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Several affinity resins consisting of ionic metals or metal oxides were investigated for their
phosphopeptide enrichment capabilities with subsequent mass spectrometric analyses.
Commercially-available enrichment metal oxide affinity chromatography (MOAC) resins
using manufacturer’s and/or published protocols were compared and evaluated for the most
efficient and selective method that could be implemented as a standard enrichment procedure.
From these comparative analyses, using a tryptic digest of casein proteins, it was determined
that in our hands, two of the resins out-performed the others based on a variety of criteria,
including the number of phosphorylation sites identified during MS analyses, the lower
numbers of nonspecifically bound peptides observed, and the limits of detection. Applicability
of these enrichment resins to a complex biological mixture was investigated. For this work, a
mixture of avian histones was digested, subjected to titanium dioxide phosphopeptide
enrichment, and analyzed by mass spectrometry. Eight phosphorylated tryptic peptides
were observed following enrichment and subsequent LC/MS/MS analyses. Of note, seven of
the eight phosphopeptides were not observed without titanium dioxide enrichment. From
these analyses, four sites of phosphorylation were unequivocally determined, two of which
have not been reported previously. Four additional phosphopeptides were observed; however,
the site of phosphorylation could not be distinguished but was localized to one of two possible
amino acids. These methods should aid in the investigation of proteins post-translationally
modified with phosphate, especially those present at low concentrations as was demonstrated by

successful enrichment at the femtomole level.

(J Am Soc Mass Spectrom 2010, 21, 1649-1659)
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ne of the most common and important means
Oof biologically regulating protein activity is

through reversible phosphorylation and de-
phosphorylation. Phosphorylation is involved in the
regulation of gene expression and protein synthesis,
which controls cell growth, division, or differentiation.
To better understand the molecular basis of these reg-
ulatory mechanisms, it is useful to identify the specific
amino acid residues undergoing phosphorylation.

A number of different approaches to the identifica-
tion of phosphorylation sites are commonly used, how-
ever, mass spectrometry is emerging as the technique of
choice [1-3]. Even with recent advances in mass spec-
trometry instrumentation, the detection and determina-
tion of sites of phosphorylation remains a challenge
since both the amount of phosphorylated protein as
well as the stoichiometry of phosphorylation is often
times present at low relative abundance. In addition,
the suppression of low-level phosphopeptides in com-
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plex mixtures and the low sensitivity of phosphorylated
peptides under positive ionization conditions due to the
negative charges on the phosphate moiety can be diffi-
cult obstacles to overcome when analyzing phos-
phopeptides and proteins by mass spectrometry.

In recent years, the development of enrichment tech-
niques, such as immobilized metal ion affinity chroma-
tography (IMAC) and metal oxide affinity chromatog-
raphy (MOAC), before mass spectrometric analyses has
proven beneficial for the isolation of phosphopeptides
from mixtures with high specificity and for the deter-
mination of sites of phosphorylation (reviewed in
[3-6]). The phosphopeptides can be analyzed by MS
following elution from the enrichment resin or can be
directly analyzed by MALDI/MS without prior elution
[3-10].

Of these enrichment approaches, the metal oxides
(e.g., titanium dioxide, zirconium dioxide) show
great promise for enhanced selectivity of phos-
phopeptides. A variety of buffer conditions and/or
chemical modification of the phosphate group have
been employed to enhance the selectivity of the metal
oxide enrichment media [3, 5, 6, 11-23]. For example,
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it has been shown that inclusion of organic displacers
(e.g., 2,5-dihydroxybenzoic acid) during binding min-
imizes the level of nonspecifically bound peptides
[13]. In addition, the methyl esterification of peptides
before enrichment has been shown to enhance selec-
tivity of the MOAC resins [19].

The goal of the present study is to evaluate several
commercially-available enrichment MOAC resins using
manufacturer’s and/or published protocols for the
most efficient and selective method that could be im-
plemented as a standard enrichment procedure for
complex biological samples. A titanium dioxide com-
pact reaction column (CRC) packed with Titansphere
TiO, resin, NuTips comprised of either TiO,, ZrO,, or a
TiO,/ZrO, mixture, as well as magnetic TiO, beads
(Phos-Trap Kit) were evaluated and compared with one
another as well as with our use of an Fe-nitrilotriacetic
acid (Fe-NTA) IMAC CRC [7-10]. The parameters used
to compare different enrichment methods were based
on their selectivity for phosphopeptides, robustness,
and reproducibility. In addition, the limits of detection
and the applicability of the metal oxides to enrich
phosphopeptides from a complex biological sample
consisting of core and linker histones from chicken
erythrocytes were investigated.

Materials and Methods

Ethylenediaminetetraacetic acid (EDTA), a-cyano-4-
hydroxycinnamic acid (a-cyano), 2,5-dihydroxybenzoic
acid (DHB), ammonium bicarbonate (ABC), formic acid
(FA), bovine a-casein, and B-casein (from bovine milk)
were purchased from Sigma-Aldrich Chemical Com-
pany (St. Louis, MO, USA). The a-cyano was recrystal-
lized from hot methanol and stored in the dark at room
temperature; 18 M() water was prepared on a model
RO 40 water system (Hydro Service and Supplies,
Durham, NC, USA). Acetonitrile (ACN) and acetic acid
were purchased from Caledon (Georgetown, Ontario,
Canada). Trifluoroacetic acid (TFA) was acquired from
Pierce (Rockford, IL, USA), phosphoric acid (PA) from
EMD Chemicals (Gibbstown, NJ, USA), and ethanol
(EtOH) from Warner-Graham (Cockeysville, MD, USA).
All solvents were HPLC grade. Ferric chloride (FeCly)
was purchased from Allied Chemical (Brighton, UK).
Ni-NTA resin was purchased from Qiagen (Valencia,
CA, USA). Compact reaction columns (CRC) and filters
(10 um pore size) were obtained from USB Corporation
(Cleveland, OH, USA). Gallus histones were purchased
from Upstate Biotechnology (Lake Placid, NY, USA).

Tryptic Digestion Conditions

The proteins were subjected to digestion with sequencing-
grade modified porcine trypsin (Promega Corporation,
Madison, WI, USA). Enzyme was added at a protein:
enzyme ratio of 20:1 and digests were allowed to proceed
for at least two hours at 37 °C. For the comparison of
the enrichment studies, one microgram each of - and -
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casein was loaded onto the resins. Two independent sets
of digests were prepared for the enrichment studies.

Iron NTA IMAC CRC

Fe-NTA IMAC columns were prepared as previously
reported [7-10].

Titanium Dioxide CRC

The TiO, MOAC procedure was adopted from Larsen
et al. [13]. Briefly, 1 mg of Titansphere TiO, resin (10 um
particle size) was added to 10 pL resin buffer (80%
ACN, 19.9% H,0, 0.1% TFA) and loaded into a CRC
tube. Titansphere TiO, resin was a gift from GL Sci-
ences (Torrance, CA, USA). Binding of phosphopep-
tides to the TiO, column was achieved by first draining
the buffer, then loading the protein digest mixture with
20 uL protein buffer (100 mg/mL DHB in 80% ACN,
19.9% H,0, and 0.1% TFA). The mixture was allowed to
incubate at room temperature for 10 min, after which,
the column was drained, and washed, 1X with 30 uL
protein buffer and 1X with 30 uL resin buffer. Elution
of the bound peptides was accomplished by adding 5
uL of 200 mM ABC solution (pH 10.5) to the column
and incubated for 5 min at room temperature. The 5 uL
eluent was then drained and diluted with 5 pL. water.
0.5 uL of the eluent solution was spotted on a MALDI
target with 0.5 uL of MALDI matrix (either a saturated
solution of a-cyano in 45:45:10 ethanol:water:FA or 20
mg/mL DHB in 50% ACN, 49% H,O, 1% PA).

Phos-Trap Kit

The Phos-Trap magnetic titanium beads, binding
buffer, and washing buffer (buffers included in kit)
were prepared according to the manufacturer’s instruc-
tions (Perkin Elmer, Waltham, MA, USA). Briefly, a 10
uL aliquot of magnetic beads was diluted to 200 uL in
de-ionized water and placed in a 96-well plate. The
beads were washed 3X with 200 uL binding buffer.
After placing the plate on a separation magnet, which
moved the beads to an inner o-ring of the 96-well plate,
the supernatant was removed. The sample was diluted
1:10 in binding buffer and incubated with beads for 10
min. Three 200 puL washes of binding buffer were
followed by a single wash of 100 uL washing buffer.
The peptides bound to the magnetic beads were eluted
with 20 uL of elution buffer, lyophilized, and resus-
pended in 1% FA just before MS analyses.

Glygen NuTips

Enrichment using Glygen Corporation’s (Columbia,
MD, USA) NuTips was performed similarly to the
titanium CRC, with minor variations. The tips, which
consist of either titanium dioxide, zirconium dioxide, or
a mixture of both, were first equilibrated by washing
the resin 10X with 5 uL of binding solution (80% ACN,
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15% H,0O, 5% TFA, pH <3) [13], after which excess
buffer was aspirated from the tip. Before loading, the
digest sample was mixed 1:1 with binding solution.
This mixture was loaded onto the tip by taking 2.5 uL
aliquots and aspirating and expelling each aliquot ~20
times over several minutes. This was repeated until the
desired amount of digest was loaded. Washes consist-
ing of 80% ACN, 19% H,0, 1% TFA (pH < 3) followed
(10 X 5 uL), and the bound peptides were eluted with
10 uL of elution solution (2% NH,OH in water, pH =
11). To prevent loss of the phosphate moieties under
highly basic conditions, the eluent was acidified with 2
uL FA.

Mass Spectrometry

LC/ESI/MS/MS analyses were performed using an
Agilent (Santa Clara, CA, USA) 1100 nanoHPLC inter-
faced with an Agilent XCT Ultra Ion Trap (IT) equipped
with an HPLC Chip Cube MS interface or a Waters
Q-TOF Premier hybrid mass spectrometer equipped
with a nanoAcquity UPLC system (Manchester, UK).
Automated data dependent acquisitions were em-
ployed using either CID or ETD fragmentation mecha-
nisms. ETD of parent ions was accomplished using a
fluoranthene source for the production of radical anions
with a 40 ms accumulation time. Positive ion
MALDI/MS analyses were performed using either a
Voyager Super DE-STR (Applied Biosystems, Framing-
ham, MA, USA) or a Waters Micro MX (Waters Corp.,
Beverly, MA, USA). Four independent enrichments and
subsequent MALDI/MS analyses were performed on
all MOAC resins. Additional details regarding the MS
analyses are in the Supplementary Material, which can
be found in the electronic version of this article.

Results and Discussion

Commercially-available a-casein is a mixture of the S1
variant (major component), which has nine known sites
of phosphorylation and the S2 variant (minor compo-
nent) with 11 known sites of phosphorylation. 3-casein
contains five sites of phosphorylation. The «- and
B-casein tryptic digests were mixed together in solution
and analyzed by MALDI/MS (Supplemental Figure
S1). The spectrum contains abundant proteolytic pep-
tides, however, no casein phosphopeptides were ob-
served in this analysis.

MALDI/MS Analyses

Fe-NTA IMAC. We have previously shown that phos-
phopeptides can be directly analyzed by MALDI/MS
without prior elution from immobilized metal ion affin-
ity media (IMAC) [7-10] as elution of phosphopeptides
from this media can be inefficient [8, 10]. Figure la
shows the direct on-resin MALDI-TOF mass spectrum
of a casein digest mixture after Fe-NTA bead enrich-
ment. Ions corresponding in mass to several phos-
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phopeptides are observed. Specifically, ions corre-
sponding in mass to eight protonated phosphopeptides
representing eight sites of phosphorylation from og,,
nine from ag, and one from PB-casein are observed
(Table 1). Additionally, two oxidized phosphopeptides
(ag; T16 and ag; T7) were also observed; however, we
did not determine whether or not oxidation preceded
binding to the resin. Surprisingly, ions corresponding to
peptides containing four (ag, T2 and ag, T7) and five
(as; T8) phosphate groups were observed. Typically,
under positive ion conditions, the MS analysis of pep-
tides containing multiple phosphorylation sites is diffi-
cult [24, 25]. Although at least five nonphosphorylated
peptides were observed with the Fe-NTA enrichment
(Figure 1a, ions labeled with a filled circle), the abun-
dance of the nonspecifically bound peptides is rela-
tively low (<8% relative abundance). The ion of m/z
1832.83 (labeled with an asterisk in Figure 1a) has been
previously reported by Larsen et al. as being a phos-
phorylated sequence variant and may be attributed to
alternative splicing [13]. The Fe-NTA resin was capable
of enriching phosphopeptides representing 18 of 25
known sites of phosphorylation from a casein digest
mixture (Figure la and Table 1).

Titanium dioxide resin. In 2004, the selectivity of tita-
nium dioxide for phosphopeptides was first reported
[12]. To investigate the utility, in our hands, of
titanium dioxide for phosphopeptide enrichment, ca-
sein digest mixtures were loaded onto CRCs packed
with a commercially-available TiO, resin (GL Sciences),
eluted, and the resulting MALDI mass spectra obtained.
A representative MALDI spectrum from these enrich-
ments is shown in Figure 1b. In this spectrum, ions
corresponding in mass to eight unique protonated
tryptic phosphopeptides as well as two oxidized forms
were observed. These peptides represent 14 unique sites
of phosphorylation. Only two nonspecifically bound
peptides were observed (T13 and T28-30 from the S2
variant of a-casein) with this resin. As was observed
with the Fe-NTA IMAC resin (Figure la), peptides
containing four or five phosphate groups were ob-
served. Interestingly, the level to which the Fe IMAC or
TiO, MOAC resins enriched various peptides differed,
thereby indicating a difference in specificity of binding
between the Fe-NTA and titanium resins or elution
from the TiO, resin. For example, the monophosphory-
lated B-casein T6 peptide is observed at ca. 80% relative
abundance in the MALDI spectrum from the TiO, resin
whereas this peptide is observed at ca. 10% relative
abundance in the MALDI spectrum from the Fe IMAC
resin. Conversely, the doubly phosphorylated a-casein
S1 T7 peptide is observed at ~60% relative abundance
versus 5% relative abundance in the MALDI spectra
from the TiO, resin versus the IMAC resin. The
MALDI/MS results of four independent TiO, enrich-
ments from two independent digestion mixtures are
summarized in Table 1. The number of times a specific
site of phosphorylation was observed by MALDI/MS
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Figure 1. MALDI/MS of an a- and B-casein tryptic digest following (a) Fe-NTA IMAC CRC
enrichment, and (b) titanium dioxide (GL Sciences) MOAC CRC enrichment. The ion labeled with an
asterisk corresponds in mass to a previously reported monophosphorylated casein variant [13]. Ions
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labeled with filled circles represent nonspecifically bound peptides.

from the four independent MOAC enrichments is indi-
cated in the table. Similar to previous reports that
organic additives (e.g., DHB and citric acid) can be used
to displace nonspecifically bound peptides [13, 14, 16],
we observed that the selectivity of the titanium resin
was improved using DHB in the loading solution. As
was reported by Larsen et al. [13], we also found that
100 mg/mL DHB was optimal for the casein digest
mixture.

Prepacked MOAC enrichment tips. Commercially-available
prepacked products (Glygen NuTips) were also em-
ployed to determine their applicability for enrichment
of phosphopeptides. These products contain three dif-
ferent resins (titanium dioxide, zirconium dioxide, or a
mixture of both) and were evaluated using the casein
digest mixtures. First, the utility of the TiO, NuTip was
evaluated. A representative MALDI/MS spectrum of
the casein phosphopeptides enriched using the TiO,
NuTip (Figure 2a) shows ions which correspond in

mass to 14 phosphopeptides and represents 21 unique
sites of phosphorylation. Moreover, only two nonspe-
cifically bound nonphosphorylated peptides (Figure 2a,
ions labeled with a filled circle) of relatively low abun-
dance (i.e., <5%) were observed in the eluent from this
resin (Figure 2a). The results of four independent en-
richments using this resin are shown in Table 1. Inter-
estingly, a comparison of the data obtained from the
TiO, CRCs versus the TiO, NuTips shows a higher
number of unique sites of phosphorylation (8 versus 22)
observed with the TiO, NuTips in four of four enrich-
ments. In addition, the peptides that contain three or
more phosphate groups are observed more reproduc-
ibly with the TiO, NuTip than with the TiO, CRCs. If
one includes the phosphopeptides that were observed
in three of four independent enrichments, all known
sites of phosphorylation were enriched using the TiO,
NuTip protocol.

Similarly, a representative MALDI-TOF mass spec-
trum (Figure 2b) acquired from the eluent following
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enrichment with Glygen’s ZrO, tip shows ions corre-
sponding in mass to 10 unique phosphopeptides repre-
senting 17 sites of phosphorylation. The number of
unique sites of phosphorylation observed from four
independent enrichments using the ZrO, resin is 17
(Table 1). Moreover, many nonphosphorylated casein
peptides (e.g., ag; T10, T17, and B T10-11) are observed
using the ZrO, resin (Figure 2b, ions labeled with filled
circles), thereby, indicating greater nonspecific binding
compared with either the TiO, NuTips or the Titan-
sphere TiO, resin.

Combining different metal oxide resins in one tip has
potential for improved recovery of phosphopeptides as
well as enhanced selectivity. It has also been reported
that zirconium dioxide is more selective for singly
phosphorylated peptides and titanium dioxide for mul-
tiphosphorylated peptides [15, 16]. Therefore, a mixed
resin tip consisting of titanium dioxide and zirconium
dioxide was evaluated using the casein digest mixtures.
The MALDI mass spectrum acquired from one eluent
from the mixed resin shows eleven ions corresponding
in mass to phosphopeptides representing 15 unique
sites of phosphorylation from the digest mixture (Fig-
ure 2c). From these data, the number of nonspecifically
bound peptides observed is lower than with the ZrO,
resin alone and are more similar to the titanium dioxide
NuTips. MALDI/MS analyses from four independent
mixed resin enrichments are summarized in Table 1.
The number of unique sites of phosphorylation ob-
served with the mixed TiO,/ZrO, resin NuTip in four
of four enrichments is similar to that obtained with the
TiO, CRCs (nine and eight, respectively) and is lower
than either the single TiO, resin NuTip (i.e., 22) or the
single ZrO, resin NuTip (i.e., 17). Also of note, in our
hands, the mixed resin tips would often leak resin out of
the tip when high pH buffers were used, thereby,
complicating their analyses. Perhaps this is one reason
why the number of unique sites of phosphorylation
observed with the mixed resin tips was lower than for
either the TiO, or ZrO, resin by itself.

It has been reported that the enrichment capabilities
of a given resin can vary based on the manner of its
manufacture, the method by which it is affixed to the
pipette tip, as well as the buffer conditions used during
loading and washing steps. Therefore, we investigated
the affect of the buffer conditions with the NuTips.
Three sets of conditions were tested: (1) binding buffer
of 3.3% formic acid and washed with water [15]; (2)
binding buffer of 80% ACN, 15% H,O, 5% TFA) [16]
followed by water washes; and (3) binding buffer of
80% ACN, 15% H,O, 5% TFA followed by a wash
solution of 80% ACN, 19% H,0O, 1% TFA [16]. The use
of binding and washing system 3 resulted in the obser-
vation of much higher phosphopeptide selectivity (e.g.,
less than five nonspecifically bound peptides observed)
and was the protocol used for the analyses shown in
Figure 3. Although increased selectivity was observed
for the Titansphere titanium dioxide resin when the
organic displacer DHB was used, the addition of this
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Table 1. Number of times specific phosphorylation sites were observed by MALDI/MS from four independent MOAC enrichments

?Results from a single IMAC enrichment.
PObserved as both native and oxidized by MALDI/MS.

agp, T16°/T15-16,T16-17

ag; T15/T14-15
ag, T7°

ag, T8

ag, T2/T1-2
ag, T7

ag, 16-7
ag, T14/T14-15

B T6/T5-6
B T2/T1-2



1654 GATES ET AL.

100 1
901
801
701
601

501

% Intensity

401
301

201
o, TS:6+P

.

-
(=]

o, T7+2P

o, T15-16/T16-17+P

o, T14-15+2P
g, TI4+2P

ag, TIS+P

s [

(a) %00
100
90
80
70
60

50

% Intensity

40

30

20

10

Oy TS6+P

1440

ag, T7+2P

ag, TI5-16/T16-17+P
g T14-15+2P

g, TI5 +P

Illu‘

o TI442P =@

(b) o
1007
920
80
707

60 1

% Intensity

30 1
20

101

() %0

g, T5-6+P

g T14-15+P

g, T15-16/T16-17+P

o, TI5+P
ag, T16+P
2y

1440

J Am Soc Mass Spectrom 2010, 21, 1649-1659

B T6+P

o T14-15+P

| Ox.0, T7+2P
g, T1-2+4P

N\

ag, T8+5P B T1-2+4P
‘ \J

BT5-6+P

® B T2+4P
-1

i a4 s ]

2080 2720 3360

B T6+P

|, T14-15+P

|~ Ox.a, T7T+2P
o, T1-2+4P

og, T8+5P
M

et

2720

2080 3360

B T6+P

- Ox. og, T7T+2P

pTs-6p ot PSP p TZ“‘”’ B T1-2+4P
]

"

2720 3360

2080
Mass (m/z)

Figure 2. MALDI mass spectra of an a- and B-casein tryptic digest resulting from (a) titanium
dioxide NuTip enrichment, (b) zirconium dioxide NuTip enrichment, and (c) a mixed resin tip
enrichment consisting of zirconium and titanium dioxide. The ion labeled with an asterisk corre-
sponds in mass to a previously reported monophosphorylated casein variant [13]. Ions labeled with
filled circles represent nonspecifically bound peptides.

modifier did not significantly improve the enrichment
capabilities of the NuTips in terms of the number of

phosphopeptides observed.

To summarize, more unique sites of phosphorylation
were reproducibly obtained using titanium dioxide

enrichment NuTips than either the zirconium dioxide
NuTips or the mixed resin NuTips (Table 1). In addi-
tion, the number of nonspecifically bound peptides
observed with the zirconium dioxide NuTip was, gen-
erally, greater in comparison with that of the titanium
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Figure 3. MALDI mass spectrum of an a- and B-casein tryptic digest resulting from enrichment
using magnetic titanium dioxide beads (Phos-Trap kit). The ion labeled with an asterisk corresponds
in mass to a previously reported monophosphorylated casein variant [13]. Ions labeled with filled

circles represent nonspecifically bound peptides.

dioxide resin NuTip (e.g., a-casein S1 T10, a-casein S1
T17, and B-casein T10-11) (Figure 2b versus Figure 2a).
These results are similar to those reported previously
[16] in that zirconium dioxide was observed as being
less specific for binding of phosphorylated peptides
than titanium dioxide. Comparatively, analyses per-
formed with the mixed resin tip (Figure 2c) showed
lower levels of nonspecific binding than that of the
zirconium tip (Figure 2b). In our hands, these enrich-
ment results indicate that of the three Glygen NuTips
evaluated, the titanium dioxide resin is the most repro-
ducibly selective for phosphopeptides with the least
nonspecific binding under the buffer conditions used in
these experiments. In addition, the data obtained from
the TiO, NuTip in terms of the number of unique sites
of phosphorylation that could be reproducibly enriched
in independent experiments are better, in our hands,
than those obtained from either the titanium dioxide
CRC.

Magnetic titanium beads. Nanoparticles as well as mag-
netic nanoparticles with a titanium or zirconium surface
have also been reported as being selective for enriching
phosphorylated peptides. To explore the phosphopep-
tide enrichment capabilities of a commercially-available
magnetic titanium dioxide particle (Perkin Elmer Phos-
Trap), enrichment of the casein digest mixture was
performed using the manufacturer’s protocol and the
supplied buffers. A MALDI-TOF mass spectrum (Fig-
ure 3) acquired from one casein digest eluent of the
magnetic titanium resin enrichment experiments con-
tains nine phosphopeptide ions representing nine of the
known sites of phosphorylation. The nonspecific bind-
ing observed with this resin was minimal and similar to

that observed with the other titanium dioxide resins. It
should be noted that the chemical background noise
observed in the mass range of m/z 25002800 was
consistently observed in all eluent analyses from this
resin. This most likely inhibited the reproducible obser-
vation of several multiply phosphorylated peptides in
this region (e.g., aS1 T8, aS1 T6-7, and «S2 T2/T1-2)
(Table 1). Without knowing the composition of the
manufacturer’s supplied buffers, it is difficult to spec-
ulate on the composition of this chemical background.
The number of unique sites of phosphorylation ob-
served reproducibly with the Phos-Trap titanium diox-
ide resin is similar to the Titansphere TiO, resin and the
mixed NuTip resin.

LC/MS/MS Analyses

We also investigated whether or not additional phos-
phopeptides could be observed following enrichment
using LC/ESI/MS/MS. Because it has been reported
[13, 16] that analyses of the eluent from the titanium
dioxide CRC, which contains sizeable amounts of DHB,
is not amenable to LC/MS/MS, the subsequent LC/
MS/MS analyses were performed on the PhosTrap TiO,
eluent and the three different NuTip eluents. For com-
parison purposes, a tryptic digest of the casein mixture
without any enrichment was also analyzed by LC/
MS/MS and structurally diagnostic MS/MS spectra for
five phosphopeptides were obtained. These phosphor-
ylated peptides include a-casein S1 T15 and T17, a-
casein S2 T16 and T1-2, and B-casein T6. For the mixed
resin eluent, no additional phosphopeptides were ob-
served by LC/MS/MS. One additional phosphopeptide
was observed from a TiO, NuTip eluent with the se-
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quence '"*VPNpSAEER"" from the S1 variant of a-casein
LC/MS/MS analysis. This phosphopeptide was the result
of an anomalous cleavage.

Conversely, from the LC/MS/MS analyses of the
eluents from the Phos-Trap TiO, resin, two of the
phosphopeptides with molecular ions in the mass-to-
charge range of 25002800, which were observed above
the chemical background in only two of the four
MALDI/MS analyses were detected by LC/MS/MS. As
an example, the ETD MS/MS data of the [M + 4H]*"
ion of m/z 681.1 corresponding in mass to the penta-
phosphorylated a-casein S1 T8 tryptic peptide is shown
in Figure 4. In this spectrum, a complement of ¢ and z
ions are observed due to fragmentations along the
peptide backbone chain, which allows the determina-
tion of the sites of phosphorylation at Ser 64, 66, 67, 68,
and 75. Additionally, CID fragmentation was obtained
from the MS/MS analyses of the [M + 3H]** ion of m/z
893.35, which corresponds in mass to the triply phos-
phorylated a-casein S1 T6-7 tryptic peptide (Supple-
mental Figure S2). These results illustrate the utility of
LC in combination with MS/MS for the analyses of
complex mixtures and for obtaining greater sequence
coverage of proteins.

Under the conditions and MS analyses used in this
work, the titanium dioxide NuTip appears to be the
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most selective phosphopeptide enrichment resin with
the least amount of nonspecific binding. Although the
nonspecific binding observed with the Titansphere tita-
nium dioxide resin and the mixed resin NuTip was
minimal, the overall number of unique sites of phos-
phorylation observed reproducibly was less than that
observed with the TiO, NuTip. Additionally, our re-
sults indicate that the titanium dioxide NuTip resin
exhibits a more reproducible phosphopeptide enrich-
ment capability with lower levels of nonspecific binding
than the ZrO, tips. Even though it has been reported
that zirconium dioxide preferentially enriches singly
phosphorylated peptides and that titanium dioxide
preferentially enriches multiphosphorylated peptides
[16], we did not observe this trend.

Additional figures of merit. The limits of detection
(LOD) for various phosphopeptide enrichment meth-
ods have been reported [2, 12, 14, 16, 21] and are
important figures of merit when evaluating different
media. Inefficient elution from affinity media, incom-
plete phosphopeptide binding upon loading, and sam-
ple loss resulting from sample handling are potential
causes of reduced limits of detection. Therefore, deter-
mining the minimal amount of digest material required
to successfully enrich and detect phosphopeptide sig-

clB c19 cll'l
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Figure 4. LC/ETD/MS/MS of the [M + 4H]** ion of m/z 681.1 corresponding in mass to the
pentaphosphorylated ag, tryptic peptide T8 after enrichment with magnetic TiO, beads.
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nals is useful. To assess the lowest levels of phos-
phopeptides from which enrichment could be per-
formed from the casein digest mixtures, independent
replicate enrichments of the TiO, NuTip and the TiO,
PhosTrap resin were evaluated by MALDI/MS. Em-
ploying the criteria of a S/N of 3 or greater and the
observation of at least two phosphopeptides, the LOD
for the TiO, NuTip was determined to be ca. 125 fmol
for a-casein and 125 fmol for B-casein, which showed
two monophosphorylated casein peptides, tryptic pep-
tide T6 from B-casein, and tryptic peptide T14-15 of
a-casein (S1 variant). The limit of detection for the
Phos-Trap kit was determined to be ca. 50 fmol for
either a- or B-casein. The same two monophosphory-
lated peptides observed with the NuTip were also
observed with the magnetic resin. This is a factor of
approximately two lower than the limit of detection
determined for the titanium NuTip and similar to the
LOD reported for the Titansphere titanium dioxide
resin [14].

Reproducibility of a given enrichment method can
also play a large part in the number of phosphopeptides
recovered run-to-run. In our hands, the MOAC resin
exhibiting the highest number of phosphorylation sites
that could be reproducibly detected by MALDI/MS
from four independent enrichment experiments was the
TiO, NuTip (22 sites) followed by the ZrO, NuTip (17
sites) (Table 1). Reproducibility when using the tita-
nium CRC methodology and the Phos-Trap kit was
lower and could be due to several factors. Some varia-
tion in reproducibility when using the titanium CRC
may be due to loss of resin (and therefore sample)
during enrichment due to the small particle size resin
and the pore size of the CRC filter. As discussed
previously, the chemical noise observed by MALDI/MS
in the Phos-Trap eluents likely inhibited reproducible
detection of some phosphopeptides.

Application to Avian Histones

Given the reproducibility results of the NuTip resin and
LOD results of the Phos-Trap resin, we chose to further
test the capabilities of these two resins by analyzing a
more complex biological sample, avian linker and core
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histones. It is known that histones in avian immature
red blood cells undergo many post-translational modi-
fications including phosphorylation, methylation, and
acetylation [26-29]. Although the general phosphoryla-
tion of chicken histone H1 has been noted in the
literature [27], to our knowledge, only two groups have
reported specific sites of phosphorylation of avian his-
tones [27, 30]. Sung and coworkers reported the phos-
phorylation of Ser-3 and Ser-7 of chicken histone H5
using *°P labeling. Dickman et al. recently published the
identification of several modifications of the chicken
histones, including phosphorylation of histone H5 at
Ser-3 and Ser-7 and, possibly, at Thr-1 of this protein. In
addition, other sites of phosphorylation that they were
unable to unequivocally distinguish include either
Ser-22 or Ser-24 of histone H5 and Ser-1 or Thr-3 of
histone H1.11L.

LC/MS/MS analyses of the digested and enriched
chicken histone sample identified several phosphory-
lated peptides (Table 2). As an example, the deconvo-
luted MS/MS data of the [M + 2H]*" ion of m/z 822.2,
which corresponds in mass to the N-terminal mono-
phosphorylated acetylated H1.01 tryptic peptide with
the sequence SETAPAAAPDAPAPGAK, is shown in
Figure 5. [Histone nomenclature is according to Coles et
al. [31]]. These MS/MS data show a series of y ions and
b ions which result from fragmentation of the amide
bonds in the peptide. In addition, the loss of H;PO,
from several b ions (b,, bg, by;, and b,3) and the loss of
water plus H;PO, from the b; and b, fragments indi-
cating that the phosphate is located at either serine-1 or
threonine-3. The observation of the ion corresponding
in mass to the loss of water and H;PO, from the y,
fragment is consistent with a phosphate group located
at the Thr-3 residue versus the Ser-1 residue. Thus,
these data indicate that the site of phosphorylation in
this H1.01 tryptic peptide to Thr-3. Collectively, eight
phosphopeptides were observed from the histone en-
richment and subsequent LC/MS/MS analyses (Table
2, Figure 5, and Supplemental Figures S3-5S9). A similar
number of, but not identical, phosphopeptides were
observed from the two titanium dioxide resins. There-
fore, one should utilize more than one enrichment resin

Table 2. Summary of observed phosphorylated peptides following avian histone enrichment

Accession Theoretical Observed Phosphorylated
Histone Variant?® Number Mass Mass Peptide Sequence With Modification® Residue(s)
H1.10 AAA48788 808.39%* 808.62" 1-17  Ac-SEpTAPAAAPAVAAPAAK T-3
H1.01 NP_001035732  822.37%* 822.22* 1-17  Ac-SEpTAPAAAPDAPAPGAK T-3
H1.02 XP_425456 823.40% 823.72" 1-17  Ac-(pS)E(pT)APVAAPAVSAPGAK S-10orT-3
H1.11L NP_001035733  991.47%* 991.22* 1-21  Ac-(pS)E(pT)APAPAAEAAPAAAPAPAK S-10orT-3
H5 NP_001038138  780.41%2% 780.5%" 1-14  Ac-(pT)E(pS)LVLSPAPAKPK T-1or S-3
H5 NP_001038138 759.40%* 759.47%* 1-14  TEpSLVLSPAPAKPK S-3
H5 NP_001038138  799.39%* 799.22* 1-14  TEpSLVLpSPAPAKPK S-3,S-7
H5 NP_001038138  595.61%* 595.8%" 22-37 (pS)A(pS)HPTYSEMIAAAIR S-22 or S-24

2Nomenclature according to reference [31].
PAc = acetyl; p = phosphorylation.
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Figure 5. (a) LC/CID/MS/MS of the (M + 2H)** ion of m/z 822.2 corresponding in mass to the
N-terminal monophosphorylated acetylated histone H1.01 tryptic peptide. (b) N-terminal 30 residues
of avian histone proteins for which sites of phosphorylation were determined. Amino acids in bold
indicate residues in which a site of phosphorylation was confirmed. Underlined amino acids indicate

residues in which the site of phosphorylation could not be unequivocally assigned.

and optimize the conditions according to sample vol-
ume and complexity.

From our MS analyses of phospho-enriched sam-
ples, we were able to identify previously unreported
sites of phosphorylation. These include Thr-3 of his-
tone H1.01 (Figure 5a) and Thr-3 of histone H1.10
(Supplemental Figure S3). Phosphorylation of histone
H1.02 at Ser-1 or Thr-3 was also observed, but could
not be unambiguously identified (Supplemental Fig-
ure S4). In addition to these novel sites of phosphor-
ylation, the additional sites of phosphorylation of
histone H5 (Ser-3, Ser-7, possibly Thr-1, and Ser-22
or Ser-24) and of histone H1.11L (Ser-1 or Thr-3)
were identified (Supplemental Figures S5-59). The
N-terminal 30 residues of the chicken histones for
which sites of phosphorylation were determined are
shown in Figure 5b. Residues shown in bold indicate
an amino acid for which a site of phosphorylation
was confirmed. Underlined amino acids indicate res-
idues in phosphopeptides for which the site of phos-
phorylation could not be unequivocally assigned. Of
note, only the phosphorylation site at Ser-3 of histone
H5 was observed by LC/MS/MS without enrich-
ment. Several of the sites of phosphorylation deter-
mined for the chicken histone H1 proteins are homol-
ogous to sites of phosphorylation determined for
histone H1 proteins from mammals [32, 33].

Conclusion

All titanium dioxide resins evaluated in this study are
capable of enriching phosphopeptides from a casein
digest sample, albeit to different extents. These data
demonstrate the importance of the experimental condi-
tions employed for the enrichment techniques. Similar
to previous reports, organic content in binding and
washing solutions proved to be beneficial for the metal
oxide resins. Both MALDI and ESI-MS analyses of the
titanium dioxide NuTip eluents resulted in the repro-
ducible observation of a greater number of unique sites
of phosphorylation with the least amount of nonspecific
binding compared with the other MOAC resins. These
results demonstrate that enrichment procedures before
MS analyses dramatically improve detection and se-
quencing of phosphopeptides compared with analyses
without enrichment. In addition, enrichment reduces
sample complexity, thereby, reducing the co-elution of
peptides during LC/MS/MS analyses.

The applicability of phosphopeptide enrichment of a
biological sample was illustrated using titanium diox-
ide enrichment media. For the avian histone tryptic
digest, eight phosphorylated tryptic peptides were ob-
served following enrichment and subsequent LC/
MS/MS analyses. Seven of the eight phosphopeptides
were not observed without titanium dioxide enrich-
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ment. From these analyses, four sites of phosphoryla-
tion were unequivocally determined; two of which have
not been reported previously (i.e.,, Thr-3 of histone
H1.10 and Thr-3 of histone H1.01). Four additional
phosphopeptides were observed, however, the site of
phosphorylation could not be distinguished, but was
localized to one of two possible amino acids.

In summary, two of the titanium dioxide resins
showed greater selectivity and sensitivity in our hands,
however, these analyses were performed on samples of
limited complexity. Therefore, depending on sample vol-
ume and complexity, it is important to optimize enrich-
ment procedures accordingly. These methods should aid
in the investigation of proteins post-translationally modi-
fied with phosphate, especially those present at low con-
centrations as was demonstrated by successful enrichment
at the femtomole level.
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