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A) Effect of 0.1 nM estradiol on levels of activated and total MAP kinase measured 15 min
after addition of steroid. Shown on the top segment is activated MAP kinase as assessed by an
antibody specific for activated MAP kinase and on the bottom segment, total MAP kinase. B)

Effect of 0.1 nM estradiol on the activation of ELK-1.
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A, top) Diagrammatic representation of a model in which estradiol binds to ERa which then
binds to the adaptor protein, SHC. At the same time estradiol causes phosphorylation of the
IGF-1-R, which provides a binding site for SHC. In this model, estradiol signals through the
IGF-1-R and activates MAP kinase which then acts through Elk-| to initiate gene transcription.
B) estradiol-induced protein complex formation among ERa, SHC and IGF-1-R. MCF-7 cells
were treated with vehicle, | ng/ml IGF-1, or E; at 0.1 nM for the times indicated. Lysates were
immunoprecipitated with IGF-1-R antibody. The nonspecific monoclonal antibody (IgG)
served as a negative control 28 C) estradiol increases the phosphorylation of the IGF-1-R.
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Left) FTS promotes raptor dissociation and inhibits mTOR activity in cell extracts. A) 293T
cells were transfected with pcDNA3 alone (vector) or with a combination of pcDNA3-AU--
mTOR, pcDNA3-3-HA-raptor and pcDNA3-3HA-mLST8. Extracts of cells were incubated
with increasing concentration of FTS for 30 min before AU-1-mTOR was immunoprecipitated.
Samples of the immune complexes were incubated with (y32P)-ATP and recombinant (HIS 6)
PHAS-1 and then subjected to SDS-PAGE. A phosphor image of a dried gel was obtained to
detect 32P-PHAS| and an immunoblot was prepared with PThr36/45 antibodies. Other samples
of the immune complexes were subjected to SDS-PAGE and immunoblots were prepared with
antibodies to the HA epitope or to mTOR.2 B) Exiracts of nontransfected 293T cells were
incubated with increasing concentrations of FTS before mTOR was immunoprecipitated with
mTab 1. A control immunoprecipitation was conducted using nonimmune [gG(NI). Immune
complexes were subjected to SDS-PAGE and immunoblots were prepared with antibodies to
mLST8, mTOR and raptor,z Right) Relative effects of increasing concentrations of FTS and
GTS on mTOR activity and the association of mTOR and raptor. Samples of extracts from
293T cells overexpressing AUI-mTOR, HA-raptor and HA-mLST8 were incubated for 1 hr
with increasing concentrations of FTS (e, 4, m) or GTS (2, A, o) before immunopreciptations
were conducted with anti-AU 1 antibodies.2 A) mTOR kinase activity (e, ©) was determined
by measuring??P incorporation into (HIS6) PHAS-1 in immune complex kinase assays
performed with (y32P)-ATP. B) The relative amounts of HA-raptor (4,2) and HA-mLST§
(m, A) that co-immunoprecipitated with AU-1-mTOR. were determined after immunoblotting
with anti-HA antibodies. The results (mean values + SE for five experiments) are expressed
as percentages of the mTOR activity (C) or co-immununoprecipitating proteins (D) from
samples incubated without FTS or GTS and have been corrected for the amounts of AU-1-
mTOR immunopecipitated.z From: McMahon LP et al. J Mol Endocrinol 2005; 19(1):175—
183;2 with permission of The Endocrine Society.
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A) In vitro effects of FTS on cell growth. Effects of FTS complexed with cyclodextrin (CD)
for solubility were compared with buffer or cyclodextrin (CD) alone on the number of LTED
cells expressed as a percent of maximum number. The ordinate shows the concentration of
FTS used. B) In vivo effects of FTS on cell growth. LTED cells were implanted into castrate
nude mice to form xenografts. Silastic implants delivering estradiol at amounts sufficient to
provide plasma levels of estradiol of § pg/ml were implanted. One group received buffer alone,
the second cyclodextrin alone and the third FTS 40 mg/kg complexed to cyclodextrin, The
effects of FTS-CD compared to CD control were statistically significant at p = 0.0061,

Adv Exp Med Biol. Author manuscript; available in PMC 2009 February 12.
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Figure 8,

Practical implications of the effects of up-regulation of growth factor pathways and
development of hypersensitivity to estradiol. Potent aromatase inhibitors are useful to
counteract the enhanced sensitivity to estradiol resulting from adaptation to prolonged estradiol
deprivation. A pure antiestrogen such as fulvestrant can counteract the up-regulation of the ER
that occurs. Growth factor inhibitors such as FTS, farnesyl-transferase inhibitors and growth
factor inhibitors such as Iressa and others can be used to block up-regulation of growth factor
pathways.
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Abstract: We developed a novel approach to enlarge
phosphoproteome coverage using successive elution of
phosphopeptides with various buffers in series from a
single microcolumn packed with hydroxy acid-modified
metal oxides, such as titania and zirconia. Elution condi-
tions were investigated to maximize the recovery of
phosphopeptides from three standard phosphoproteins.
Secondary amines, such as piperidine and pyrrolidine,
provided better efficiency than the conventional condi-
tions using ammonium hydroxide and phosphate buffers.
Furthermore, elution with these secondary amines pro-
vided unigue phosphopeptides that were not eluted under
the conventional conditions in the analysis of Hela cell
lysates, On the basis of these results, we fractionated
phosphopeptides captured by a single metal oxide mi-
crocolumn using successive elution with §% ammonium
hydroxide solution, 5% piperidine solution and 5% pyr-
rolidine solution in series. We identified 1803 nonredun-
dant phosphopeptides from 100 ug of Hela cells, which
represented a 1.6-fold increase in phosphopeptide num-
ber and a 1.9-fold increase in total peak area of phospho-
peptides in comparison with the results obtained under
the conventional conditions. Since this approach is ap-
plicable to any single tip-based protocol without coupling
with other enrichment methods, this simple strategy can
be easily incorporated as an option into existing protocols
for phosphopeptide enrichment, and would be suitable
for high-throughput analysis in a parallel format.

Keywords: phosphoproteome » hydroxy acid modified-
metal oxide chromatography = phosphopeptide « pyrro-
lidine » piperidine « titania » zirconia

Introduction

Reversible phosphorylation of serine, threanine and tyrosine
regulates a variety of biological processes, such es intercellular

*To whom correspondence should be add 1. Yasushi Ishil
E-mail: y-ishi@nck keio.ac.jp; phone, +81-235-29-0571; fax, +81-235-28-0536.

' Kelo Universiry.
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‘y Matahal Technologies, Inc.
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communication, cell growth, proliferation, differentiation, and
apoptosis.'? Characterization of phosphorylation status is
therefore crucial for the elucidation of signal transduction
pathways, as well as for an understanding of the mechanisms
of disease and drug actions.

Recent advances in mass spectrometry-based proteomics
coupled with phosphopeptide enrichment methods allow the
simultaneous identification of thousands of phosphorylation
sites.* The most widely used approaches for phosphopeptide
enrichment are immobilized metal affinity chromatography
{(IMAC)®*"® and metal oxide chromatography (MOC).#~'8 In
both cases, however, nonphosphorylated peptides containing
multiple acidic residues bind to the chromatographic beads,
disturbing the identification of phosphopeptides.”

Neutralizing the carboxyl groups by O-methyl esterification
has been shown to enhance the specificity of phosphopeptide
binding in IMAC,'™!® while optimized pH together with
optimized organic solvent content provided improved resulis
without O-methylation in IMAC.® Alternatively, significant
improvement was obtained in MOC with titania when benzoic
acid derivatives such as 2,5-dihydroxybenzoic acid (DHB) and
phthalic acid were used in the sample loading buffer o
eliminate acidic nonphosphopeptides.' Although these meth-
ods provide wider coverage of thé phosphoproteome in com-
bination with prefractionation based on SCX, SDS-PAGE and
protein IMAC, it is necessary to combine two or more phos-
phopeptide enrichment methods for evaluation of proteome-
wide phosphorylation, as different phosphopeptide enrichment
methods are likely to have distinct preferences for particular
properties of phosphopeptides.®**!

Recently, we found that aliphatic hydroxy acids such as lactic
acid and 3-hydroxypropanoic acid work more efficiently and
more specifically than aromatic modifiers such as DHB and
phthalic acid in ttania and zirconia MOC.** In this aliphatic
hydroxy acid-modified MOC (HAMMOC) mode, no prefrac-
tionation was necessary, and more than 1000 unigue phos-
phorylation sites were identified in highly complex cellular
extracts from less than 100 g of nonstimulated Hela cells.®
This observation was recently confirmed by another group.*
We also modified the physicochemical properties of titania
beads by calcination at 800 °C and the resultant rutile-form
titania showed a completely different preference for multiply
phosphorylated and hydrophobic peptides.®®
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Table 1. Identification and Quantification of Phosphopeptides Captured by HAMMGOC with Diffarent Elution Conditions®

no. of Identified Peptides (avg)

relative peak area (%)

resin elution buffer conc. (% pH phosphopeptid phopep phosphopep phosphopep ntio (%)
Titania ammonium hydrodde 05 114 9 1 100.0 0.7 483
50 121 15 0 151.9 0.8 995
10,0 1286 12 2 101.4 48 955
piperidine 05 118 4 i 1203 6.0 95.2
50 125 14 3 171.7 28 98.4
10.0 128 17 3 132.0 6.3 95.6
pymolidine 65 121 14 2 157.1 14 99.1
50 128 14 2 182.3 2 985
100 13.0 17 2 20.6 37 96.1
piperazine 05 113 13 1 1373 1.7 88.8
methylamine 05 120 10 1 114.1 14 988
dimethyamine 05 119 12 1 1224 1.2 99.0
trimethylamine 03 114 7 0 79.4 0.4 89,5
triethylamine 0.5 11.9 14 3 22.0 47 95.2
sodium hydroxide 0.5 121 4 0 20.7 0.0 100.0
disodium hydrogenphosphate 50 114 5 0 229 0.0 100.0
Zirconia ammonium hydroxide 05 114 9 3 100.0 0.7 833
50 121 14 2 1263 1.2 4.1
100 128 17 8 108.2 215 834
piperidine 05 119 13 3 1594 21 98.7
50 125 16 1 160.0 11 893
100 128 17 ] 1022 66 938
pyrrolidine 05 121 B 1 130.4 0.7 99.4
50 128 14 2 2252 39 983
10.0 13.0 14 8 86.7 76 91.9
piperazine 05 113 B 2 105.6 1.0 99.1
methylamine 0.5 12.0 11 o 141.6 0.1 100.0
dimethyamine 0.5 11.9 13 0 158.7 0.0 100.0
trimethylamine 05 114 8 1 855 05 99.4
triethylamine D5 119 13 5 96.4 10.6 90.1
sodium hydroxide 05 121 10 0 654 0.0 100.0
disodium hydrogenphosphate 50 114 7 0 34.2 0.0 100.0

“Tryptic digests of o-casein. fetuin and phosvitin (2.5 ug each) were purified
condition), The eluted fractions were analyzed by nanoLC-MS/MS using QSTAR. The total peak area obtained by 0.5%

using titania and zirconia HAMMOC In'ipluzlt analyses for each
ide elution was

used as & control and the relative peak areas were calculated for other elution conditions,

During the above studies aimed at optimizing HAMMOC,
we found that titania and zirconia have, in general, stronger
affinity for phosphopeptides than does IMAC, and few phos-
phopeptides were observed in the flow-through fractions, but
the recoveries of phosphopeptides varied from a few percent
1o 100%.* It appears that phosphopeptides remain captured
in metal oxide resins even after the elution steps.

A variety of reagents have been used to release phosphopep-
tides trapped by titania, such as sodium borate with sodium
chloride;” potassium phosphate;'® ammonium bicarbonate; %%
ammonium hicarbonate with acetonitrile;®® ammonium hydro-
xide;'"?* potassium phosphate with ammonium hydroxide;”
the combination of ammonium bicarbonate, phosphate, artho-
vanadate, and fluoride;**** and triethylammonium bicarbonate
followed by ammonium hydroxide.* However, only & limited
number of phosphopeptides from standard phosphoproteins
have been examined under these elution conditions, and to
our knowledge, no group has compared elution conditions
. using complex samples such as cell lysates. It would, therefore,
be difficult to extrapolate the elution conditions based on these
small-scale experiments (o large-scale phosphoproteome stud-
ies.

In this study, we examined various kinds of elution buffers
in HAMMOC using phosphopeptides from not only standard
phosphoproteins. but also complex cell lysates. On the basis
of the results, we developed an approach based on successive

4586 Journal of Proteome Research « Vol 7, No. 10, 2008

and selective elution to enlarge the phosphoproteome coverage
by HAMMOC. In addition, we proposed a characterization
method for elution selectivity, using seven descriptors based
on the physicochemical properties of phosphopeptides identi-
fied by each enrichment method.

Experimental Procedures

Materials, Titania (titanium dioxide, particle size: 10 um) was
obtained from GL Sciences (Tokyo, lapan). Zirconie (zirconium
dioxide, particle size: 10 um) was from ZirChrom Separztions
(Anoka, MN). C2 and C18 Empore disks were from 3 M (St
Paul. MN). Bovine a-casein, bovine fetuin, chicken phosvitin,
and PHOS-Select Iron affinity gel were from Sigma (St. Louis,
MO). 3-Hydroxypropanoic acid (HPA) was obtained from Tokyo
Kasei (Tokyo, Japan), Modified trypsin was from Promega
(Madison, WI). MS-grade Lys-C, pL-lactic acid, and all other
chemicals were purchased from Wako (Osaka, Japan). Water
was obtained from a Millipore Milli-Q system (Bedford, MA).

Preparation of Standard Phosphoprotein Mixtures, a-
Casein, fetuin, and phosvitin were individually reduced with
dithiothreitol (DTT), alkylated with iodoacetamide, and di-
gested with Lys-C, followed by dilution and typsin digestion,
as described.* These digesied samples were desalted using
StageTips with C18 Empore disk membranes3? The eluates
were mixed and the concentration was adjusted to 0.5 mg/mL
for each protein with 0.1% TFA and 80% acetonitrile.
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Figure 1. Successive elution of phosphopeptides from the standard phosphoprotein mixture. Tryptic digests of a-casein, fatuin and
phosvitin (2.5 ug esch) were purified using lectic acid-modified titenie end HPA-modified zirconia HAMMOC tips, The bound
phosphopeptides in HAMMOC tips were released by successive elution with three buffers, 5% ammonium hydroxide buffer, 5% piperidine
buffer, and 6% pyrrolidine buffer, in series. (A) Total peak area of identified phosphopeptides. Averaged values based on triplicate
analyses were used. (B) Dependence of peak area ratio between 0.5% ammonium hydroxide elution and the successive elution on the
retention times in LC-MS analysis for 22 phosphopeptides identified by titania and zirconia HAMMOC. Closed circle, singly
phosphorylated peptides by titania HAMMOC; closed triangle, multiply phosphorylated peptides by titenia HAMMOC; open circle,
singly phosphorylated peptides by zirconia HAMMOC; open triangle, multiply phosphorylated peptides by zirconia HAMMOC.

Preparation of Hela Cell Cytoplasmic Fractions. Hela cells
were prepared as described previously.™ The cell pellet was
dissolved in 100 mM Tris buffer (pH 8.0), and protein phos-
phatase inhibitor cocktails 1 and 2 (Sigma) and protease
inhibitors (Sigma) were added. After homogenization with a
Dounce homogenizer (10 strokes), the resultant solution was
centrifuged at 1500g for 10 min, and the supernatant was
digested and desalted as shown above. The total protein
concentration was adjusted to 1.0 mg/mL with 0.1% TFA and
80% acetonitrile.

Enrichment of Phosphopeptides from Standard Phosphop-
rotein Digests Using HAMMOC Tips. Phosphopeptide enrich-
ment was performed according to the protocol described
previously,® except for the elution conditions, Briefly, C2-
StageTips packed with metal oxide bulk beads (1 mg beads/10
ul pipet tip) were equilibrated with 0.1% TFA and 80%
acetonitrile including aliphatic hydroxy acids as selectivity
chelating enhancers (solution A). As the chelating enhancers,
lactic acid at the concenrtration of 300 mg/mL and HPA at 100
mg/mL were used for tips with titania and zirconia, respec-
tively, A 15 pL aliquot of the digested standard phosphoprotein
solution was mixed with solution A, and loaded onto the
HAMMOC tip, followed by successive washing with solution A
and solution B (0.1% TFA in 80% acetonitrile). Various amines
and other salts, such as ammonium hydroxide, methylamine,
dimethylamine, trimethylamine, pyrrolidine, piperidine, pip-
erazine, sodium hydroxide, and disodium hydrogen phosphate,
at different pH values and concentrations were employed to
elute the bound phosphopeptides. In the case of multiple
elution, three elution solutions (5% ammonium hydroxide, 5%
piperidine, and 5% pyrrolidine) were used successively in this
order. Note that no organic solvent was added to these elution
buffers. The fractions were immediately acidified, and were
desalted using C18 StageTips.* A Tomy CC-105 vacuum

evaporator (Tokyo, Japan) was used to concentrate the sample.
After dissolving the phosphopeptides with solution A, nanol.C-
MS/MS analysis was performed.

Immobilized Metal Affinity Chromatography (IMAC). IMAC
was performed according to the procedure described by
Kokubu et al,® with some modifications as follows, PHOS-
Select gel (IMAC-Fe®* type, 30 uL) was loaded onto a 200 uL
pipet tip packed with C2 Empore disk instead of C18 disk.
Sample solutions in 0.1%TFA and 80% acetonitrile were diluted
5 times with Milli-Q water and then loaded onto the IMAC/C2
tips. The tips were washed with 0.3% TFA; then, 50% acetoni-
trile and 0.5% ammonium hydroxide were used for eluting
bound phosphopeptides. The fractions were worked up for
nanoLC-MS/MS analysis as described above,

NanoLC-MS System. NanoLC-MS/MS analyses were con-
ducted using a QS5TAR XL mass spectrometer (AB/MDS-Sciex,
Toronto, Canada) equipped with an Agilent 1100 nanoflow
pump (Waldbron, Germany) and an HTC-PAL autosampler
(CTC Analytics, Zwingen, Switzerland). or an LTQ-Orbitrap
mass spectrometer (ThermoFisher Scientific, Bremen, Ger-
many) equipped with a Dionex Ultimate3000 pump (Germer-
ing, Germany) and the HTC-PAL autosampler. ReproSil C18
materials (3 um, Dr. Maisch, Ammerbuch, Germany) were
packed into a self-pulled needle (150 mm length = 100 gm i.d.,
6 um opening) with a nitrogen-pressurized column loader cell
(Nikkyo Technos, Tokyo, Japan) to prepare an analytical
column needle with “stone-arch” frit>® The injection volume
was 5 uL and the flow rate was 500 nL/min. The mobile phases
consisted of (A) 0.5% acetic acid and (B) 0.5% acetic acid in
B0% acetonitrile. Two gradient conditions were employed, that
is, 5—30% B in 20 min, 30—100% B in 5 min and 100% B for 10
min for the standard phosphoprotein digests, and 5-10% B in
5 min, 10-40% B in 60 min, 40-100% B in 5 min and 100% B

Journal of Pr R

h « Vol 7, No. 10, 2008 4587



technical notes Kyono et al.

4 1
8067 4 soer |
i (a) !
soE7 o 8067 4
i ]
4067 { 4057
107 E 2 087
§ 2087
i
i
_; 1087
! o
soer { £.0E7
{ (b) (e)
i 5067
i 4 0ET
1087

Intensity
P TR T TETTE P e e

B.067 5

(f)
S.0E7 1 B0E7
4 0E7 4087 -
1087 30E7

2087 2067

1.067 1067

Tirme (min)
Figure 2. Comparison of base peak chromatograms of Hela cell extract, obtained by titania-HAMMOC under six different elution
conditions. Elution with (a) 0.5% armmoniurn hydraxide, (b) 0.5% piperidine, (c) 0.5% pyrrolidine, (d) 5% ammonium hydroxide, (e} 5%
piperidine, and () 5% pyrrolidine. The elution procedures &8s well as LC-MS conditions are described in the Experimental Procedures

Table 2. Overlap Analysis between Phosphopeptides in HeLa Cell Lysates Obtained by Titanie HAMMOC with Six Different Elution
Conditions®

0.5% 5%
. [ 594 £a4,
Smmonio 0.5% 0.5% 5% 5%

hydraxide piperidine |pyrrolidine :mdnr'::‘uxr::em piperidine |pyrrolidine

0.5%
ammonium 10.8 21.0
hydroxide

0.5%
piperidine

23.9 35.9

D.5%
pyrrolidine

5% 30-36%
ammonium 19.1
|hydroxide

(]
(=1
o

5%

R 10.8 2389 17.0 19.1
plperidine

o
s 21.0 35.9 29.8 30.0

pyrralidine .

“The overlap percentages between systems A and B were calculated using the following equation: Ovedap(%) = (AN BAU B « 100
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Figure 3. Successive elution of phosphopeptides from Hela cell lysetes in HAMMOC, (A) Compearison of the number of identified
peptides and total peak area upon 0.5% ammonium hydroxide elution with that upon successive elution in titania and zirconia HAMMOC,
Triplicate analyses were carried out and the merged results ware daescribed for the paptide number, wheareas averaged values were
employed for the peak area. (B) Venn diagrams showing the numbers of identified phosphopeptides ebtained by 0.5% emmonium
hydroxide elution and the successive elution, The eluates were separetely collected and analyzed by LC-MS in the successive elution
mods, (C) Example of an MS/MS spectrum assigned to IGELGAPEVWGLpSPK from NF-kappa-B-activating protein (NKAP_HUMAN),
The precursor ion (miz 816.903539, 2+) was isolated at 57.7 min and fragmented by collision-induced dissociation (CID) in the linear
ion trep. Fragment ions containing the N-{b-type ions) or C-(y-type ions) terminus are labeled. The ion score of 70 weas obtained for
this spectrum.

T T

* for 10 min for the Hela lysates. A spray voltage of 2400 V was ions, The CID energy was automatically adjusted by rolling CID
applied. The MS scan range was m/z 350—1400 (QSTAR) or function. For LTQ-Orbitrap, the top 10 precursor ions were
300-1500 (LTQ-Orbitrap). For QSTAR experiments, MS scans selected in MS scan by Orbitrap with R = 60 000 for subsequent

were performed for 1 s to select three intense peaks, and MS/MS scans by ion trap in the automated gain control (AGC)
subsequently three MS/MS scans were performed for 0.55 s mode where AGC values of 5.00 x 10% and 1.00 x 10* were set
each. An information-dependent acquisition function was for full MS and MS/MS, respectively. The normalized CID was
activated for 2 min to exclude the previously scanned parent set to be 35.0.
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Figure 4, Heptagonal radar graphs for characterization of eight different enrichment methods using phosphopeptides exclusively obtained
by each method: (8] titenie with emmaonia hydroxide elution, (b) zirconia with ammonium hydroxide elution, (c] titania with piperidine
and pyrrolidine elution, (d) zirconia with piperidine and pyrrolidine elution, (e) titania with phosphate elution, (f) zirconia with phosphate
elution, (g} rutile titania with ammonium hydroxide elution, and (h) IMAC with ammaonium hydroxide elution. The descriptors are the
length of peptide expressed in terms of the number of amino acid residues (length), the iscelectric points of peptides (p/), the total
number of histidine, lysine, and arginine residues per peptide (No. of H+K+R), the number of aspartic acid and glutamic acid residues
per peptide (No. of D+E), the averaged number of phesphorylation sites per peptide (phosphorylation site), the averaged number of
phosphotyrosine residues per peptide (No. of Y} and the GRAVY score” indicating the hydrophabicity of peptides (GRAVY)]. The
maximum and minimum values of each descriptor are shown on each axis. The data set used for this calculation corresponds to the
shaded parts of the Venn diagrams shown in Supplemental Figura 5 in Supporting Information.

Database Searching. Mass Navigator v1.2 (Mitsui Knowledge
Industry, Tokyo, Japan) was used to create peak lists on the
basis of the recorded fragmentation spectra. Peptides and
proteins were identified by means of automated database
searching using Mascot v2.1 (Matrix Science, London) against
UniProt/Swiss-Prot release 54.8 (24-Jan-2008) with a precursor
mass tolerance of 0.25 Da (QSTAR) or 3 ppm (LTQ-Orbitrap),
a fragment ion mass tolerance of 0,25 Da (QSTAR) or 0.8 Da
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(LTQ-Orbitrap) and strict trypsin specificity® allowing for up
to 2 missed cleavages. Cysteine carbamidomethylation was set
as a fixed modification, and methionine oxidation and phos-
phorylation of serine, threonine, and tyrosine were allowed as
variable modifications.

Peptides were considered identified if the Mascot score was
over the 95% confidence limit based on the 'identity’ score of
each peptide and at least three successive y- or b-ions with
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piperidine+
pyrrolidine

Figure 5. The numbers of identified phosphopeptides cbtained (A) by the combination of IMAC with titania-HAMMOC and (B) by the
successive elution method with titania HAMMOC. HeLa cell lysates {100 ug) were examined with esch method (IMAC, titania HAMMOC
with 5% ammonium hydroxide, and titania HAMMOC with successive elution). Triplicate analyses was performed for each method

and the obtained rasults were merged.

two and more y-, b- and/or precursor-origin neutral loss ions
were observed, based on an error-tolerant peptide sequence
tag concept® A randomized decoy database created by a
Mascot Perl program was employed to estimate the false-
positive rate for identified peptides within these criteria. Note
that most sulfated peptides can be discriminated from phos-
phopeptides because of the ultrahigh accuracy of the Orbitrap
instrument that we used.®®

Phosphorylated sites were unambiguously determined when
y- or h-ions between which the phosphorylated residue exists
were observed in the peak lists of the fragment ions, This step
was automatically performed using an in-house Perl script
'PhosPep Analyzer' by comparing the original peak lists with
the theoretical m/z values of y- or b-ions from Mascot output
files.

The total peak area of phosphopeptides and nonphospho-
peptides were calculated using the nonlabel quantitation
function of Mass Navigator.

Results and Discussion

First, we investigated the influence of various alkaline buffers
(pH 11-13) on the elution of phosphopeptides in the standard
phosphoprotein mixture. The results obtained with 0.5% am-
monjum hydroxide elution, which has been used in our
standard protocol®*** as well as by others,'? were used as a
control, and the relative peak areas were calculated for other
elution buffers. We used 8 different amines: ammonium
hydroxide, piperidine, pyrrolidine, piperazine, methylamine,
dimethylamine, trimethylamine and triethylamine. The ob-
tained results are summarized in Table 1, Pyrrolidine gave the
best results in titania HAMMOC, whereas piperidine and
dimethylamine were superior to others in zirconia HAMMOC,
Kweon et al. also reported that 0.5% piperidine gave better
results than ammonium hydroxide buffers in zirconia chro-
matography.'® These results suggested that secondary monoam-
ines generally gave better results than other amines, and no
clear pH dependence was observed. To confirm the pH effect,
we also examined sodium hydroxide (pH 12.1) and disodium
hydrogen phosphate (pH 11.4) and found that elution with both
buffers resulted in lower recovery in both titania and zirconia
HAMMOC, indicating the pH of the elution buffer is not the
primary factor that controls the recovery. Next, we increased
the concentration of piperidine, pyrrolidine and ammonium
hydroxide. The maximum recovery was obtained with 5%
elution buffers; an increase to 10% did not yield further
improvement in any of these cases. Regarding multiply phos-
phorylated peptides, the content generally increased as the
recovery increased (Supplemental Figure 1 in Supporting

Information). Interestingly, we found that the peak profiles of
total fon current (TIC) chromatograms of the eluates with
0.5-10% ammonium hydroxide were similar to those of the
eluates with 0.5% piperidine and 0.5% pyrrolidine, while 5%
piperidine and pyrrolidine elution gave different peak profiles
in TIC from those in the case of 5% ammonium hydroxide
elution (Supplemental Figure 2 in Supporting Information).
Therefore, to maximize the recovery of each phosphopeptide,
we eluted these phosphopeptides using successive loading with
the three buffers, 5% ammonium hydroxide, 5% piperidine, and
5% pyrrolidine, in series. The results are shown in Figure 1.
Both in titania and zirconia HAMMOC, this successive elution
approach significantly improved the recovery, especially for
hydrophobic phosphopeptides and multiply phosphorylated
peptides. Since this phosphoprotein mixture contains only a
small number of phosphopeptides, we applied this approach
to the more complex HelLa cell lysate. To address the charac-
teristics of phosphopeptides eluted under each condition,
elution buffers such as ammonium hydroxide, piperidine and
pyrrolidine buffers at 0.5% and 5% concentrations were indi-
vidually examined. As observed in the standard phosphoprotein
mixture, 5% piperidine and 5% pyrrolidine provided different
peak profiles in their base peak chromatograms (BPCs) from
other conditions in titania HAMMOC (Figure 2). This was
confirmed by overlap analysis as summarized in Table 2; that
is, the overlaps between 0,5% ammonijum hydroxide, 5%
ammonium hydroxide, 0.5% piperidine and 0.5% pyrrolidine
were in the range of 38—49%, whereas the overlaps berween
5% piperidine and the other four buffers (except 5% pyirolidine
buffer) were in the range of 11-24% and the overlaps benween
5% pyrrolidine and the other four buffers (except 5% piperidine
buffer) were in the range of 21—-36%. These results showed that
5% piperidine and 5% pyrrolidine each gave a unique selectivity
in phosphopeptide identification. On the other hand, similar
profiles were obtained for all elution buffers in zirconia
HAMMOC, though the averaged peak intensities were different
(see Supplemental Figure 3 and Supplemental Table 1 in
Supporting Information).

To maximize coverage of the phosphoproteome by titania
HAMMOC, we examined the fracdonation obtained with suc-
cessive loading of different elution buffers onto a single titania

* tip. On the basis of the results in Table 2, we selected 5%

ammonium hydroxide, 5% piperidine and 5% pyrrolidine for
phosphopeptide fractionation. Because the peptide content in
the second and third fractions were expected to be relatively
smaller than in the first fraction, these fractons were combined,
In total, 1803 unique phosphopeptides were successfully
identified by this fractionation approach and the gain from use
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of the combined fraction was more than 450 peptides in ttania
HAMMOC, whereas 1385 phosphopeptides were identified in
total and only 155 phosphopeptides were uniquely identified
in the combined fraction in zirconia HAMMOC (Figure 3,
Supplemental Table 2 in Supporting Information) with the
false-positive rate of 1.15% for merged LC-MS results. We also
confirmed that replicate elution with 5% ammonium hydroxide
did not provide a significant gain in the second fractions
(Supplemental Figure 4 in Supporting Information), indicating
that the elution with 5% piperidine and 5% pyrrolidine provided
phosphopeptides that were not eluted with 5% ammonium
hydroxide. Although phosphopeptide enrichment approaches
reported so far are generally complementary, it is important
to understand the difference between each method quantita-
tively in order to maximize the phosphoproteome coverage
with minimum effort.. We selecied 7 different properties to
describe the characteristics of each method, as shown in Figure
4. The heptagonal radar graphs indicate that phosphopeptides
uniquely identified by 5% piperidine—5% pyrrolidine elution
are more hydrophobic and less acidic in both titania and
zirconia HAMMOC than those in the case of 0.5% ammonium
hydroxide elution, whereas other properties, including the
length of peptides, are almost identical with those in the case
of 0.5% ammonium hydroxide elution. Phosphopeptides ex-
clusively eluted with the phosphate buffer have more acidic
and more hydrophilic properties. Interestingly, we did not find
any distinct difference between titania and zirconia HAMMOC
under the three different elution conditions, except that the
recoveries were quite different, especially for piperidine—
pyrrolidine buffers, Nevertheless, the combination of titania
and zirconia HAMMOC resulted in wider coverage than
replicate analysis using either HAMMOC alone.** Similar
profiles were observed for the rutile form of titania and IMAC,
where more basic, less acidic, and more phosphorylated
peptides were observed. The unique features of rutile-titania
are that longer and more hydrophobic peptides can be identi-
fied. The problem with this system arises from contamination
with nonphosphopeptides, although direct coupling with LC-
MS systems was possible because no modifiers are needed in
rutile-titania chromatography.®® For IMAC, as reported by other
groups,*®?'#7 more phosphorylated peptides were observed
and this would seem 1o be the most suitable system for
complementary usage with titania or zirconia HAMMOC.
However, the overlap between IMAC and titania-HAMMOC-
5% ammonium hydroxide elution was larger than that benween
titania HAMMOC with 5% ammonium hydroxide and titania
HAMMOC with 5% piperidine-5% pyrrolidine (Figure 5). In
addition, the gain by IMAC was smaller than that by titania-
HAMMOC with 5% piperidine-5% pyrrolidine. Although the
unigue feature of IMAC is still complementarity to titania-
HAMMOC, the first choice to enlarge the extent of phosphop-
roteome identification was to use another eluton condition
(5% piperidine-5% pyrrolidine) in titania HAMMOC, rather than
the recently reported SIMAC strategy, where IMAC was used
as a first filter to capture multiply phosphorylated peptides and
the flow-through fraction was loaded onto titania.®' Since our
approach based on successive and selective elution allows
flexible addition of other elution buffers with different selectiv-
ity, or changing the combination of elution buffers and the
elution order, this simple strategy could be easily incorporated
into existing protocols for phosphopeptide enrichment as an
option, and would be suitable for high-throughput analysis in
a parallel format
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Data Availability. All MSMS specura are available free in Keio
Univ, Pepbase peptide database (htp://pepbase.iab.keio.ac.jp/
phospho/jpr).
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