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Phosphopeptide enrichment using microscale
titanium dioxide solid phase extraction

Identification of phosphopeptides by MS is challenging due to their relatively low
abundance in proteomic samples and their limited ionization efficiency. Various
affinity enrichment methods have been used in the literature. Titanium dioxide SPE
devices have been recently proposed as an alternative to immobilized metal affinity
chromatography for phosphopeptide enrichment. This study evaluates the TiO,
method using sorbent packed in a 96 well microscale extraction plate operated
using a vacuum manifold. The phosphopeptide recovery and enrichment selectivity
were investigated at various loading conditions. The effectiveness of organic addi-
tives such as dihydroxybenzoic acid derivatives and other nonaliphatic carboxylic
acids on enrichment selectivity was examined. The performance of TiO, was com-
pared to IMAC sorbent. The results suggest that various additives improve the
enrichment selectivity by effectively interfering with the acidic peptides binding to
TiO, sorbent. Interaction of phosphopeptides with sorbent is also affected, which
leads to overall reduction in phosphopeptide recovery. The new SPE device was suc-
cessfully utilized for the extraction of phosphopeptides from yeast lysate digest
using 2,5-dihydroxybenzoic acid to minimize the interference from nonphosphory-
lated peptides.
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IMAC methods are popular for offline phosphopeptide
enrichment [17], but tend to retain acidic nonphosphory-

Protein phosphorylation plays a vital role in cellular
events and is one of the most common post-translational
modifications (PTM) [1, 2]. Phosphorylation analysis is a
significant analytical challenge due to the low abun-
dance of phosphoproteins and low phosphorylation stoi-
chiometry [3, 4].

In shotgun proteomics, phosphopeptides of interest
are typically masked by nonphosphorylated peptides
present in greater abundance in a highly complex sam-
ple. Various methods have been used for a selective phos-
phopeptide enrichment, including strong cation-
exchange chromatography (SCX) [5, 6], IEF [7, 8|, immobi-
lized metal affinity chromatography (IMAC) |9, 10|, and
metal oxide affinity chromatography (MOAC) [11-16].
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lated peptides, co-enriching them along with the target
phosphopeptides [18]. Extraction at low pH [18] or block-
ing the acidic groups by methyl esterification [19, 20]
was shown to improve the phosphopeptide extraction
selectivity.

The ability of titanium dioxide (TiO,) and zirconium
dioxide (Zr0O,) to selectively retain organic phosphates is
well documented [21 -23]. More recently, MOAC was eval-
uated as an alternative to IMAC [24, 25] for the extraction
of phosphopeptides. In addition, metal oxides were also
used for the selective extraction of organic phosphates
[26], phosphopeptides, phospholipids [27], and sialylated
glycopeptides [28, 29].

Pinkse et al. [25] demonstrated an online extraction of
phosphopeptides with a TiO, trapping column. Com-
pared to IMAC, the MOAC method was easier to imple-
ment in a nano-LC MS format [12, 30]. Larsen et al. [24, 29]
evaluated the selectivity of manually packed gel loader
tips (0.4 mg of TiO,) and compared their performance to
IMAC. The authors utilized additives such as 2,5-dihy-
droxybenzoic (DHB) and others to improve the selectivity
of enrichment. The additives compete for adsorption
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with the acidic nonphosphorylated peptides, while the
enrichment of phosphopeptides is virtually unaffected
[24].

In addition to DHB, several modifiers (displacers) have
been shown to enhance the extraction selectivity [11, 15,
16, 26, 31]. The search for alternative displacers was in
part motivated by the limited DHB compatibility with
online nano-LC MS (MS inlet contamination) [11, 14].

Larsen et al. [24] observed that DHB displacer perform-
ed comparably well to other hydroxycarboxylic aromatic
acids, such as salicylic or phthalic acids, while benzoic or
cyclohexane acids were less potent. In a later report, Jen-
sen and Larsen [16] evaluated additional displacers and
concluded that aromatic hydroxycarboxylic compounds
(gallic, and phthalic acids), and aliphatic hydroxycarbox-
ylic compound (lactic, oxalic, glycolic, and citric acids)
can also improve the enrichment selectivity. Neither
report estimated the impact of displacers on phospho-
peptide recovery.

Sugiyama et al. [14] studied displacers such as DHB, gly-
colic, lactic, malic, tartaric, and 3-hydroxypropanoic
acids. In contrast to Larsen et al. [24] and Jensen and
Larsen [16] the authors obtained significantly better
enrichment selectivity with lactic and 3-hydroxypropa-
noic acids than with DHB and glycolic acid.

Yu et al. [31] proposed the ammonium salt of glutamate
as a displacer for TiO,. According to the authors, the
dicarboxylic compounds, such as glutamate, successfully
reduce the adsorption of acidic nonphosphorylated pep-
tides. Mazanek et al. [11] investigated 1-octanesulfonic
acid (OSA) as another type of displacer in conjunction
with acetic acid. The authors term OSA as an ion-pairing
displacer, however, the mechanism of action was not fur-
ther elucidated. The recovery of phosphopeptides was
measured to be within a wide range of 33-100%. Surpris-
ingly large amounts of nonphosphorylated peptides
were co-extracted using both OSA and DHB protocols
[11].

The extraction selectivity in many published reports
was evaluated using mixtures of phosphopeptides and
nonphosphorylated peptides at 1:1 molar ratio. Evaluat-
ing the extraction protocol with more realistic samples
(low amounts of phosphopeptides spiked in a complex
background) could reveal more conclusively the per-
formance of the selected method [32]. A relevant compar-
ison for simple samples was performed by Larsen et al.
using 1:1, 1:10, and 1:50 molar ratios of phospho- to non-
phosphorylated peptides. The study concluded that TiO,
selectivity with DHB displacer meets or exceeds IMAC
sorbents.

The extracts from highly complex proteomic samples
are typically contaminated with significant numbers of
nonphosphorylated peptides. Due to MS/MS experimen-
tal workflow it is often difficult to assess the phospho-
peptide extraction selectivity and recovery. Ratios of
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phosphopeptides to nonphosphorylated peptides
detected have been used as a crude estimate of extraction
method selectivity [13, 14, 31, 33].

Some of the discrepancies in MOAC performance eval-
uation found in the literature could be explained by
different source of sorbents (Sachtopore, or GL Sciences),
different formats of SPE devices, and different detection
techniques. Larsen et al. [24] used GELoader tip (3 mm
long sorbent bed, ~0.4 mg of sorbent) with MALDI MS,
while others implemented commercially available Gly-
gen tips (4 or 10 mg of sorbent) [11], home-made tips
(3 mg, 200 uL tip) [14] or packed trapping columns
(0.5 mm x 50 mm, 5.5 mg of sorbent) [31], and analyzed
extracts with nano-LC MS and MS/MS. The different
aspect ratios of SPE devices and load/wash volumes may
have affected the recovery and selectivity of enrichment
methods. The impact of loading and eluting conditions
is not fully understood [34, 35].

In this study, we describe the evaluation of a prototype
96 well SPE plate packed in-house with 2.5 mg of 20 pm
TiO, particles per well (~2 mm bed length). The perform-
ance of this SPE plate for phosphopeptide isolation was
evaluated from the point of reproducibility, selectivity,
and sample recovery. Comparison of various additives
used in the loading step was carried out in order to
understand how to effectively reduce the nonspecific co-
extraction of nonphosphorylated peptides. The perform-
ance of the TiO, SPE sorbent was compared to IMAC mate-
rials packed in the same plate format.

2 Experimental

2.1 Materials and reagents

Four synthetic phosphopeptides mixed with yeast eno-
lase tryptic digest (commercially available as MassPREP™
enolase digest, Waters, Milford, MA, USA) at various
molar ratios (1:1-1:50) were used as model samples. The
synthetic phosphopeptides were purchased from SynPep
(Dublin, CA, USA) and purified in house using HPLC. The
amino acid sequence, phosphorylation site(s) and the
mass for the singly and doubly charged ions are listed in
Table 1. Phosphorylation sites include serine, threonine,
and tyrosine; the amino acid primary sequence of these
peptides is consistent with yeast enolase tryptic peptides
T18,T19, and T43 residues (Table 1). T43_2P peptide con-
tains two phosphoserine sites. Trypsin (Promega, Madi-
son, WI, USA) was used as a protease to cleave proteins.
High purity 2,5-DHB were purchased from two sources,
Bruker BioSciences and Waters Corporation. Other mate-
rials were purchased from Sigma-Aldrich if not speci-
fied otherwise.

The format of the SPE was a 96 well micro-elution plate
packed with 2.5 mg of TiO, particles in each well. TiO,
sorbent (20 um, 300 A) was purchased from Sachtopore
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Table 1. Four synthetic tryptic phosphopeptides derived
from yeast enolase used in this study

Phosphopeptide Sequence MW MW
description M+H)" M+H?*
T18_1P NVPLpYK 813.39 407.20
T19_1P HLADLpSK 863.40 432.21
T43_1P VNQIGpTLSESIK  1368.68 684.84
T43_2P VNQIGTLpSEpSIK  1448.64  724.83

The sequence, phosphorylation site(s), and mass to charge
ratio for the singly and doubly charged ions are listed.

(Sachtleben, Germany). The sample reservoirs of the
extraction plate accommodate ~0.7 mL of sample. Due
to the conical shape of the bottom part, wells resemble
pipette tips. The sorbent bed length is ~2 mm, sand-
wiched between two spherical ball frits.

Two IMAC sorbents used in this study were Poros MC
(AB Biosystem) and Ni-NTA agarose gel (Qiagen). The
IMAC sorbents were packed in a 96 well micro-elution
plate; 2.5 mg Poros MC or 50 pL of the Ni-NTA agarose
slurry was packed in the wells. The IMAC materials were
washed with 50 mM EDTA and chelated with Fe (III).

2.2 TiO, SPE protocol

Extraction with 96 well micro-elution plate was perform-
ed using vacuum manifold. The extraction plate housing
is identical to the commercially available pElution plate
device manufactured by Waters for the extraction of
small molecules and fits to standard vacuum manifold
[36]. Each micro-elution plate well was equilibrated with
200 uL water, followed by 200 uL methanol before use.
The micro-elution plate protocol is summarized in Table 2
for TiO, and IMAC sorbents. The additives concentration
in loading step was 0.1% TFA with 250 mg/mL of 3-hydrox-
yl benzoic acid, salicylic acid, and 2,5-DHB. In case of gly-
colicacid, we used saturated 1 M solution (~80 mg/mL).

Table 2. SPE protocols for TiO, and IMAC sorbent

Sample Preparations 1191

Sample load was performed at minimum vacuum set-
ting (~2.5 inch of Hg), loading 200 pL of sample can take
~1 min. The overall sample processing time was less
than 15 min. Multiple samples can be extracted at once
if higher throughput is required. A significant volume of
the sample can be easily processed and concentrated
with multiple loading steps or using multiple wells. The
recommended elution volume is 100 plL, but substantial
elution yield can be accomplished in 25 pL [36].

2.3 Phosphopeptide enrichment from type 1 yeast
tryptic digests

Type 1 yeast was purchased from Sigma (St. Louis, MO,
USA). Proteins were extracted using Pierce Y-per Yeast pro-
tein extraction reagent as recommended by the manufac-
turer. Approximately 2.4 mg of yeast lysate was sepa-
rated from the membrane via centrifugation at
50000 rpm for 30 min. Benzonase, 25 units, was used to
degrade the nucleic acids at 37°C for 1 h. A molecular
weight cutoff spin column (>5000 Da) was used to retain
proteins, while removing DNA degradation products and
other low molecular weight contaminants. Final protein
concentration was determined to be 56 pg/ul by Brad-
ford Assay. Approximately 2 mg of the sample was
reduced with 10 mM DTT and alkylated with 15 mM
iodoacetamide, followed with trypsin digestion; about
40 pg of trypsin was used.

The entire digest was mixed in 500 uL of 50 mg/mL of
DHB additive that was solubilized in 0.2% TFA, 50%
MeCN before loading onto the TiO, SPE. The washing and
elution steps were the same as stated in Table 2. The elu-
ent was neutralized and lyophilized before LC/MS/MS
analysis.

2.4 LC/MS and MALDI TOF MS analysis

An Alliance HPLC system (Waters) interfaced with a sin-
gle quadrupole ZQ mass spectrometer (Waters) was used

Sorbent type Loading Washing Elution
(1)0.1% TFA in 50-80% MeCN,
0.1% TFA in 50-80% MeCN 200 pL
(no additives), 200 pL
TiO, followed by
0.1% TFA in 50-80% MeCN
(with additives?) 200 uL (2) 0.1% TFA 0.3 M Ammonium
in water, 200 pL hydroxide, 100 pL
1% Acetic acid with 20% MeCN, 1% Acetic acid with 20% MeCN,
IMAC 200 pL 200 pL, repeat once

3 The additives such as 2,5-DHB were used to improve the selectivity of phosphopeptide extraction. See Fig. 2 and Section 2.2

for details.
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to perform quantitation of the enriched phosphopepti-
des. Quantitation was based on total ion current peak
areas. The analytical column used was a reversed phase
Cys column (2.1 mm x 100 mm Atlantis™ dCys, 3 um,
Waters). Mobile phase (A) was 0.1% formic acid in aque-
ous and mobile phase (B), 0.1% formic acid in 100%
MeCN. Samples were solubilized in water, and after each
injection, a linear gradient of 0-42% B in 50 min was
applied. The single quadrupole mass spectrometer was
operated using a capillary voltage of 3.2 kV, and a desol-
vation temperature at 150°C.

Nano-LC/MS analysis (Nano-ACQUITY nano-LC system,
Waters) was also performed on the isolated phosphopep-
tides on a nanoscale column 75 pum x 100 mm NanoEa-
se™ Atlantis dC,;sRP column (Waters). We did not observe
the doubly phosphorylated peptide (T43_2P) when phos-
phopeptide standards were reconstituted in water and
injected on the Nanoscale column. Such phenomenon
was not observed when the 2.1 mm analytical column
was used. To overcome this problem, we solubilized the
extracted phosphopeptides in 50 mM (NH,),HPO, with
25 mM EDTA prior to LC MS analysis. This solution mini-
mized the chelation of phosphopeptides on the metal
surfaces of the nano-LC system [37, 38]. The mobile
phases were (A) 0.1% formic acid in water and (B) 0.1% for-
mic acid in 100% MeCN. A C;s trap column (180 pm x 20
mm, Symmetry) was used to remove contaminants such
as salts; the washing period was 3 min with mobile phase
A. Peptides were eluted from the trap column and sepa-
rated on the nanoscale analytical column with a gra-
dient of 0-50% B at 1% per minute.

Data dependent acquisition (DDA) was used to confirm
the yeast phosphopeptide sequences and to locate the
phosphorylation site(s) using a QTof MS system in positive
detection mode (Waters). The amount of sample injected
corresponds to 80 ug of initial yeast lysate tryptic digest.
Ions with +2, +3, and +4 charges were subjected to CID at
elevated energies from 15 to 40 V.The total DDA duty cycle
was about 10 s, interrogating three precursors by MS/MS
in parallel fashion. The mass measurement accuracy was
corrected by measuring the mass of the (M + 2H)*"ions of a
standard peptide (GluFib) that was delivered continually
through an auxiliary pump to the ion source. MASCOT Dis-
tiller (Version 2.0) was used to process the spectra and
identify the peptidesvia the database search.

MALDITOF MS were used to evaluate the microscale SPE
device for the phosphopeptide extraction. The MALDI TOF
instrument (MALDI micro-MX™, Waters) was equipped
with a pulsed N, laser (337 nm) and a 2.3 m flight. This
instrument was operated in positive reflectron mode
with delayed extraction (500 ns). Re-crystallized a-cyano-
4-hydroxy cinnamic acid (CHCA) matrix was used for the
ionization of phosphopeptides; the CHCA was prepared as
10 mg/mLin 70% MeCN with 0.1% TFA.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. The extraction recovery and repeatability of the
TiO, micro-elution plate. The four synthetic phosphopeptides
were extracted using the TiO, with protocol listed in Table 2
(loading and washing with 0.1% TFA in 80% MeCN, washing
with 0.1% TFA in 80% MeCN and 0.1% TFA in water, elute
with 0.3 M ammonium hydroxide). Parallel analyses N=5
were conducted using five individual wells. The recovery and
the RSD for each phosphopeptide were calculated using the
extracted ion chromatograms.

3 Results and discussion

3.1 TiO, micro-elution plate performance and
extraction repeatability

Out of several protocols for phosphopeptide enrichment
using TiO, published recently only few have evaluated
the extraction recovery [11, 14]. Extraction repeatability
was addressed by a single report [14]. The majority of the
reports recommend using displacers to reduce the
adsorption of nonphosphorylated peptides on TiO, to
improve extraction selectivity.

Judging from the reports, we suspect that displacers
may affect the overall enrichment experiment recovery.
While Mazanek et al. [11] observed overall good recovery
of phosphopeptides with TopTips SPE devices, Sugiyama
et al. [14] reported significantly lower yield for selected
phosphopeptides (10% or less using 3 mg, 200 pL tip).
The mass balance of the SPE experiment was not per-
formed; the sources of the sample loss remain unclear.
Neither report [11, 14| investigated the phosphopeptide
recovery in a baseline experiment without displacers.

Using the protocols outlined in Table 2 we measured
the extraction recovery and repeatability for phospho-
peptides listed in Table 1. Five wells were processed in
parallel using ~600 pmole per peptide (~2 pg total mass
load).

The data for experiments performed without displacer
(only 0.1% TFA in the loading solution) are summarized
in Fig. 1. The recovered fractions and extracts were ana-
lyzed 2.1 mm x 100 mm HPLC with MS detection (see Sec-
tion 2) and compared to the original sample composition
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prior to the extraction. All peptides except T19_1P show
recovery greater than 80% with less than +7% RSD. The
recovery of the T19_1P peptide was 63 = 9%. The perform-
ance of the 96-well micro-elution plate is adequate for
routine phosphopeptide enrichment experiments.

In order to investigate the sources of the recovery loss,
we analyzed load and wash fractions. Small break-
through was observed, in particular for T19_1P (data not
shown). Higher recovery of T43_2P compared to the
other three peptides suggests that TiO, has greater affin-
ity toward multiply phosphorylated species.

The loading capacity based on cumulative mass load of
four phosphopeptides (Table 1) is about 100 pug; above
this limit a significant breakthrough of all phosphopep-
tides was observed by LC/MS. The 100 pg mass load limit
should be treated with caution, since it is difficult to
determine the loading capacity for complex proteomic
samples.

3.2 Extraction selectivity with different displacers

Infrared spectroscopic and chromatographic studies con-
firm that phosphates, dicarboxylic, and hydroxycarobox-
ilic compounds exhibit distinct affinity toward TiO, sur-
face [39-41]. Presumably, phosphates are adsorbed stron-
ger than glutamate and aspartate residues. The rationale
for using displacers is that they reduce the binding of
nonphosphorylated peptides, while the phosphopep-
tides remain strongly adsorbed.

The protocol shown in Table 2 utilizes additives to
improve the extraction selectivity. Larsen et al. [24] first
proposed that 2,5-DHB additive in the load step effec-
tively interferes with the adsorption of acidic nonphos-
phorylated peptides. Some other displacers were utilized
with various degrees of success [11, 14, 16, 24, 26, 29, 31].
In this study, we use DHB and several structurally similar
additives in an attempt to further clarify the impact of
displacers in the phosphopeptide enrichment selectivity
and recovery.

Besides displacer(s) the loading solution is comprised of
other components, such as acids and organic solvent.
Some protocols included high concentrations of acid [11,
13]. In such cases, the acid can possibly act as displacers
themselves (competing with acidic peptides for adsorp-
tion sites). Surprisingly little attention was paid to the
role of organic solvent in the extraction [34]. Loading solu-
tions typically contain 50-80% MeCN [16, 24, 29]. Our
experiments suggest that at least 50% MeCN concentra-
tion is necessary to achieve good enrichment selectivity
with TiO,sorbents. Loading samples at lower organic con-
centration results in co-extraction of nonphosphorylated
peptides (data not shown). This effect in part explains why
significant amounts of nonphosphorylated peptides were
recovered in a protocol published by Mazanek et al. (30%
MeCNin load), despite using displacers [11].

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. The structures of the displacing agents used for
phosphopeptide extraction. (A) 3-hydroxyl benzoic acid, (B)
salicylic acid, (C) 2,5-DHB, and (D) glycolic acid.

From the literature reports [16, 24, 29|, we deduce that
compounds with carboxylic moiety alone are not effi-
cient displacers. Two functional groups such as in 2,5-
DHB may be required for the displacer to work effec-
tively - a carboxylic acid group and a hydroxyl group.
This hypothesis is supported by Larsen et al. [24], who
found that 2,5-DHB, salicyclic acid, and phthalic acid (all
having carboxylic and hydroxyl groups) are the most
effective additives for phosphopeptide enrichment. We
hypothesize that potent displacers have two functional
groups in close proximity, preferably in a spatially
locked position on the aromatic ring.

The structures of compounds used in this study are
show in Fig. 2. Except for glycolic acid (Fig. 2D), the dis-
placers are aromatic hydroxyl-carboxylic acids. 2,5-DHB
(Fig. 2C) is an aromatic carboxylic acid with two hydroxyl
groups in ortho and meta position. Salicylic acid (Fig. 2B)
has a single OH group in otrtho position, while 3-hydroxyl-
benzoic acid (Fig. 2A) has a single OH group in meta posi-
tion.

The sample used in the enrichment experiment was
enolase tryptic digest spiked with four phosphopeptide
standards (Table 1). The peptide mixture was dissolved in
0.1% TFA with 250 mg/mL of 3-hydroxyl benzoic acid, sal-
icylic acid, 2,5-DHB, or saturated glycolic acid (1 M solu-
tion, ~80 mg/mL) in 80% MeCN prior to the TiO, SPE
extraction. Both MALDI-TOF MS and LC/MS were used to
compare the effectiveness of these displacing reagents in
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Figure 3. A mixture of yeast enolase tryptic peptides with four phosphopeptide standards in 50:1 molar ratio (250:5 pmol) was
used to compare different loading conditions by changing the additives. The MALDI-TOF spectra from (A) a control sample (eno-
lase peptide with four phosphopeptides), (B) TiO, loading with 0.1% TFA, (C) loading with 250 mg/mL of 3-hydroxyl benzoic acid,
(D) loading with 250 mg/mL of salicylic acid, (E) loading with 250 mg/mL of 2,5-DHB, and (F) loading with saturated glycolic acid

(1 M). Sequences of labeled peptides are shown in Tables 1 and 4.

terms of reducing the content of nonphosphorylated
peptides in the TiO, extract.

We decided to challenge our SPE protocol with the
sample containing (50:1) excess of the enolase tryptic
digest to phosphopeptide standards. This sample mimics
more realistically the complex biological sample and
allows for more meaningful evaluation of enrichment
selectivity. The enolase tryptic digest was chosen because
it contains multiple acidic peptides.

Figure 3A shows the MALDI MS analysis of the original
sample prior to the extraction. Because of the molar
excess of nonphosphorylated enolase peptides the phos-

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

phopeptide signals are not evident in this control sam-
ple. After TiO, affinity extraction at five different loading
conditions, all four phosphopeptides were enriched to
certain degrees (Figs. 3B-F). DHB and salicylic acid load-
ings gave the best results in terms of eliminating the sig-
nals of nonphosphorylated peptides. Glycolic acid, 3-
hydroxyl benzoic acid, and TFA experiments showed
decreasing trend of extraction selectivity. Since the
MALDI experiment is essentially nonquantitative, the
phosphopeptide extraction recovery cannot be ascer-
tained from the experiment shown in Fig. 3.
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Figure 4. A mixture of yeast enolase tryptic peptides mixed with four phosphopeptide standards in 50:1 molar ratio (250:5 pmol)
was used to compare different loading conditions by changing the additives. The LC/MS total ion current results from (A) a con-
trol sample (enolase tryptic digest spiked with four phosphopeptides), (B) loading in 0.1% TFA, (C) loading in saturated glycolic
acid, and (D) loading in 250 mg/mL of 2,5-DHB solutions. The asterisk indicates an unidentified impurity originating from the raw
DHB material. Sequences of labeled peptides are shown in Tables 1 and 4. The data for 3-hydroxyl benzoic and salicylic acid

acids are similar to glycolic acid, chromatograms are not shown.

Both TFA and 3-hydroxyl benzoic acid experiments
gave rather similar MALDI-TOF spectra which suggests a
less selective extraction of phosphopeptides. More sup-
porting data were obtained in the LC/MS experiment
shown in Fig. 4, which compares the TiO, extraction
selectivity using TFA, glycolic acid, and 2,5-DHB additives
in the loading step. Again, 2,5-DHB provides the best
selectivity of phosphopeptide extraction followed by gly-
colic acid; TFA is shown to give the least desirable results.
A small unknown impurity peak was marked in Fig. 3D.
We observed this impurity peak consistently when using
the 2,5-DHB obtained from Bruker. This impurity peak
was not observed when using an alternative source of
DHB (Waters, MassPREP MALDI matrix).

Further analysis of the results in Figs. 3 and 4 sheds
some light on the importance of a hydroxyl group on a
benzene ring. The comparison of 2,5-DHB, salicylic acid,
3-hydroxyl benzoic acid, and nonaromatic carboxylic
acid (glycolic acid) suggests that the OH group in ortho
position (DHB and salicylic acid) is potentially more
important for reducing the nonspecific peptide interac-
tion than OH group in meta position.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The 2,5-DHB was found to be the most potent additive,
fully in agreement with Larsen et al. [24] and other
reports [16, 29]. The selectivity improvements correlated
directly with the displacer nature and concentration as
discussed in the next section.

3.3 Recovery of phosphopeptide enrichment

The phosphopeptide extraction selectivity and yield
were evaluated for both IMAC and TiO, SPE methods. The
comparison of phosphopeptide yield is shown for four
synthetic phosphopeptides (Table 1) spiked into the eno-
lase tryptic digest in 1:1 molar ratio.

As discussed earlier, the co-extraction of nonphos-
phorylated peptides can be minimized by including the
2,5-DHB in the loading step (for TiO, SPE, Figs. 3 and 4).
According to Larsen et al. [24], the 2,5-DHB preferentially
affects the binding of the acidic peptides to TiO, sorbent.
However, the results in Table 3 suggest that the use of
additive also reduces the phosphopeptide extraction
yield compared to loading in 0.1% TFA. Presumably, a
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. A T18 1P
mT19_1P
® T43 1P
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A) loading with 50 mg/ml DHB

B) loading with 200 mg/ml DHB
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Figure 5. A mixture of yeast enolase tryptic peptides mixed with four phosphopeptide standards in 50:1 molar ratio (250:5 pmol)
was processed using the TiO, micro-elution SPE plate. An estimated 400 fmol of extract (phosphopeptides) was injected into
nano-LC/MS. The two normalized LC/MS chromatograms show the difference in phosphopeptide recovery using two different
2,5-DHB loading amounts. (A) The peptide mixture was solubilized in 50 mg/mL of 2,5-DHB in 0.1% TFA and 80% MeCN. The
total SPE loading volume was 200 pL. (B) 200 mg/mL of 2,5-DHB in 0.1% TFA and 80% MeCN was used in the SPE loading

step (200 ulL).

Table 3. The phosphopeptide recovery using both TiO, and
IMAC extraction methods

Phosphopeptide T18_P T19_P T43_1P T43_2P

recovery (%) (%) (%) (%)
TiO,/TFA 83 63 84 102
TiO,[glycolicacid 74 59 64 69
TiO,/DHB 40 22 21 61
IMAC/Poros (FeIIl) 55 76 18 94

Average recovery is given for TFA experiment (N=5), N=3
for the remaining TiO, results and N = 2 for IMAC experiments.

portion of phosphopeptides is lost as sample break-
through.

Reduction in recovery correlates with the 2,5-DHB con-
centration used in loading step. Figure 5 shows the nano-
LC/MS analysis of two different 2,5-DHB loading concen-
trations; 50 and 200 mg/mL. Nonphosphorylated pepti-
des were more effectively removed with higher DHB con-
centration (Fig. 5; the y-axis range in Figs. 5A and B is the
same), while the greater phosphopeptide recovery was
obtained with lower concentration. The loss of recovery
is most apparent for peak T43_1P. The unmarked peaks
in Fig. 5A are co-extracted acidic enolase peptides.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The experiment confirms that 2,5-DHB can effectively
minimize the nonspecific binding of nonphosphorylated
peptides when used in sufficiently high concentration.
However, the singly phosphorylated peptides exhibiting
lower affinity toward TiO, are likely to be also partially
displaced by 2,5-DHB.

Some recovery loss was also observed when using gly-
colic acid (1 M) as the loading additive, but to a lesser
extent than for 2,5-DHB (250 mg/mL, 1.6 M). The recovery
difference between TiO, and IMAC (Poros MC) shown in
Table 3 is based on an average of two measurements. The
overall IMAC recovery using the chosen phosphopeptides
is lower than with TiO, using TFA and glycolic acid load-
ing conditions, but better than using 2,5-DHB as the dis-
placing agent. We also noticed that IMAC provides for rel-
atively more efficient extraction of doubly phosphory-
lated T43_2P, while failing to recover T43_1P with phos-
phothreonine motif. It appears that not only the number
of phosphate groups but also the type of phosphoryla-
tion (phosphothreonine vs. phosphoserine vs. phospho-
tyrosine) and potentially the sequence motif affect the
adsorption affinity toward both TiO, and IMAC sorbents.
Not surprisingly, we also observed a different perform-
ance and selectivity for IMAC sorbents based on different
chelating ligands [32], as discussed in the next section.
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Figure 6. A mixture of enolase tryptic peptides with four synthetic phosphopeptides in a 50:1 molar ratio (250:5 pmol) was used
to compare the phosphopeptide selectivity between TiO, and IMAC. LC/MS was used to analyze the extracts. (A) LC/MS of the
control sample, (B) TiO, method with 250 mg/mL of 2,5-DHB in the loading step, (C) IMAC Poros MC enrichment, and (D) Qia-
gen NTA enrichment. Both IMAC devices were chelated with Fe (lll). Approximately 400 fmol of sample was injected onto the

nano-LC column.

3.4 TiO, and IMAC SPE methods comparison

Figure 6 shows the selectivity difference between TiO,
(with 2,5-DHB loading) and IMAC in more detail. The SPE
extract was analyzed with nano-LC/Q-Tof MS. The control
sample is 250 pmol of enolase peptide mixed with
5pmol of the standard phosphopeptides (50:1),
~0.4 pmol of phosphopeptides was injected on nano-LC
column for analysis. The phosphopeptides are present
only as minor signals in the control sample (Fig. 6A). Fig-
ure 6B once again confirms that extraction with TiO, and
2,5-DHB (250 mg/mL) in the loading step provides for
good selectivity toward phosphopeptides. The nonphos-
phopeptides were nearly completely eliminated from
the extract. In contrast, the IMAC sorbents retained both
phosphopeptides and acidic enolase peptides (Figs. 6C
and D).

The list of peptides with their pI values is provided in
Table 4. Figure 6 clearly indicates that some of the acidic

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

peptides were co-extracted along with the target phos-
phopeptides, and their relative abundance was enriched
compared to the control sample shown in Fig. 6A. Some
of the acidic peptides were also observed in TiO, extracts
in Figs. 3 and 4, along with other peptides with pI values
as high as 7.3. The TiO, sorbent exhibits affinity toward
glutamic and aspartic amino acids [39] (perhaps in cer-
tain motifs), rather than toward acidic peptides in gen-
eral (see also Table S5 of Supporting Information).
NTA-(Fe III) agarose sorbent retained acidic peptides to
a lesser extent compared to Poros MC (Fe III) (Figs. 6C and
D). Trace amounts of DHB were retained on the TiO, in
the loading step and were eluted with the phosphopep-
tides as a significant peak detectable by UV. We believe
that the residual amount of DHB has an impact on the
retention selectivity of the peptides in an RP LC separa-
tion. This is why the phosphopeptide peaks in the TiO,
and IMAC experiments did not align between LC/MS
chromatograms as expected. The retention and selectiv-
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Table 4. Nonphosphorylated peptides co-enriched along with phosphopeptides

Peptide fragment number and sequences pl
a T4 GNPTVEVELTTEK 4.3
b T51-52 IEEELGDNAVFAGENFHHGDKL 4.3
c T38 TAGIQIVADDLTVINPK 4.1
d T14 AVDDFLISLDGTANK 39
e T44-45 AAQDSFAAGWGVMVSHRSGETEDTFIADLVVGLR 4.4
f T45 SGETEDTFIADLVVGLR 39
g T37 YPIVSIEDPFAEDDWEAWSHFFK 4.0
h T2-4 VYARSVYDSRGNPTVEVELTTEK 4.9
i T27 YGASAGNVGDEGGVAPNIQTAEEALDLIVDAIK 3.7
j T51 IEEELGDNAVFAGENFHHGDK 4.3
k T30 IGLDCASSEFFK 4.3
1 T19 HLADLSK 7.3
m T32 YDLDFK 4.1
n T23 IGSEVYHNLK 7.3
o T11 NVNDVIAPAFVK 6.2
p T43 VNQIGTLSESIK 6.4
q T31-32 DGYDLDFK 4.3

Peptides a—i are shown in Fig. 6 (IMAC protocol). Peptides j—q were observed in Figs. 3 and 4, co-extracted in TiO, experiment.

ity shift for DHB experiments were consistent and repro-
ducible (data not shown).

The experiment depicted in Fig. 6 illustrates that TiO,
SPE in combination with 2,5-DHB additive provides for
highly selective enrichment of phosphopeptides from
complex peptide mixtures. Interestingly, the recent pro-
teomic study suggests that IMAC method outperforms
TiO, enrichment in both the number of identified phos-
phopeptides and selectivity and that in those terms the
phthalic acid is superior to DHB displacer [33]. Naturally,
the format of SPE device and specific protocol conditions
will affect the results and may account for the discrep-
ancy. As far as we know, only one systematic study was
published to date comparing the performance of IMAC
and MOAC methods in proteomic experiment [33].

3.5 Phosphopeptide extraction from yeast

The 96-well micro-SPE TiO, plate was tested for phospho-
peptide extraction from a complex biological sample.
The extraction method is simple and could be accom-
plished in 15 min without the need for derivatization, or
other sample pretreatment. Type 1 yeast lysate was proc-
essed using the TiO, SPE, loading with DHB additive
(50 mg/mL) using protocol shown in Table 2.

The selectivity of enrichment can be estimated from
the ratio of identified phosphopeptides versus co-
extracted nonphosphorylated peptides [14, 31]. A total of
57 unique yeast phosphopeptides along with 40 non-
phosphorylated peptides were identified by LC/MS/MS
(DDA) experiment using MASCOT Distiller. The average
MASCOT ion score was 60. Among the 57 phosphopep-
tides, 21 of them were multiply phosphorylated. A
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detailed list of peptides including 40 nonphosphorylated
ones is shown in Table S5 of Supporting Information.
More extensive list of phosphopeptides (198 unique pep-
tides, 151 proteins) identified using combination of
mixed-mode chromatography and MOAC methods was
published elsewhere [28].

The phosphopeptide identification limits can be
roughly estimated for a given nano-LC MS/MS system.
Approximately 5-50 fmole peptides should be intro-
duced on column to achieve MS/MS spectra quality suit-
able for peptide identification. Assuming ~50% recovery
and the fact that only ~10% of sample processed by SPE is
injected on column, the minimal amount of starting
phosphopeptide (phosphoprotein) material should be
0.1-1 pmole.

4 Conclusions

A new TiO, micro-elution SPE device in a 96-well format
achieved good performance in terms of ease of use, phos-
phopeptide extraction recovery, and selectivity. Simi-
larly the selectivity of TiO, micro-SPE phosphopeptide
enrichment depends strongly on the extraction condi-
tions. When loading the sample with 0.1% TFA and 80%
MeCN, the extraction selectivity was comparable to IMAC
sorbents or worse.

The nonphosphorylated peptides containing aspartic
and/or glutamic acid can be effectively displaced from
the TiO, binding sites when loading the samples on SPE
in DHB or salicylic acid solutions. The extraction selectiv-
ity decreases for displacers as follows: DHB-salicylic
acid > 3-hydroxyl benzoic acid—glycolic acid > 0.1% TFA
(no displacer). The selectivity depends on the nature and
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concentrations of displacer. High concentration of dis-
placer improves the selectivity, but compromises the
phosphopeptide recovery. Quantitative data suggest that
phosphopeptide recovery is between ~60 and 100%
when using 0.1% TFA/80% MeCN in the loading solutions.
The yield is reduced to ~20-60% when 250 mg/mL DHB
was included in the load.

Data from literature and our results lead us to specu-
late that certain displacers are more effective because of
the conformation and spatial orientation of the hydroxyl
and carboxyl functional moieties (which mimic the spa-
tial geometry of aspartate and glutamate residues). Our
results are in general agreement with Larsen et al. [24],
however, similarly to Sugiyama et al. [14] we found that
glycolic acid performance is less favorable than observed
by Jensen and Larsen [16].

There is considerable interest in a selective and sensi-
tive phosphopeptide enrichment using online nano-LC
methods using trapping columns. In online setup, the
choice of displacers becomes crucial. Our data suggest
that sample loading in 0.1% TFA is not ideal from the
point of extraction selectivity. DHB and gallic acid are
strongly adsorbed on the TiO, (and other metal oxide
sorbents) as demonstrated by the permanent sorbent dis-
coloration [16]. It may be difficult to regenerate the trap-
ping columns in order to perform repeatable experi-
ments with these displacers. Besides glutamate salt [31],
3-hydroxypropanoic acid, lactic acid [14], and other ali-
phatic hydroxycarboxylic acid [16], there potentially are
other displacers more suitable for online nano-LC MS
analyses.

The authors declared no conflict of interest.
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