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Introduction

Phosphoproteins are integral to global cellular signaling in
disease and key to understanding biological regulation.
Unfortunately, many phosphopeptides are present at very
low levels in a typical cell lysate. An efficient, automated
and robust enrichment strategy in a proteomics workflow
can facilitate the identification and quantification of these
lower-abundance species. Previous approaches have focused
on enrichment with immobilized metal ion affinity chroma-
tography (IMAC).! However, enrichment and recovery of
phosphopeptides using an IMAC system strongly depends
on the type of metal ion and column material, and is
often hampered by the non-selective enrichment of acidic
peptides.2? Recently, metal oxide affinity chromatography
using aluminum, titanium, zirconium and other metal
oxides was successfully applied for selective enrichment

of phosphopeptides.* We describe here an integrated,
automated, high-throughput workflow using high-resolution
LC-MS/MS for the selective enrichment and identification
of phosphopeptides from cell lysates. Once the phospho-
peptides are discovered and identified, selective reaction
monitoring (SRM) assays using a triple quadrupole mass
spectrometer can be developed to efficiently monitor and
quantify the target peptides.’

Goal

The goal of this study was to simplify and automate the
enrichment of phosphopeptides from cell lysates to facilitate
identification and quantification by mass spectrometry.

Experimental

Cell Lysate Sample Preparation

Lymphocyte and monocyte cells (peripheral blood
mononuclear cells - PBMC) were collected, prepared

and isolated in cell preparation tubes (Becton Dickinson)
following the product insert. Immediately after rinsing the
PBMC pellet with PBS, the cells were lysed by adding 8 M
GuHCI/150 mM Tris HC/10 mM DTT pH 8.5. A probe
sonicator was used briefly to break up DNA strands. Proteins
were denatured by heating at 90 °C for 20 min and then
incubated at 37 °C for 60 min. Iodoacetic acid was added
to a final concentration of 40 mM and the lysate was
incubated at room temperature in the dark for 60 min to
alkylate the proteins. Subsequently, 2 M DTT was added
to quench the reaction and then the PBMC sample was
dialyzed against water with a Thermo Scientific 3500

MWCO Slide-a-Lyzer Dialysis Cassette. Following dialysis
of reduction/alkylation solutions, the protein lysate was
dialyzed against 50 mM Tris HCI/2 mM MgCI2 pH 8.0
plus 10 units of Benzonase® (EMD) (Benzonase buffer).
The sample was dialyzed against the Benzonase buffer for
12-14 hours. Finally, the sample was again dialyzed against
water, with at least one change for another 2-4 hours.
The sample was then aliquotted into pre-weighed 1.5 mL
microcentrifuge tubes and lyophilized to dryness. The
microcentrifuge tubes plus dried pellets were re-weighed
to calculate the dry protein weights.

Proteolytic Enzyme Digestion

Proteolytic enzyme digestion was initiated by re-suspending
a 2 mg protein pellet in 500 pL of 8 M GuHCI/150 mM
Tris/10 mM DTT pH 8.5. The samples were diluted to

10 mL with 50 mM Tris/5 mM CaCl2, pH 8.0 and then
adding 20 pg of sequencing grade proteolytic enzyme
(Pierce catalog #90055) resulting in a protein to proteolytic
enzyme ratio of 1:100. The digests were incubated at 37 °C
for 48 hours with shaking on an orbital shaker. The
digestion reaction was quenched with the addition of

100 mL of TFA to a final concentration of 1%.

Sample Desalting Employing C18 Reverse Phase Resin

Thermo Scientific HyperSep C18 solid phase extraction
media was used to desalt the digested samples prepared

in the above step. A 500 mg packing volume SPE device
(P/N 60108-304) was adapted for single use by centrifugation
(500 xg for 3-5 min) or in a 96-well format using a plate
adaptor (P/N 60300-302) and a HyperSep™ universal
vacuum manifold (P/N 60104-230). In both cases the
centrifugation and vacuum conditions need to be adjusted
to achieve a processing time of 0.5-1 min residence time
in the media bed. Long centrifugation times/high speeds or
prolonged vacuum processing should be avoided to ensure
that the reverse phase resin does not dry out, requiring
re-wetting with organic solvent. The HyperSep C18 resin
was conditioned before use; a) Fill the SPE device with
acetonitrile and pass though C18 media slowly (1-2 min).
Repeat two times. b) Follow with 0.25% (V/V in water)
TFA to rinse the whole SPE device. Repeat two times.
Load entire sample prepared as described above and process
by centrifugation or vacuum to flow through the SPE media
for a residence time of 0.5-1 min. Wash four times with
0.25% (V/V) TFA as described above. Elute the desalted
sample with 1 mL of 80% acetonitrile/0.1% formic acid
by centrifugation (single devices) or vacuum filtration.



Phosphopeptide Enrichment by Processing on the
KingFisher Flex Purification System Using a Pierce
Magnetic Ti0, Phosphopeptide Enrichment Kit

Preparation of the KingFisher™ purification system

The Phosphopeptide Enrichment PCR Plate protocol,
available for download from the Thermo Scientific
KingFisher web site (www.thermo.com/kingfisher), a
KingFisher Flex purification system with a PCR magnet
head (Product No. 5400610) and a KingFisher Flex 96 tip
comb for PCR magnets (Product No. 97002514), were
used for this application.

Preparation of buffers, Ti0, beads and enrichment on the
KingFisher purification system

Binding buffer and washing buffer were prepared
according to the Thermo Scientific Pierce Magnetic TiO,
Phosphopeptide Enrichment Kit instructions (Product No.
88811). All plastic 96-well plates were rinsed three times
with acetonitrile to minimize contamination from
polymers leaching from the plastics.

The 20X TiO, magnetic beads were placed into a 15 mL
polypropylene conical tube and mixed thoroughly by
repeated inversion. Prepared binding buffer was added
to the bead suspension (140 pL binding buffer per 10 pL
of resin). Samples were then processed according to the
protocol outlined in the kit and KingFisher method. After
the samples were processed, the plates were removed and
samples were transferred to clean 0.2 mL Thermo Scientific
PCR Plate (Product No. AB1300) and lyophilized to dryness.
Before LC-MS/MS analysis, samples were rehydrated in
5% (v/v) acetonitrile/1% (v/v) formic acid in water and
injected directly into the mass spectrometer.

Mass Spectrometry Analysis with Ultra-High Resolution
using the LTQ FT Ultra FTICR-MS

Samples in 5% (v/v) acetonitrile 1% (v/v) formic acid
were injected with a Thermo Scientific Micro Autosampler
onto a 75 pm x 25 cm fused silica capillary column
packed with Thermo Scientific Hypersil GOLD aQ 5 pm
media, in a 250 pL/min (1000:1 split to column) gradient
of 5% (v/v) acetonitrile, 0.1% (v/v) formic acid to 30%
(v/v) acetonitrile, 0.1% (v/v) formic acid over the course
of 180 minutes with a total run length of 240 minutes.
The Thermo Scientific LTQ FT Ultra hybrid mass
spectrometer was run in a top 10 configuration at 200K
resolution for a full scan, with monoisotopic precursor
selection enabled, and +1, and unassigned charge state
rejected. The analysis on the LTQ FT Ultra™ instrument
was carried out with CID fragmentation.

Quantitative SRM Assay on the TSQ Quantum Ultra triple
Quadrupole in Microspray Mode

The Thermo Scientific TSQ Quantum Ultra triple
quadrupole mass spectrometer was equipped with a
Thermo Scientific Surveyor MS pump, and Micro
Autosampler (flow split pre-autosampler as used in the
discovery instrument format). The source was the Thermo
Scientific Ion Max source equipped with a low-flow metal
needle, a 50 mm x 1 mm Hypersil GOLD aQ™ column

(1.9 pm particle size) (part number 25302-051030).
Solvent A was Fisher Optima LC-MS grade water with
0.2% (v/v) formic acid, and solvent B was Fisher Optima
LC-MS grade acetonitrile with 0.2% (v/v) formic acid.
Total separation time was 15 min.

Results and Discussion

Phosphopeptides were enriched from a cell lysate using
an integrated, pre-analytical sample prep workflow. An
outline of the workflow that incorporates automated
phosphopeptide capture with magnetic beads is shown in
Figure 1. Using the described workflow on a lysate of
peripheral blood mononuclear cells (PBMCs), the result
was a significant enrichment (86%) of the targeted peptides.

Ti0, -bead Phophopeptide
Enrichment kit

JEN mor

TS0 Quantum
or Vantage

KingFisher Flex

Hypersil Columns

Figure 1: Integrated workflow for automated phosphopeptide enrichment and
identification followed by SRM targeted assay development

A summary of the data acquired on the LTQ FT Ultra
mass spectrometer is shown in Table 1. Figure 2A shows
an example of a base peak chromatogram acquired at a
resolution of 200 K with a mass accuracy of <2 ppm.
Figure 2B is a zoom of the retention time 64.50 min.
Examples of MS/MS spectra from two separate phosphopeptide
precursor ions are shown in Figure 3A and B. In summary,
a total of 181 unique phosphopeptides in 160 unique
phosphoproteins were identified in the enriched fraction
versus 1 unique phoshopeptide in the un-enriched fraction
(Table 1).

Result Enriched Not Enriched
Total number of proteins identified 185 247
Total number of phosphoproteins identified 160 1
Total number of peptides identified 2347 2457
Total number of phosphopeptides identified 2009 7
Total number of unique phosphopeptides 181 1
Relative enrichment for phosphopeptides (%) 86 0.3

Table 1: Automated enrichment of phosphopeptides from blood lymphocytes
using Pierce TiO, phosphopeptide enrichment kit and KingFisher purification

system. Data acquired on an LTQ FT Ultra hybrid mass spectrometer. Starting
material was 2 mg of total lymphocyte proteolytic enzyme peptide digest.
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Figure 2: High-resolution LC-MS/MS data of phosphopeptides enriched from a cell lysate

using the Ti0, magnetic beads on the KingFisher Flex automated workflow platform.

Panel A: Base peak chromatogram on the LTQ FT Ultra hybrid mass spectrometer.
Panel B: Zoom of the full scan mass spectrum in (A) at retention time 64.50 min.
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Figure 3: MS/MS fragmentation spectrum of phosphopeptide ions. Panel A: Double phosphopeptide ion, parent mass m/z 791.85.
Panel B: Single phosphopeptide ion, parent mass m/z 861.9.




Recently, emphasis has been placed on advancing
proteomics studies from qualitative discovery experiments
to quantitative assays that may be useful in a clinical
research environment. Targeted selected-reaction
monitoring (SRM) assays using triple quadrupole mass
spectrometers provide a vehicle for cost effective, high-
throughput quantification and monitoring of specific
targeted disease biomarkers.

The phosphopeptide enrichment strategy outlined
in this report, is useful for the identification of putative
phosphorylated biomarkers. Subsequent to biomarker
identification, targeted SRM assays can be developed for
specific target peptides. An example of this strategy is

shown in Figure 4. An SRM assay was developed to
monitor synthetic phosphopeptide FLpSQDAPTVK with
mfz 593.282 spiked into a background of PBMC cell
lysate matrix (Figure 5). Six transitions (fragment ions)
were monitored to ensure selectivity for the correct
peptide sequence. In a neat background (no matrix),
the level of detection (LOD) for the target peptide was
100 attomoles on column and the accurate level of
quantification (LOQ) was 250 attomole on column.
The SRM assay provided a rapid (15 min) quantitative,
sensitive and selective method to monitor the target
phosphopeptide.
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Figure 4: Neat calibration curve of synthetic phosphopeptide FLpSQDAPTVK. Detection was linear over the range 1 picomole — 100 attomoles on column
with a correlation factor of 0.9976. LOD was 100 amol and LOQ was 250 amol on column.




Conclusion

An automated, high-throughput workflow for the
enrichment of phosphopeptides from cell lysates was
developed. Accurate measurement of phosphorylated
proteins and peptides is crucially important due to their
central role in cell signaling pathways. Unfortunately,
phosphopeptides are typically present at very low levels
in cell lysates. An efficient and robust pre-analytical
enrichment step for phosphopeptides facilitates the
understanding of these fundamental biological pathways.
The enrichment of phosphopeptides described in this
report using magnetic TiO, beads was comprehensive and
selective. The described workflow enabled the discovery
and identification of phosphopeptides in complex samples
with the subsequent development of targeted SRM-based

assays that may be useful for clinical research applications.
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Figure 5: SRM of phosphopeptide FLS#QDAPTVK. Precursor ion m/z593.282, Six transitions were
monitored. Data were obtained on Quantum Ultra triple quadrupole in microspray mode,
50 mm x 1 mm Hypersil GOLD aQ column, flow rate 5 mL/min, 15 min total run time.
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