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Because of its good biocompatibility, high surface-to-volume ratio, and distinct surface
electrical properties, porous anodic alumina (PAA) membrane has been used to selectively
enrich phosphopeptides from a mixture of synthetic peptides and tryptic digest product of
�-casein by a direct MALDI-TOF MS analysis. As we reported previously, PAAmembrane has
strong incorporation ability to the phosphate anion. Herein, we describe the application of
PAA membrane as a selective sampling absorbent for phosphopeptides. The PAA membrane
could enrich phosphopeptides with high efficiency and selectivity; for example, the tryptic
digest product of �-casein at a concentration as low as 4 � 10�9 M can be satisfactorily
detected. Compared to that from the nonenriching peptide mixture, the MS signal of the
phosphorylated peptides enriched by the PAA membrane is remarkably improved. In
addition, acidic peptides have insignificant influence on the enriching process. Results show
that the adsorption of phosphate anions on the PAA membrane plays a determining role in
achieving highly selective enriching capacity toward phosphopeptides. The feasibility of PAA
membranes as specific absorbents for phosphopeptides is also demonstrated. (J Am Soc Mass
Spectrom 2007, 18, 1387–1395) © 2007 American Society for Mass Spectrometry

Phosphorylation—the most important post-
translational modification of proteins—plays an
important role in controlling many cellular pro-

cesses in signal transduction, gene expression, cell
growth, division, and apoptosis [1–3]. About 25–30% of
the proteins in eukaryotic cells are estimated to be
phosphorylated at a certain content in the life cycle.
Therefore, characterization of the phosphorylation is an
important issue in proteomic analysis [4]. Numerous
methods such as radioactive 32P-labeling and detection
[5], immunological methods [6], and Edman degrada-
tion [7] have been developed [8, 9], although these
techniques are relatively time consuming and laborious.
Recently, mass spectrometry (MS)–based methods

have proved to be powerful and preferred approaches
for the analysis of phosphorylation because of the
higher sensitivity, selectivity, and speed than those of
most biochemical techniques [10]. However, the electro-
negativity of the phosphate groups in phosphopeptides

usually reduces the ionization efficiency during posi-
tive MS analysis [11]. In addition, phosphorylation is
often substoichiometric. The presence of many non-
phosphorylated peptides severely suppresses the ion-
ization of phosphopeptides [12, 13]. Therefore, separa-
tion and enrichment of phosphorylated peptides from
unphosphorylated ones are highly desirable [14–16].
Several strategies have been developed to enrich the
phosphorylated peptides or phosphoproteins before
analysis, such as immunoprecipitation using phospho-
protein-specific antibodies [17, 18], immobilized metal
affinity chromatography (IMAC) [19–21], and specific
chemical modification strategies targeted for phosphor-
ylated amino acids [22–24]. Among them, the most
widely used method is IMAC. In this technique, phos-
phopeptides are selectively bound to the metal ions of
Fe(III) or Ga(III) because of their affinity toward the
phosphate moiety. Subsequently, the phosphopeptides
are released using high pH or phosphate buffer for MS
analysis. The main limitation of this approach is the
background from unphosphorylated peptides (typically
acidic in nature) that have affinity for the metal ions of
Fe(III) or Ga(III). Alternatively, some metal oxides such
as titanium dioxide has been applied to selectively
concentrate phosphopeptides from complex samples
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[25–27]. The utility of zirconium dioxide microtips for
phosphopeptide isolation before mass spectrometric
analysis has also been demonstrated [28]. The metal
hydroxide Al(OH)3, for phosphopeptide and phos-
phoprotein bindings, has also proved to be effective
and more selective than commercial phosphoprotein-
enrichment kits [29].
Porous anodic alumina (PAA) membrane is a kind of

self-ordered nanochannel aluminum oxide material
formed by anodization of aluminum in appropriate
multiprotic acid solutions. The structure of anodic po-
rous alumina is described as a packed array of colum-
nar hexagonal cells with central, cylindrical uniformly
sized cavities ranging from 4 to 200 nm in diameter,
pore density as high as 108 to 1011 pores/cm2, and film
thickness varying from 0.1 to 300 �m [30–32]. The
dimension and the interval of the pores are controllable
by varying the anodization voltage or using specific
electrolyte of phosphoric acid [33], sulfuric acid [34], or
oxalic acid [35]. This enables the PAA membrane to be
used in fabricating nanometer-sized tubes, rods, and
wires of various materials with a great flexibility [36–
39]. In addition, PAA has a good biocompatibility
toward proteins by supramolecular interactions [40].
We have made use of the biocompatibility of the PAA to
adsorb proteins. This approach allows a washing step
for the removal of salts and buffer components from
protein samples to enhance the MS spectral quality [41].
Recently, we found that the PAA membrane has

strong incorporation ability toward phosphate anions
[42]. Herein, we describe the application of PAA mem-
brane as a selective sampling absorbent for the analysis
of phosphopeptides. The free-standing PAA mem-
branes anodized from solution of phosphoric acid or
oxalic acid were synthesized using the method we
reported previously [32]. The specifically adsorbed
phosphopeptides were identified by a direct matrix-
assisted laser desorption/ionization time-of-flight mass
spectroscopy (MALDI-TOF MS) analysis. Compared to
that from the nonenriching peptide mixture, the MS
signal of the phosphorylated peptides enriched by the
PAA membrane is remarkably improved. The feasibil-
ity of PAA membranes as specific absorbents toward
phosphopeptides is also demonstrated and the selective
enrichment mechanism of the PAA toward phos-
phopeptides is discussed.

Experimental

Materials

The preparation method of PAA membranes was de-
scribed in detail in our previous work [32].°The°peptides
TRDIYETDYYRK (MW � 1622.73) and TRDIYpET-
DYYRK (MW � 1702.71) were obtained from Sangon
Biotechnology Co., Ltd. (Shanghai, China) and used with-
out further purification. The synthetic peptides dissolved
in water and acetonitrile (7:3, vol/vol) were mixed to a
solution of 2 � 10�8 mol/L. For the enriching experi-

ments, the PAA membranes were cleaved into small
pieces and immersed in 200 �L of the above mixture for
phosphopeptide adsorption. For comparison, direct dep-
osition of the synthetic peptides mixture without enrich-
ment to a PAA target was also performed. Solutions of
both �-casein and trypsin (both from Sigma, St. Louis,
MO, USA) were prepared in aqueous ammonium bicar-
bonate (30 mM, pH 8.2). �-Casein (1 mg/mL) and trypsin
(1 mg/mL), at a weight ratio of 50:1, were incubated at
37 °C for 15 h to produce a proteolytic digest for MALDI-
TOF MS analysis, after which 10 �L of 1 mg/mL tryptic
�-casein digest was added to a 200 �L mixture of water
and acetonitrile (7:3, vol/vol). The PAA membrane was
cleaved into small pieces and immersed in 200 �L of the
above mixture, then equilibrated for 6 h at 37 °C. After
rinsing three times with 20 �L water, the PAA pieces was
again immersed in 200 �L of a mixture of water and
acetonitrile for 20 min to reduce the nonspecific adsorp-
tion. After adding the matrix and drying at room temper-
ature, the PAA piece was affixed to a stainless steel target
probe (MALDI target) using 2.0 �L of polyurethane ad-
hesive solution (NIPPOLLAN-DC 205, Nippon Polyure-
thane Industry Co., Ltd., Tokyo, Japan). For comparison,
direct deposition of the tryptic �-casein digest mixture
without enrichment to a PAA target was also performed.
The saturated solution of �-cyano-4-hydroxycin-

namic acid (Sigma) matrix was prepared in a mixture of
water/acetonitrile (50:50, vol/vol) containing 0.1% TFA
(Tedia, Fairfield, OH, USA). The DHB matrix (Sigma)
was prepared by dissolving 20 mg of 2,5-dihydroxyben-
zoic acid in 1 mL of water/acetonitrile (50:50, vol/vol)
containing 1% phosphoric acid.

Instrumentation

MALDI-TOF MS analyses were performed using delayed
extraction in positive-ion mode on a TOF mass spectrom-
eter (Voyager-DE STR, Applied Biosystems, Framingham,
MA, USA) using an accelerating potential of 20 kV.
Spectra were obtained using a nitrogen laser (337 nm)
adjusted to slightly above threshold. The spectra pre-
sented herein generally represent the sum of 200 laser
shots. All spectra were recorded in the positive reflective
mode using external calibration. In the post source decay
(PSD) experiment, the precursor ions (proton adducts)
were isolated using a timed ion selector. Each PSD mass
spectrum was recorded in 11 segments under computer
control. In all, 200 laser shots were accumulated per
segment and all segments were switched together to form
one MALDI-TOF PSD mass spectrum.

Results and Discussion

Selective Enrichment of Phosphopeptides Using
PAA Membrane Prepared in Phosphoric Acid

Figure°1°shows°the°SEM°microphotograph°of°an°or-
dered PAA film consisting of a hexagonal close-packed
array of about 200-nm-diameter channels formed by the
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two-step anodization process with anodizing voltage of
120°V°in°0.2°M°phosphoric°acid°for°4°h°[32].°The°pore
size of the PAA membrane is uniform and the interval
of the pores is almost equal.
The effectiveness of the selective sampling technique

using PAA in enriching the phosphopeptides was first
evaluated using a mixture of the synthetic peptides
TRDIYETDYYRK (MW � 1622.73) and TRDIYpET-
DYYRK°(MW°�°1702.71).°As°shown°in°Figure°2a,°only°a
weak signal of phosphopeptide (m/z 1703) was ob-
served without any enrichment process. Apparently the
signal of the phosphopeptide is severely suppressed in
the mass spectrum. When the sample was enriched
using the PAA membrane, the MS signal of phos-
phopeptide (m/z 1703) became prominent, whereas al-
most no unphosphorylated peptide (m/z 1623) appeared
(Figure°2b).°The°calculated°signal-to-noise°(S/N)°ratios
for the phosphopeptide (m/z 1703) are 257.9 for the
nonenrichment process and 1924.6 for enrichment by
the PAA membrane. The results indicate that the PAA
membrane could specifically adsorb and enrich the
phosphorylated peptide from the mixture of synthetic
peptides.
Bovine �-casein bearing five phosphorylated serine

residues has been extensively investigated as a model
phosphoprotein. Its tryptic digest product was used to
examine the enriching capacity of the PAA membrane
made°in°phosphate°acid°toward°phosphopeptides.°Fig-
ure°3a°displays°the°MALDI°mass°spectra°of°the°tryptic
digest product of �-casein directly deposited onto a
PAA target. Without any enrichment process, only a
weak signal of phosphopeptide (m/z 2062) was ob-
served, indicating that the signals of the phosphopep-
tides are severely suppressed in the positive mass
spectra. When the samples were enriched with the PAA
membrane, the MS signal of phosphopeptide (m/z 2062)
became°prominent°(Figure°3b),°whereas°the°other°sig-
nals°observed°in°Figure°3a°disappeared.°The°MS°signal
at m/z 1968 could be assigned to the dephosphorylated
fragment of the phosphopeptide by loss of H3PO4. The

difference of 94 Da instead of the normal 98 Da between
m/z 2062 and m/z 1968 could be attributable to the
metastable loss of H3PO4 from the parent ions, which
could be verified by the broadening and low resolution
of° the°signal°of°m/z 1968° [16,°43].°Compared°to° the
results°in°Figure°3a,°the°MS°signal°of°the°phosphory-
lated peptides enriched by the PAA membrane is re-
markably improved. Careful examination of the spectra
using the automatic S/N calculation software of the
spectrometer shows that the S/N ratio for the phos-
phopeptides enriched by the PAA membrane is about
sixfold better than that directly deposited onto the PAA
target. Almost no other unphosphorylated peptides
appear°in°Figure°3b,°clearly°indicating°that°the°PAA
membrane can specifically adsorb and selectively en-
rich the phosphorylated peptides from the tryptic di-
gest mixture. The enrichment experiment was also
performed using �-casein as a model phosphoprotein.
The enriching effect toward phosphopeptides was also
observed (results not shown). All these results confirm
that the PAA membrane has specific absorption ability
toward phosphopeptides, although nonphosphopep-
tides are present in solution.
In our previous report, we studied the electroosmotic

flow of PAA membranes and found that the PAA
membrane has stronger incorporation ability toward
the°phosphate°anions°[42].°As°shown°by°the°solution
pH-dependent electroosmotic velocity, the isoelectric

Figure 1. SEM microphotograph of the top surface of a highly
ordered PAA membrane with pore about 200 nm in diameter
formed by the two-step anodization process with anodizing
voltage of 120 V in 0.2 M phosphoric acid solution for 4 h.

Figure 2. MALDI mass spectra of the synthetic peptides mixture
(2 � 10�8 M) deposited on the PAA target (a) and enriched by the
PAA membrane for 6 h (b). Saturated CHCA in a mixture of 50:50
water/acetonitrile (vol:vol) with 0.1% trifluoroacetic acid was
used as matrix for MALDI-TOF MS analysis. PAA membranes
were obtained by constant-voltage anodization at 120 V in 0.2 M
phosphate acid.
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point of the PAA membrane made in phosphate acid
solution in Tris-HCl buffer is located at around 5.5
(Figure°4,°curve°b).°It°shifts°to°about°3.7°in°a°phosphate
buffer°in°a°few°seconds°(Figure°4,°curve°d).°The°varia-
tion of isoelectric point is attributed to the specific
adsorption of phosphate anions by electrostatic interac-
tions (or ion exchange). The specific interactions be-
tween the phosphate ions and the PAA membrane
might be used to explain the selective enrichment of
phosphopeptide° in° Figure° 3b° and° c.° The°phosphate
moiety of the phosphopeptide specifically interacts
with the PAA membrane, resulting in selective enrich-
ment of phosphopeptide. NMR study also shows that
the phosphate moiety of the phosphopeptide specifi-
cally interacts with aluminum ion (results not shown).
Compared to the phosphate anion-exchanging results,

the enrichment process for phosphopeptiede is rela-
tively slow (results not shown), which could be ex-
plained by the steric hindrance of the nanochannel, the
complexed charge distribution of the phosphopeptiede,
or the slow exchange between nonphosphopeptides
and the phosphopeptides at the PAA interface. As the
PAA contacts with the mixture solution, at the begin-
ning, both the nonphosphopeptides and phosphopep-
tides can adsorb onto the PAA surface by nonspecific
and specific interactions, respectively. As a result of the
latter, interaction is stronger than that of the former
process; phosphopeptides will replace the competi-
tively adsorbed nonphosphopeptides from the PAA
membrane. This replacement process could be very
slow, but it determines the phosphopeptide enrichment
efficiency. This phenomenon was confirmed by the
increase of S/N ratio for the phosphopeptides with the
enriching time.
The phosphopeptide peak at m/z 2062 enriched from

the tryptic digest product of �-casein at 4 � 10�9 M
remains°significant°in°the°MALDI°mass°spectrum°(Fig-
ure°3c),°whereas°no°MS°signal°of°the°target°peptide°with
the direct deposition method appears. In this case, the
S/N ratio for the phosphopeptide is still satisfactory
after enrichment by the PAA membrane. This detection
concentration is about one to two orders of magnitude
lower than the traditional IMAC combined with
MALDI-TOF MS approach (results not shown). The
tryptic digest product of �-casein enriched by the
ZipTipMC (Millipore, Billerica, MA, USA) and enriched
by the PAAmembrane for 6 h were detected at the same
concentration of 2.5 � 10�8 M. The calculated S/N
ratios for the phosphopeptide are 180.5 for enrichment
by the ZipTipMC and 959.8 for enrichment by the PAA
membrane. The tryptic digest product of �-casein at the
concentration as low as 4 � 10�9 M can be satisfactorily
detected after enrichment by the PAA membrane,

Figure 3. MALDI mass spectra of the tryptic digest product of
�-casein deposited on the PAA target (a). Spectra (b, c) corre-
sponded to the tryptic digest product of �-casein enriched by the
PAA membrane for 6 h at the following concentrations: (b) 2 �
10�6 M; (c) 4 � 10�9 M. Saturated CHCA in a mixture of 50:50
water/acetonitrile (vol:vol) with 0.1% trifluoroacetic acid was
used as matrix for MALDI-TOF MS analysis. PAA membranes
were obtained by constant-voltage anodization at 120 V in 0.2 M
phosphate acid. The insert is attributed to the metastable loss of
H3PO4 from the parent ion (m/z 2062).
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Figure 4. Plots of electroosmotic velocity at applied transmembrane
current of 0.5 mA in curves a, b Tris-HCl and curves c, d phosphate
buffer solution (0.02 M) as a function of solution pH. PAAMs were
obtained by constant-voltage anodization curves a, c at 60V in 0.3 M
oxalic acid and curves b, d at 120 V in 0.2 M phosphoric acid.
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whereas no signal of phosphopeptide can be detected
after enrichment by the ZipTipMC. The high enriching
capacity must be ascribed to the extremely large surface
area and good biocompatibility of the PAA membrane
[40,°41].°The°results°demonstrate°that°the°PAA°mem-
brane could be an alternative material for the selective
enrichment of phosphopeptides with high efficiency.
Monophosphopeptide (m/z 2061.89 Da, m/z 2555.76)

and tetraphosphopeptide (m/z 3122.11 Da) represent
phosphopeptide° residues°derived° from°�-casein° [44]
(see°Table°1).°However,°the°MS°signal°from°the°tetra-
phosphopeptide°is°not°observed°in°Figure°3.°This°could
be°a°result°of°the°strong°signal°suppression°[14,°45,°46],
and/or the high binding force between the tetraphos-
phopeptide and the PAA membrane. These effects
would make the ionization of tetraphosphopeptide un-
der the positive MS mode difficult. However, when we
used o-phosphoric acid as the acid dopant in DHB as
the matrix, the MS signal of tetraphosphopeptide (m/z
3122) and another phosphopeptide (m/z 2556) were
observed°after°the°enrichment°process°with°PAA°(Fig-
ure°5).°In°addition°to°the°enhanced°ionization°of°phos-
phopeptide, phosphoric acid might decrease the inter-
actions between the PAA membrane and the
tetraphosphopeptide. Therefore, the tetraphosphory-
lated peptide species are efficiently eluted from the
PAA membrane and can be satisfactorily detected un-
der° acidic,° neutral,° and° alkaline° conditions° (Figure
5b–°d).° The°MS° signals° of° tetraphosphopeptide° (m/z
3122, m/z 3146, and m/z 3170) correspond to the [MH]�,
[MH�Al�3H]�, and [MH�2Al�6H]�, respectively.
Commercial PAA membrane (diameter: 13 mm, pore
size: 0.1 �m; Whatman International Ltd, Kent, UK),
prepared in phosphoric acid, has also been applied to
the enrichment experiments. The same results were
obtained as those of the self-prepared PAA membranes
(results not shown). All these results confirm that PAA
membranes made in phosphoric acid have specific
absorption ability toward phosphopeptides.
Alumina is an amphoteric material whose surface

electrical°properties°depend°on°solution°pH°[47]°and°the
isoelectric point of the amorphous alumina is pH � 8
[48].°If°the°interactions°between°the°phosphopeptides
and the PAA membrane are mainly by electrostatic
interactions, the enrichment capacity would be influ-
enced by solution pH. The isoelectric point of the PAA
membrane made in phosphate acid is about 5.5 in
Tris-HCl° buffer° [42].° Thus,° at° pH°�° 5.5,° the° PAA
membrane is protonated and has a positively charged
surface. In contrast, the PAA membrane has an overall

negatively charged surface in pH � 5.5. In principle,
because the solution pH is higher above 5.5, the absorp-
tion capacity must decrease because of the electrostatic
repulsive interaction between the negatively charged
surface of the PAA membrane and the negative charge
of°the°phosphopeptides.°However,°as°shown°in°Figure
5,°the°enrichment°process°has°almost°no°pertinence°to
pH; the interactions between the phosphopeptides and
the PAA membrane must be the result of a specific
adsorption of phosphate anions mainly by ion ex-
change, and electrostatic interactions can be neglected.
The abundances of the protonated phosphorylated

peptide in the MALDI mass spectrum of the tryptic
digest°of°�-casein°shown°in°Figure°3b°are°high°enough
for°the°PSD°MS°analysis.°Figure°6°displays°the°PSD
mass spectrum of the sample obtained using PAA
membrane to enrich target peptides from the tryptic
digest product of �-casein. Beside the peak at m/z 2062
([MH]�), a fragment ion at m/z 1964 corresponding to
the elimination of a H3PO4 (m/z 98) appears. This result
confirms the peak at m/z 2062 from a phosphopeptide.

Selective Enrichment of Phosphopeptide Using
PAA Membranes Prepared in Other Acids

We also studied the selective enrichment of phos-
phopeptide on PAA membranes prepared in oxalic
acid.°As°shown°in°Figure°7a,°the°enrichment°process
also occurs. However, the enriching effect on the phos-
phopeptides is insignificant compared to that of the
PAA°membranes°prepared°in°phosphoric°acid°(Figure
3b).° This° enrichment° effect°must° be° a° result° of° the
phosphate moiety of the phosphopeptide, which could
replace the oxalic anion adsorbed on the PAA mem-
brane, resulting in the enrichment of phosphopeptide
(Figure°7a).°Such°an°ion-exchange°effect°has°been°ob-
served°in°our°previous°work°[42].°The°isoelectric°point
of PAA membrane made in oxalic acid is about 6.5
(Figure°4,°curve°a).°The°isoelectric°point°of°this°PAA
membrane shifts to about 3.7 in a phosphate buffer
solution°compared°to°that°in°Tris-HCl°buffer°(Figure°4,
curve c). This change of the isoelectric point arises from
the adsorption of phosphate anions by electrostatic
interactions (or ion exchange), indicating that the PAA
membrane has a stronger incorporation ability toward
phosphate anions than toward oxalic anions. However,
if the PAA membrane was immersed in a phosphate
buffer° (pH°�°7.0)° for°1°h° (Figure°7b),° it°displays°a
significant MS signal of phosphopeptide. That is be-

Table 1. Phosphopeptides identified in �-caseina

[MH]� Peptide residues Phosphopeptide sequence

2061.83 33–48 FQ[pS]EEQQQTEDELQDK
2556.09 33–52 FQ[pS]EEQQQTEDELQDKIHPF
3122.27 1–25 RELEELNVPGEIVE[pS]L[pS][pS][pS]EESITR

aFrom Stensballe and Jensen [44].
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cause the ion exchange between the oxalic anions on the
PAA membrane and the phosphate ions in the phos-
phate°buffer°occurred°(Figure°4,°curves°a°and°c).°So°the

mechanism of the enhanced enrichment process is the
same as that of PAA membrane prepared in phosphate
acid. Because the interaction between phosphopeptides
and the PAA membrane prepared in oxalic acid was
weaker than that of phosphopeptides and the PAA
membrane°prepared°in°phosphate°acid°(see°Figures°3b
and°7a).°So°the°high°binding°force°between°the°phos-
phopeptide (m/z 2556) and the PAA membrane would
make the ionization of phosphopeptide under the pos-
itive°MS°mode°difficult°(Figure°7b).°However,°when°we
used o-phosphoric acid as the acid dopant in DHB as
the matrix, the MS signal of phosphopeptide (m/z 2556)

Figure 5. MALDI mass spectra of the tryptic digest product of
�-casein (1 � 10�7 M) directly deposited on the PAA target (a).
Spectra (b–d) respectively correspond to the tryptic digest product
of �-casein (1 � 10�7 M) enriched by the PAA membrane for 6 h
under the following conditions: (b) in a mixture of 7:3 water/
acetonitrile (vol:vol) with 0.1% trifluoroacetic acid; (c) in a mixture
of 7:3 water/acetonitrile (vol:vol); (d) in a mixture of 7:3
NH4HCO3/acetonitrile (vol:vol). 2,5-DHB (20 mg/mL) in 50%
acetonitrile/1% phosphoric acid was used as matrix for MALDI-
TOF MS analysis. PAA membranes were obtained by constant-
voltage anodization at 120 V in 0.2 M phosphate acid. The MS
signals of tetraphosphopeptide (m/z 3122, m/z 3146, and m/z 3170)
correspond to the [MH]�, [MH�Al�3H]�, and [MH�2Al�6H]�,
respectively.

Figure 6. PSD mass spectrum of the sample obtained using PAA
membrane to enrich target peptides from the tryptic digest prod-
uct of �-casein (10�6 M). PAA membranes were obtained by
constant-voltage anodization at 120 V in 0.2 M phosphate acid.

Figure 7. The enriching effect of PAA membrane made in oxalic
acid toward phosphopeptides. PAAmembrane immersed in phos-
phate buffer (pH � 7.0) for 0 h (a) and immersed in phosphate
buffer (pH� 7.0) for 1 h (b). Saturated CHCA in a mixture of 50:50
water/acetonitrile (vol:vol) with 0.1% trifluoroacetic acid was
used as matrix for MALDI-TOF MS analysis. PAA membranes
were obtained by constant-voltage anodization at 60 V in 0.3 M
oxalic acid.
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was observed after the enrichment process with PAA
membrane°prepared°in°phosphate°acid°(Figure°5).°As
described earlier, phosphoric acid might decrease the
interactions between the PAA membrane and the phos-
phopeptide besides enhancing ionization of phos-
phopeptide. Therefore, the phosphorylated peptide
species are efficiently eluted from the PAA membrane
and can be satisfactorily detected. All the results imply
that the phosphate anions adsorbed on the PAA mem-
brane play a determining role in achieving highly
selective enriching capacity toward phosphopeptides.

Study of Selective Capacity of PAA Membranes
toward Phosphopeptides

For better understanding of the selective capacity of
PAA membranes toward phosphopeptides, a mixture
of°acidic°peptides°(see°Table°2)°and°tryptic°digest°of
�-casein was analyzed. Trace phosphopeptide derived
from �-casein can be effectively enriched by the PAA
membrane, even when the amount of acidic peptides is
20°higher°than°that°of°�-casein°digest°(Figure°8a).°The
MS signal of the phosphopeptide becomes prominent
after enrichment, whereas only a scant MS signal of
acidic peptide (m/z 1986) containing five acidic amino
acids residues appears in the mass spectrum and the
MS signal of another acidic peptide (m/z 1405) contain-
ing two acidic amino acids residues does not appear. If
the concentrations of the acidic peptides and tryptic
digest products of �-casein are almost equal, the phos-
phopeptide dominates the mass spectra after perform-
ing the enriching process and no MS signal of acidic
peptide°appears°(Figure°8b°and°c).°These°results°indi-
cate that, in addition to phosphopeptides, the PAA
membrane has a somewhat enriching capacity toward
some other acidic peptide residues. The mixture of the
tryptic digest products of cytochrome C and �-casein
was also analyzed to evaluate the effectiveness of the
selective sampling technique in enriching the phos-
phopeptides (results not shown). As expected, the re-
sults were similar to those of the mixture of acidic
peptides and the tryptic digest products of �-casein
(Figure°8).°Trace°phosphopeptide°derived°from°�-casein
can be effectively enriched by the PAAmembrane, even
when the amount of cytochrome C digest is 20 higher
than that of �-casein. The MS signal of phosphopeptide
becomes prominent after enrichment, whereas only a
scant MS signal of nonphosphorylated peptide derived
from cytochrome C (m/z 1496, pI � 4.09) appears. The

peaks located at m/z 1496 correspond to the peptide
residues of cytochrome C, which contains four glutamic
acid residues. If the concentrations of the tryptic digest
products of cytochrome C and �-casein are almost
equal, the phosphopeptide dominates the mass spectra
after performing the enriching process, whereas no
other nonphosphorylated peptides appear in the mass

Figure 8. MALDI mass spectra of the samples enriched by the
PAA membranes for 6 h from a mixture of two acidic peptides (1
� 10�6 M) and the tryptic digest product of �-casein (5 � 10�8 M)
(a). Spectra (b, c) respectively correspond to a mixture of two
acidic peptides and the tryptic digest product of �-casein enriched
by the PAA membrane for 6 h under the same concentrations: (b)
1 � 10�6 M; (c) 2.5 � 10�8 M. Saturated CHCA in a mixture of
50:50 water/acetonitrile (vol:vol) with 0.1% trifluoroacetic acid
was used as matrix for MALDI-TOF MS analysis. PAA mem-
branes were obtained by constant-voltage anodization at 120 V in
0.2 M phosphate acid.

Table 2. Peptide sequence, molecular weight, and isoelectric point of the two acidic peptides

Acidic peptidesa Peptide sequence Molecular weight Isoelectric point

Peptide 1 EDVGSNKGAIIGLM 1403.60 4.37
Peptide 2 VYPNGAEDESAEAFPLEF 1985.06 3.45

Both of these peptides contain acidic amino acids possessing carboxylic acid side chains, such as glutamic acid and aspartic acid. The isoelectric
point (pI) of peptide 2 is close to that of monophosphopeptide (m/z 2061.89 Da; pI � 3.29) [49]. The pI value of the peptides was calculated by using
the ProtParam tool from http://www.expasy.org.
aPeptide 1 and peptide 2 are amyloid �-protein fragment 22–35 and ACTH 22–39, respectively.
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spectrum. Although the MS signal of acidic peptides is
detectable, it accounts for only a minor percentage
compared to that of phosphopeptides. Obviously,
acidic peptides have an insignificant influence on the
enriching process. On the whole, the PAA membrane
has a high specificity toward phosphopeptides.

Conclusions

For the first time we have made use of the good
biocompatibility, high surface-to-volume ratio, and dis-
tinct surface electrical properties of porous anodic alu-
mina membranes to selectively enrich phosphopeptides
from a mixture of synthetic peptides and tryptic digest
product of �-casein by a direct MALDI-TOF MS analy-
sis. Because the PAA membrane has specific absorption
ability toward the phosphopeptides, the tryptic digest
product of �-casein at a concentration as low as 4 �
10�9 M can be satisfactorily detected after enriched by
the PAAmembranes. Results also show that the adsorp-
tion of phosphate anions on the PAA membrane plays
a determining role in achieving highly selective enrich-
ing capacity toward phosphopeptides. Because of the
easy preparation and low cost of the PAA membranes,
the present method is promising for sensitive and
effective analysis of phosphorylation in proteomics
research.
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