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INTRODUCTION

Phosphorylation of proteins, which occurs at serine,
threonine, and tyrosine residues, is the most studied and
best characterized of all post-translational modifications
(PTMs). This PTM plays an important role in signal
transduction, metabolic control, and gene regulation. The
abundance of these phosphorylated peptides in samples is
usually low, making detection difficult.

Metal affinity trapping and enrichment using either
Ga(III) or Fe(III) as a ligand in a column such as the
ProPac® IMAC-10 has been developed into an efficient
technique for phosphoprotein analysis.! Another way of
capturing phosphopeptides from a peptide mixture is by
titanium dioxide (TiO,). This technique was proposed
and developed by Pinkse and co-workers? and further
optimized by Larsen and co-workers.? In this study the
performance of titanium dioxide columns, packed with
spherical 5 um particles, is investigated. The phosphopep-
tides are captured on the TiO, precolumn, eluted using

ammonium bicarbonate (NH4HCO3) concentrated using
a reversed-phase (RP) nano precolumn, separated using a
RP nanocolumn, and directed to the mass spectrometer for
identification.

EXPERIMENTAL

The TiO, nano precolumn consists of spherical 5 um
TiO, particles packed to a depth of 1 cm in a 15 cm long
fused silica capillary with a 200 pm i. d. (P/N 164215).

Test samples were two single synthetic phosphopep-
tides (sequence and mass in Table 1) and a BSA digest
spiked with the same synthetic phosphopeptides.

All solvents and water were LC-MS grade.

Table 1. Phosphopeptide Sequence and Mass

Amino Acid Sequence MW (Da)
SVENLPEAGIpTHEQR 1758.8
ENIMRpSENSESQLTSK 1931.8




CONDITIONS

LC Conditions
LC system:

Analytical Column:

Nano Precolumns:

Mobile phases:

Loading solvents:

Wash solvents:

TiO, trap eluent:

Gradient:
Loading flow:
Flow-rate:

Samples:

UV detector:

MS Conditions

Mass spectrometer:

ESI-MS:

UltiMate™ 3000 Intelligent
LC system

Nanocolumn: 75 pm X 15 cm,
Acclaim® PepMap™ C18

PM100, 3 um, 100A

(P/N 160321)

TiO, nano precolumn:

200 pmi.d. X 1 cm, packed with

titanium dioxide, 5 um particles

(P/N 164215)

RP nano precolumn:

100 pmi.d. X 1 cm, packed with

Acclaim PepMap C18 PM100,

5 um, 100A (P/N 164197)

A: 0.05% trifluoroacetic acid
(TFA) in water

B: acetonitrile/water (80:20 v/v),
0.04% TFA

1: 0.05% TFA in water

2: 0.05% heptafluorobutyric acid
(HFBA) in water

1: acetonitrile/water (80:20 v/v),
0.1% HFBA

2: acetonitrile/water (80:20 v/v),
0.1% HFBA, 2 mg/mL dihy-
droxybenzoic acid (DHB)

250 mM NH_HCO, in water
titrated to pH 9.0 with NH,OH
3-40% acetonitrile in 30 min

8 uL/min

300 nL/min

Single phosphorylated synthetic
peptides

BSA digest spiked with synthetic
phosphopeptides

214 nm, 3 nL flow cell

HCTultra™ (Bruker Daltonics)

Positive ion mode, mass range
200-2000 m/z

RESULTS & DISCUSSION

For this application two switching valves are
required. The Flow Manager (FLM-3100) of the
UltiMate 3000 system is equipped with two valves as
shown in Figure 1. The TiO, column for phosphopeptide
capture is connected to the right valve. This is the same
position used for an ion-exchange (IEX) column in a
two-dimensional liquid chromatography (2-D LC) experi-
ment. The RP nano precolumn and separation column are
connected to the left valve. The procedure for separating
phosphopeptides from a peptide mixture is similar to an
IEX-RP peptide separation. A part of the sample (i.e.,
the phosphorylated components) is captured by the TiO,
phase based on the affinity of titanium for phosphate
groups. In the case of 2-D LC with TiO, columns, there
are only two LC runs necessary for complete sample
analysis: sample loading and elution of the bound frac-
tion. Phosphopeptides are eluted from the TiO, column
with a 20 pL plug of basic solution.

Nano Precolumn TiO,

— Loading

solvent

Precolumn C18

23729

Figure 1. Experimental TiO, and RP preconcentration setup for
phosphopeptide enrichment (FLM-3100).

Table 2 lists the valve switching program for
Figure 1. In the first LC run the sample is injected onto
the TiO, column and phosphopeptides are captured by the
TiO, phase. The breakthrough consisting of non-phos-
phorylated peptides is trapped on the RP nano precolumn
(100 pm x 1 cm) and eluted according to the gradient
shown in the table. The second run can be an additional
wash or direct elution of the phosphopeptides from the
TiO, column by injecting a 20 pL plug of NH4HCO3, pH
9.0. After preconcentration, a gradient separation similar
to the one applied to the non-phosphorylated peptides is
performed. Both the TiO, column and the nano precolumn
are loaded and eluted only in forward flush mode.
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Time %B? Valve RP Valve Ti0 | Flow Rate (pyL/min) Event
Loading  Micro
0.0 4 10_1 10_1 10 0.3 Elute phosphopeptides from Ti0,.
Concentrate on C18 Precolumn.
6.0 4 10_1 1.2 10 0.3 | Begin gradient separation.
12.0 13 1.2 1.2 10 0.3
36.0 50 1.2 1.2 10 0.3 | Complete gradient.
36.1 90 1.2 1.2 10 0.3 | Clean columns and precolumns
42.0 90 1.2 1.2 10 0.3
421 4 1.2 1.2 10 0.3
57.0 4 10_1 10_1 10 0.3 | Regenerate columns.
65.0 4 10_1 10_1 10 0.3

9Mobile phase B is acetonitrile/water 80:20 v/v. Thus 4% B is approximately 3% acetonitrile and

50% B is 40% acetonitrile.

PHOSPHOPEPTIDE CAPTURE ON A Ti02 NANO

PRECOLUMN

A standard composed of 10 ng of a phosphopeptide
with known sequence was used to determine the binding
ability of the TiO, nano precolumn. The phosphopeptide
was loaded onto the TiO, precolumn using 0.05% TFA,
and the loading solution was analyzed. The chromato-
gram of the TFA (Figure 2A) showed no breakthrough,

Nano Precolumns: 200 pm i.d. x 1 cm, packed with TiO, 5 um

100 pm i.d. x 1 cm, packed with Acclaim PepMap

C18 PM100, 5 ym
Analytical Column:  Acclaim PepMap C18 PM100, 3 um
Dimensions: 75umx15cm

0.05% TFA in DI water
(A) 0.05% TFA in DI water
(B) 0.04% TFA in acetronitrile/DI water (80:20 v/v)

Loading Solvent:
Mobile Phases:

Gradient: 3-40% acetronitrile in 30 min
Ti02 Trap Eluent: 250 mM NH;HCQ3 in DI water, pH 9.0
Flow Rate: 300 nL/min
Loading Flow: 8 ul/min
Detection: uv, 214 nm
Peaks: (A) (B)
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Figure 2. Capture of phosphopeptide SVENLPEAGIpTHEQR on a
TiO, column. Gradient: 3—40% acetonitrile in 30 min.

(A) Chromatogram of loading solution (B) Chromatogram of
phosphopeptide eluted after NH,HCO; plug.

confirming the ability of the TiO, to trap this peptide.
Figure 2B shows the successful separation and detection
of the phosphorylated peptide after elution from the TiO,
phase using a 20 pL plug of 250 mM NH4HCOj;, pH 9.0.

ENRIGHMENT OF PHOSPHOPEPTIDES FROM A
COMPLEX DIGEST BY Ti0, CAPTURE

To demonstrate phosphopeptide enrichment from a
complex peptide mixture, a tryptic digest of the non-phos-
phorylated protein BSA, spiked with synthetic phospho-
peptides, was loaded onto the TiO, precolumn. Each
synthetic peptide contained one phosphate group. One of
the peptides was phosphorylated at threonine, the other at
serine (Table 1).

Previous studies have shown that the TiO, phase not
only binds phosphorylated peptides, but also other acidic
peptides. These elute from the TiO, at high pH together
with the phosphopeptides, making spectral analysis more
difficult and sometimes suppressing ionization of the
phosphopeptide. Pinkse et al.2 and Larsen et al.3 demon-
strated that the use of strong acids during loading of the
TiO, column, followed by an acidic wash, is very effec-
tive in the removal of non-specific bound peptides. Acetic
acid, trifluoroacetic acid (TFA), and dihydroxybenzoic
acid (DHB) have been shown to assist with the removal of
non-phosphorylated peptides. In this study, heptafluoro-
butyric acid (HFBA) was used for loading and washing
the TiO, precolumn.

The breakthrough, composed of peptides without
affinity for the TiO, phase, was eluted and separated on
the analytical nanocolumn. The chromatogram of the
breakthrough, Figure 3A, demonstrates the effectiveness

Application Note 531 3



of HFBA in the removal of BSA peptides. A 20 pL plug
of 250 mM NH4HCOs3, pH 9.0 was then used to elute
the bound fraction, which was separated using the same
gradient (Figure 3B).

An additional wash with 20 mg/mL DHB, 80% aceto-
nitrile, 20% DI water, and 0.1% HFBA, performed after
loading, further aided the removal of acidic peptides from
the TiO, precolumn (data not shown). This confirms the
finding of Larsen et al.3

Nano Precolumns: 200 pm i.d. x 1 cm, packed with TiOz, 5 ym
100 pm i.d. x 1 cm, packed with Acclaim PepMap
C18 PM100, 5 pm

Analytical Column: ~ PepMap C18 PM100, 3 pm

Dimensions: 75umx15cm
Loading Solvent: 0.05% HFA in DI water
Wash Solvent: 0.01% HFBA in DI water

Mobile Phases: (A) 0.05% TFA in DI water

(B) 0.04% TFA in acetronitrile/DI water (80:20 v/v)

Gradient: 3-40% acetronitrile in 30 min
TiO, Trap Eluent: 250 mM NH4HCOQ3 in DI water, pH 9.0
Flow Rate: 300 nL/min
Loading Flow: 8 ulL/min
Detection: MS
Peaks: (A) (B)
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Figure 3. Isolation of two synthethic phosphopeptides
(SVENLPEAGIpTHEQR and ENIMRpSENSESQLTSK) from a BSA
tryptic digest, on a TiO, column. The loading solvent was 0.05%
aqueous HFBA. Gradient: 3—40% acetonitrile in 30 min. Sample
amount: 180 ng BSA digest containing 5 ng phosphopeptides.

(A) Breakthrough of most of the BSA peptides after loading.

(B) Release of the bound fraction containing the phosphorylated
peptides and several acidic peptides from BSA, upon application of
20 uL. NH,HCO3, pH 9.0.

Peptides resulting from both separations were
analyzed on-line with a Bruker HCT/Ultra ion-trap mass
spectrometer. ESI-MS/MS and MS(3) spectra were re-
corded. As generally occurs with labile post-translational
modifications, the MS/MS fragmentation of phosphory-
lated peptides tends to first remove the phosphate group,
leaving the amino acid backbone nearly intact. This
process takes place because the energy needed to break
the phosphate bond is much lower than that needed for
an amide bond. Therefore, if peptide identification is
desired, a higher order of fragmentation of the peptide
is necessary. MS(3) spectra of phosphorylated peptides
were selectively recorded based on the neutral loss of
phosphoric acid (98, 49 and 32.6) for singly, doubly, and
triply charged ions, respectively, which is characteristic
for phosphopeptides.

In the example below the Fragmentation Only option
of the Auto MS(3) algorithm was employed (Esquire con-
trol software, Bruker Daltonics, version 6.1). This option
allows the acquisition of MS(3) spectra without isola-
tion of the ions showing neutral loss of phosphoric acid.
The resulting MS(3) fragments are added to the existing
MS(2) fragments, increasing sensitivity and offering a
more complete fragmentation spectrum of the peptide.
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Figure 4. Fragmentation Only [MS(3) without isolation] of 5 ng of
phosphopeptides SVENLPEAGIpTHEQR with mass 1758.7938 Da.
The mass/charge ratio of the parent ion being fragmented is 880.8%*.
The detected neutral loss of 49 (phosphate) and 58 (phosphate and
water) is indicated.
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