemental Table
S1, supplemental Figs. S1-S4, supplemental Fig. S6).

RESULTS AND DISCUSSION

Chromatographic Phosphopeptide Enrichment Using an
Fe-IMAC Column—As discussed above, batch and tip-based
enrichment protocols have been found to suffer from irrepro-
ducibility due to a number of factors including significant
manual intervention. In addition, enrichment selectivity and
efficiency in such formats are also strongly dependent on the
ratio of enrichment material to protein digest used, which is
hard to predict for any specific experimental context (13,
18-21). We hypothesized that much of the quoted comple-
mentarity between different enrichment materials originates in
practical shortcomings rather than differences in the molec-
ular properties of phosphopeptides. We conducted a series of
experiments (outlined below) that supported this hypothesis,
and the data collectively show that these practical issues can
be substantially reduced by the use of a conventional Fe-
IMAC HPLC column (Fig. 1). First, batch and tip-based en-
richments using TiO,, Ti-IMAC, and Fe-IMAC beads with dif-
ferent bead-to-sample ratios were re-evaluated. Our results
confirm previous observations showing that comprehensive-
ness and selectivity are directly related to the bead-to-sample
ratio (supplemental Fig. S1A). Next, we revisited the use of a
column format, employing a commercially available IMAC
HPLC column charged with Fe®>* ions. The UV trace shown in
Fig. 2A (1 mg of a trypsin-digested A431 cell lysate) showed
a clear separation of two different peptide pools. As expected,
LC-MS/MS analysis only detected non-phosphorylated pep-
tides in the column breakthrough. In contrast, 5494 non-
redundant phosphopeptides were identified in the retained
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Fic. 2. Fe-IMAC column characterization. A, Fe-IMAC UV chromatogram of 1 mg of A431 cell digest. The phosphopeptide fraction (reaction
time: ~49 min) is well separated from the column breakthrough that contains the non-phosphorylated peptides. The inset on the left shows the
number of phosphopeptides identified from the IMAC eluate and the number of phosphopeptides identified from a second IMAC enrichment of the
column flow-through (FT) of the first Fe-IMAC enrichment. The inset on the right shows the respective UV traces. Both indicate that the A431 digest
was essentially depleted of phosphopeptides. B, UV signal-based quantification of Fe-IMAC enriched phosphopeptides as a function of the amount
of cellular digest applied. It is apparent that the column captured phosphopeptides over a wide linear range. C, Venn diagram of the number of
unique phosphopeptide identifications across three technical replicates of Fe-IMAC purification of phosphopeptides from 1 mg of A431 lysate

digest.

peptide pool with >90% selectivity in a single 4-h LC-MS/MS
run on an Orbitrap Velos (higher energy collision-induced
dissociation fragmentation). No peptides were detected in any
of the other fractions of the chromatogram. The performance
of the Fe-IMAC column was further characterized with respect
to (i) comprehensiveness, (i) scalability, and (iii) reproducibil-
ity. To address comprehensiveness, we dried down the flow-
through of the initial enrichment and subjected it to a second
round of chromatographic enrichment on the same Fe-IMAC
column. Both the weak UV trace and the very low number of
identified phosphopeptides (five, of which four were also iden-
tified in the first enrichment) indicate virtually complete phos-
phopeptide depletion in a single enrichment step (Fig. 2A).
Next, the scalability of the Fe-IMAC column (4 X 50 mm) was
evaluated. Fig. 2B shows that the chromatographic peak area
scaled linearly between 100 ng and 5 mg of digest on column,
indicating sufficient capacity within that range. Importantly,
phosphopeptide selectivity exceeded 90% in all cases (sup-
plemental Fig. S1B), demonstrating that the use of an Fe-
IMAC column solved the issue of capacity without compro-
mising selectivity. As a result, we did not observe any
overrepresentation of multiply phosphorylated peptides rela-
tive to other methods (8% in this cell line; Table I), which
would be expected to occur if the capacity of the enrichment
material were exceeded (15, 46).

The reproducibility of the Fe-IMAC column format was eval-
uated through analysis and quantification of phosphopeptides
from three independent Fe-IMAC enrichments from the same
A431 cell lysate digest. Collectively, 7510 unique phospho-
peptides were identified (direct LC-MS/MS of IMAC eluates),
of which 3586 were identified in all three replicates (Table I,
Fig. 2C). To account for the fact that many phosphopeptides
are not picked for fragmentation because of the stochastic
nature of data-dependent acquisition (see below), the reten-
tion times of all peptide precursors were aligned using Pro-
genesis LCMS. This boosted the number of unique phos-
phopeptides quantified across all replicates to 5009, still
indicating undersampling by the mass spectrometer (supple-
mental Table S1). To analyze quantitative reproducibility, we
binned the quantifiable phosphopeptides by their coefficient
of variation (cv). The median cv of phosphopeptide quantifi-
cation was 15% even for raw feature abundances (supple-
mental Fig. S1C), and, as expected, variation was a function
of feature abundance itself (supplemental Fig. S1D). The ex-
cellent reproducibility between the replicates was further un-
derscored by an R? value of 0.96 when we plotted the raw
phosphopeptide feature abundances of the respective repli-
cates (supplemental Fig. S1E).

The above results indicate that our Fe-IMAC HPLC column
enrichments enabled the comprehensive, reproducible, and
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TABLE |
Summary of phosphopeptide identifications purified via Fe-IMAC column, Ti-IMAC tip, or TiO, batch format

Fe-IMAC Fe-IMAC Fe-IMAC Ti-IMAC Ti-IMAC Ti-IMAC TiO, TiO, TiO,
column  column  column tip tip tip batch batch batch
R1 R2 R3 R1 R2 R3 R1 R2 R3

Unique phosphopeptides 5494 5585 5169 5397 4727 3706 4187 4173 3709
Unique phosphosequences 4467 4597 4206 4427 3879 3055 3617 3572 3135
Confidently localized phosphopeptides 3987 4127 3799 3956 3511 2694 3192 3168 2765
Non-p 561 681 856 26 77 377 267 217 156
Selectivity (%) 91 89 86 100 98 91 94 95 96
1p (%) 92 93 94 90 91 92 96 95 94
>2p (%) 8 7 6 10 9 8 4 5 6
Unique phosphopeptides across triplicates 7510 6599 5763
Unique phosphosequences across triplicates 5552 4906 4518
Confidently localized phosphopeptides 5490 4822 4315

across triplicates

selective isolation of phosphopeptides over a wide range of
input amounts. The workflow does not the require special
additives often used in, for example, TiO, methods to en-
hance selectivity, and it benefits from sample loading and
elution conditions that are downstream compatible (e.g. for
full proteome measurements or enrichment of different post-
translational modifications from the same digest (47)) without
time-consuming and sample-losing desalting steps.
Apparent Complementarity of Methods Is Primarily Caused
by Inefficient Elution and Insufficient Mass Spectrometric Ca-
pacity—The Fe-IMAC column enrichment characterized
above was benchmarked against Ti-IMAC in tip and TiO,
batch enrichment. Ti-IMAC beads were synthesized accord-
ing to published procedures (48) (see also supplemental “Ma-
terials and Methods” section). 1 mg of A431 digest and opti-
mized bead-to-sample ratios were used to perform triplicate
enrichments for each method (supplemental Fig. S1A). Com-
petitive numbers were identified in the two methods: 6599
phosphopeptides (cumulative) for Ti-IMAC tip, and 5763 (cu-
mulative) for TiO, batch (Table I). The overlap in replicates,
phosphopeptide selectivity, and the percentage of multiply
phosphorylated peptides also did not differ profoundly from
that in Fe-IMAC column triplicates (supplemental Fig. S2A
and Table I). We next extracted phosphopeptide abundance
(intensity) information using Progenesis and found that the
intensity of triplicate Fe-IMAC column enrichments was seven
and four times higher than that of the respective Ti-IMAC tip
and TiO, batch triplicates (Fig. 3A, supplemental Fig. S2B).
This striking finding suggests not only that the Fe-IMAC col-
umn depleted phosphopeptides from complex digests (see
above), but also that it was possible to elute the peptides very
efficiently (see below). We note that the Ti-IMAC beads were
synthesized in house, and thus their quality might not have
been entirely comparable to that of beads used in other
studies (39, 48). Still, this observation prompted the question
of whether phosphopeptide binding to or elution from Ti-
IMAC or TiO, material is as efficient as that with Fe-IMAC. A
further observation was that the overlap between phospho-

peptides identified by the different materials did not exceed
20% (supplemental Fig. S2C). This strong apparent comple-
mentarity led us to perform sequential enrichments from the
same sample but using different materials. Surprisingly, nei-
ther Ti-IMAC tip nor TiO, batch purification recovered a con-
siderable amount of phosphopeptides from Fe-IMAC column
flow-throughs (a total of 19 for Ti-IMAC tip and 69 for TiO,
batch; Fig. 3B). We then reversed the enrichment order such
that desalted TiO, batch and Ti-IMAC tip enrichment flow-
throughs were subjected to Fe-IMAC column enrichment.
Although several hundred phosphopeptides were recovered
in this way (676 for Ti-IMAC and 501 for TiO,; triplicate ex-
periments (Fig. 3C)), the respective Fe-IMAC UV traces indi-
cated that the enrichment efficiency of the Ti-IMAC tip and
TiO, batch methods was likely still at least 90%. Interestingly,
when we compared the recovered phosphopeptides from the
Fe-IMAC flow-through enrichments to those identified in the
respective original triplicate analyses, a considerable overlap
of 79% for Ti-IMAC tip and 66% for TiO, batch was found
(Fig. 3C), which is much higher than the 20% figure quoted
above, indicating that there is much less complementarity in
the methods than previously thought.

Next, in order to distinguish material from format, we had a
Ti-IMAC column packed by a professional service and pur-
chased a TiO, HPLC column containing the very same mate-
rials as used in tip or batch format. For the Ti-IMAC column,
the same loading conditions as for Fe-IMAC columns were
used. Phosphopeptides were eluted in a single peak but over
a wider retention time window than for Fe-IMAC columns
(supplemental Fig. S3A). The flow-through of the Ti-IMAC
column was then subjected to Fe-IMAC column enrichment,
and the low UV signal and the identification of just 18 phos-
phopeptides in this analysis indicate more efficient enrich-
ment of phosphopeptides by Ti-IMAC in column than in tip
format (supplemental Fig. S3B). For the TiO, column, very
acidic (6% TFA) loading conditions were needed in order to
separate phosphopeptides from non-phosphorylated pep-
tides. In addition, 10-fold higher ammonia concentrations had
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Fic. 3. Comparison of Fe®**-IMAC, Ti-IMAC tip, and TiO, batch enrichments. A, MS signal intensity distribution of unique phosphopep-
tides for each method showing the superiority of Fe-IMAC for phosphopeptide recovery from complex digests. The box plot (inset) summarizes
the same data for a triplicate measurement. B, summary of the number of unique phosphopeptide identifications (in triplicate) from experiments
aiming at recovering phosphopeptides from the unbound fractions of one enrichment method using an alternative enrichment method. The
data show that Fe-IMAC recovered a noticeable number of phosphopeptides from the unbound fraction of TiO, batch and Ti-IMAC tip
enrichments. TiO, batch and Ti-IMAC tip purifications from the unbound Fe-IMAC fraction did so to a much lesser extent. C, UV chromatogram
of Fe-IMAC enrichments from the unbound fractions of TiO, batch and Ti-IMAC tip experiments. The Venn diagrams (triplicate experiments)
show that the phosphopeptides recovered by Fe-IMAC largely overlapped with those identified in the original TiO, batch and Ti-IMAC tip
enrichments, indicating insufficient capacity of the amount of TiO, and Ti-IMAC used.

to be used in order to elute any phosphopeptides from both
TiO, and Ti-IMAC HPLC columns. Surprisingly, phosphopep-
tide eluted from the TiO, column over a range of nearly 50 min
(or 10 ml of solvent; supplemental Fig. S3C), indicating rather
inefficient elution, presumably owing to very strong binding to
the TiO, stationary phase. Fraction 4 (Fig. 4A; supplemental
Fig. S3C) contained most of the unique phosphopeptides,
and in subsequent fractions the extent of redundant phos-
phopeptide identifications increased—another sign of ineffi-
cient elution. Further evidence of this was seen in an analysis
of the amino acid composition of phosphopeptides identified
in the different TiO, fractions (Fig. 4B). Between the first and
last fraction, the absolute percentage of acidic and hydropho-
bic amino acids within each fraction decreased by roughly
7%. In contrast, the frequency of hydrophilic amino acids
(mainly serine residues; supplemental Fig. S3D) increased by

11%. In other words, whereas acidic and hydrophobic phos-
phopeptides eluted relatively easily off the column, hydro-
philic peptides were more strongly retained. Some peptides
may in fact never elute when ammonia is used as a solvent,
and as a consequence the observed bias in identified phos-
phopeptides between Fe-IMAC and TiO,, can, at least in part,
be attributed to inefficient elution from the TiO, material. In
contrast, for Fe-IMAC columns, both the sharp elution peak
(supplemental Fig. S3A) and the absence of phosphopeptide
identifications in collected fractions before and after the main
peak indicate efficient elution. We surmise that the elution
bias for Ti-IMAC was less pronounced than for TiO, because
the amino acid compositions of phosphopeptides eluting from
Ti-IMAC and Fe-IMAC were largely the same. To determine
whether complete elution of phosphopeptides could be
achieved from Fe-IMAC columns with ammonia, we per-
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formed two consecutive phosphopeptide enrichments using 1
mg of A431 digest each, after which we stripped the iron off
the column using EDTA and analyzed the phosphopeptide
content of the EDTA fraction. In total, 208 unique phospho-
peptides were identified, of which 172 were high-abundance
peptides present in the prior ammonia elution (Fig. 4C). The
vast majority of these were 100 times less abundant in the
EDTA fraction, demonstrating that phosphopeptide elution
with ammonia from Fe-IMAC columns is virtually complete.
A separate aspect that somewhat complicates the dissec-
tion of the various factors determining the phosphopeptide
enrichment efficiency of the different methods tested is the
fact that in complex samples, the mass spectrometer cannot
keep up with the number of peptides entering the instrument
at any one time. For data-dependent acquisition, peptide
abundance is of course a major factor in determining which
precursor is picked for fragmentation. Once the precursor ion
complexity exceeds the fragmentation capacity of the mass
spectrometer, the process becomes rather stochastic (36). In
our experiments, only 31% of the eluting peptide-like features
(across triplicates) were actually identified (26% for Ti-IMAC
and 22% for TiO,), and those that were predominantly repre-
sented highly abundant precursors (supplemental Fig. S3E).
Thus, the inherently biased nature of data-dependent acqui-
sition is a major factor in the observed apparent complemen-
tarity between the different enrichment methods (13).
Large-scale Phosphoproteomics by Coupling Fe-IMAC Col-
umn Enrichment to hSAX Separation—As shown above, Fe-
IMAC columns enabled unbiased and comprehensive phos-
phopeptide enrichment and generally outperformed the other
two methods/formats. Still, the restricted analytical capacity

of the mass spectrometer used prevented very deep phos-
phoproteome analysis in direct LC-MS/MS measurements
(supplemental Fig. S3E). To increase analytical depth, frac-
tionation of an isolated phosphopeptide pool can be per-
formed prior to LC-MS/MS analysis. We also hypothesized
that the differences in the three phosphopeptide enrichment
methods investigated in this study would decrease in such a
setting, as the aforementioned limitations of data-dependent
acquisition would become less pronounced (49). The Trost
laboratory has recently shown good orthogonality of hydro-
philic strong anion exchange and reversed phase chromatog-
raphy for ordinary peptides (50). We therefore attempted to
determine whether hSAX would show the same desirable
characteristics for phosphopeptides (50). In a first step, we
reproduced hSAX performance for the fractionation of full
proteome samples by separating 300 ng of A431 digest into
24 fractions and measuring each of these via LC-MS/MS
using a 110-min reversed phase gradient. The identification of
48,250 unique peptides and 7343 proteins in 2 days of instru-
ment time corroborated the published results (supplemental
Figs. S4A and S4B). Next, 1.5 mg of A431 digest was sub-
jected to Fe-IMAC column enrichment and separated into 24
hSAX fractions. This increased the number of identifications
to 6321 unique phosphosequences (+13% relative to direct
measurements of 1-mg triplicates), but at the expense of a
3-fold increase in measurement time (Fig. 5A). To test the
merits of the combination of Fe-IMAC and hSAX further, we
scaled up the experiment to 5 mg of digest, leading to the
identification of 10,978 unique phosphosequences (~3700
proteins, of which 70% were also identified in the full pro-
teome (supplemental Fig. S4B)). As expected, hSAX separa-
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Fic. 5. Hydrophilic strong anion exchange separation of Fe-IMAC eluates increases depth of phosphoproteome coverage. A,
comparison of phosphosequences identified in Fe-IMAC column-based workflows with or without hSAX separation of Fe-IMAC eluates. B, top:
number of phosphopeptide identifications across an hSAX separation of Fe-IMAC eluates. Middle: as one would expect, the average
theoretical peptide charge decreased along the hSAX separation. Bottom: identification of phosphopeptides from hSAX fractions by means of
reversed phase LC-MS/MS. The size of the dot indicates the number of identified phosphopeptides. The data clearly demonstrate the strong
orthogonality of the hSAX and reversed phase separations. C, comparison of phosphosequences identified from Fe-IMAC column (direct
measurement, triplicate) to TiO, batch (direct measurement, triplicate) and Ti-IMAC tip (direct measurement, triplicate) enrichments with or
without Fe-IMAC hSAX separation. It is apparent that the number of phosphopeptides exclusively detected in TiO, batch or Ti-IMAC tip
experiments decreased strongly when the analytical depth of Fe-IMAC column enrichment was increased by hSAX fractionation. This shows
that the often quoted orthogonality of the enrichment materials is much smaller than anticipated.

tion of phosphopeptides closely followed the computed the- shows that the overlap of phosphopeptide identifications in-
oretical charge states (calculated for pH 8.5), and good creased substantially when the analytical depth increased.
orthogonality and separation efficiency relative to reversed Specifically, the fraction of exclusively identified phosphose-
phase separation were observed (Fig. 5B; supplemental Fig. quences for TiO, enrichment decreased from 27% to 6% and
S4C). Also in line with expectations, our comparison of hNSAX  from 22% to 4% for Ti-IMAC enrichment, showing that these
retention time differences between phosphopeptides and were actually purified by Fe-IMAC and were therefore not
their respective non-phosphorylated counterparts (identified specific to purification on TiO, or Ti-IMAC resins. The remain-
in the full proteome dataset) showed that the addition of a ing small discrepancy can likely be attributed to the insuffi-
phosphate group considerably increased binding to the hSAX  cient sampling speed of the mass spectrometer (supplemen-
material (supplemental Fig. S4E), rendering the application of tal Fig. S4F).

hSAX particularly well suited for phosphopeptide fraction-

ation. With a working three-dimensional phosphopeptide sep- CONCLUSION

aration scheme in hand, we revisited the apparent comple- In this paper we have shown that the often quoted comple-
mentarity of phosphopeptide enrichment materials yet again. mentarity of different materials for phosphopeptide enrich-
We compared Fe-IMAC data with and without hSAX separa- ment can actually be attributed to limited binding capacity,
tion to the data obtained from triplicate direct LC-MS/MS  biased or incomplete elution, shortcomings in the physical
measurement of TiO, and Ti-IMAC enriched samples. Fig. 5C  formats (batch, tip), and limited analytical capacity of the
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mass spectrometer. All these can be largely overcome by
using an Fe-IMAC HPLC column for bulk phosphopeptide
enrichment from complex digests and an optional hSAX sep-
aration step prior to LC-MS/MS analysis. These two chro-
matographic elements can be integrated into a flexible work-
flow (Fig. 1) that allows the identification of 4000 to 5000
phosphopeptides within 4 h of measurement time or 10,000 to
15,000 phosphopeptides within 48 h of measurement time on
a modestly performing mass spectrometer. Although our data
show that the Fe-IMAC column methodology scaled over a
wide range of digest quantities, we note that down-scaling
samples would also require down-scaling of the column. The
Ti-IMAC material in tip format also gave good overall results at
sample quantities less than 100 ug of digest. As the Fe-IMAC
column used here is commercially available, the method
should be readily implemented. It can also be anticipated that
the overall simplicity of the approach will lead to improved
reproducibility of results within one laboratory, as well as
better comparability of data acquired in different laboratories.
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