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A specific multi-phosphopeptide enrichment method is presented to complement current

phosphopeptide isolation strategies that normally bias mass spectrometry analysis towards the

detection of mono-phosphopeptides. An adsorption model is developed that shows how the physical

parameters of adsorption such as specific surface area, adsorption time, etc. control the extraction of

mono- and multi-phosphorylated peptides on oxide materials such as alumina. Commercial alumina

particles, alumina supported on aluminium particles and alumina on aluminium foils were used to

enrich multi-phosphopeptides. The synthesized phosphopeptides and tryptic digests of casein and milk

were employed as samples to validate the adsorption simulation. Both experimental and theoretical

results show how the selective enrichment of multi-phosphopeptides can be achieved when using

extractors with a high specific affinity for phosphate groups but with a relatively small loading capacity

or specific surface area. We also show that a commercial aluminium foil represents an ideal substrate to

enrich multi-phosphorylated peptides for laser desorption ionisation mass spectrometry.
Introduction

Phosphorylation is one of the most important post-translational

modifications of proteins. This reversible procedure regulates

a wide range of biological processes, such as transmitting signals,

labeling proteins for degradation, and controlling cellular

growth.1–5 Structural characterization of phosphoproteins is of

great interest for understanding these biological pathways.1

Among various strategies, mass spectrometry (MS) has emerged

as the premier tool for examining protein phosphorylation.5–8

However, the low abundance of phosphorylated proteins and the

difficulty of ionizing phosphorylated samples during MS-anal-

ysis make the study of phosphorylation still an analytical

challenge.9–11

During the past years, many techniques for isolating phos-

phorylated proteins or peptides from cell lysates and protein

digests have been developed to simplify the analysis of protein

phosphorylation. Among various chemical and affinity-based

strategies,12–17 solid extraction methods have drawn wide interest

due to their effectiveness as well as simplicity. One widely used

solid extraction approach, namely immobilized metal affinity

chromatography (IMAC),18–24 was introduced in 1975 by

Porath et al.,24 relying on the interactions between metal–ligand

complexes and phosphate groups. Another popular solid

extraction approach is based on the special affinities between
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phosphate groups and metal oxides, such as ZrO2,5,6 TiO2,3,7

Nb2O5,25 and Al2O3.4,26 With these two principles, many studies

have been reported to enrich phosphopeptides by using on-

column,27 in-solution7 or on-target28,29 strategies.

For most of the extraction methods reported, both mono- and

multi-phosphorylated peptides are collected together. Multi-

phosphopeptides being more difficult to ionize than mono-

phosphorylated ones, MS analysis normally detects rather

exclusively mono-phosphorylated species from the enriched

mixtures, neglecting many multi-phosphopeptides that are,

however, very important for understanding biological path-

ways.30,31 To date, there are only a few reports of the specific

analysis of multi-phosphorylated peptides.30,32–36

Here, we present a very simple yet very selective enrichment

method for multi-phosphopeptides on commercial aluminium

foils. Multi-phosphopeptides hold a stronger affinity toward

solid extracting phases such as oxides compared with mono-

phosphorylated ones due to the larger number of phosphate

groups and therefore one should expect them to be preferentially

enriched. However, the final enrichment is also regulated by

adsorption/desorption kinetics and the loading capacity of

extracting phases. Using a classic Langmuir isotherm to model

the solid phase extraction processes, the physical factors influ-

encing the enrichment results were studied. Commercial porous

alumina particles, alumina supported on aluminium particles

and alumina on aluminium foils were used as solid phase

extractors with different specific surface areas. The synthesized

phosphopeptides with different phosphorylation states were used

to estimate the extraction rate and loading capacity of each

extractor. Alumina on Al particles and foils, which have a rela-

tively small specific surface area, were further used to selectively

extract multi-phosphopeptides from the tryptic digests of a- and

b-casein and drinking milk (Table 1). As a result, the obtained
This journal is ª The Royal Society of Chemistry 2010
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Table 1 Putative phosphopeptides identified from a-S1, a-S2, and b-caseina,b

Peptide sequence Modifications (M + H)+

TVDMESTEVFTKKTK, a-S2-casein (153–167) 1PHOS, 1MSO 1839.8
DIGSESTEDQAMEDIK, a-S1-casein (58–73) 2PHOS 1927.7
DIGSESTEDQAMEDIK, a-S1-casein (58–73) 2PHOS, 1MSO 1943.7
YKVPQLEIVPNSAEER, a-S1-casein (119–134) 1PHOS 1951.9
FQSEEQQQTEDELQDK, b-casein (48–63) 1PHOS 2061.8
NVPGEIVESLSSSEESITR, b-casein (22–40) 4PHOS 2352.9
QMEAESISSSEEIVPNSVEQK, a-S1-casein (74–94) 3PHOS, 1MSO 2577.0
NTMEHVSSSEESIISQETYK, a-S2-casein (17–36) 4PHOS 2619.0
NTMEHVSSSEESIISQETYK, a-S2-casein (17–36) 4PHOS, 1MSO 2634.9
QMEAESISSSEEIVPNSVEQK, a-S1-casein (74–94) 4PHOS 2640.9
VNELSKDIGSESTEDQAMEDIK, a-S1-casein (52–73) 3PHOS 2678.0
VVRNANEEEYSIGSSSEESAEV, a-S2-casein (58–79) 4 PHOS 2704.9
QMEAESISSSEEIVPNSVEQK, a-S1-casein (74–94) 5PHOS 2720.9
QMEAESISSSEEIVPNSVEQK, a-S1-casein (74–94) 5PHOS, 1MSO 2736.9
KNTMEHVSSSEESIISQETYK, a-S2-casein (16–36) 4PHOS 2747.1
EKVNELSKDIGSESTEDQAMEDIK, a-S1-casein (50–73) 3PHOS 2935.2
EKVNELSKDIGSESTEDQAMEDIK, a-S1-casein (50–73) 3PHOS, 1MSO 2951.2
ELEELNVPGEIVESLSSSEESITR, b-casein (17–40) 4PHOS 2966.2
NANEEEYSIGSSSEESAEVATEEVK, a-S2-casein (61–85) 4PHOS 3008.0
NANEEEYSIGSSSEESAEVATEEVK, a-S2-casein (61–85) 5PHOS 3088.0
RELEELNVPGEIVESLSSSEESITR, b-casein (16–40) 4PHOS 3122.3
KNTMEHVSSSEESIISQETYKQEK, a-S2-casein (16–39) 4PHOS 3132.2
QMEAESISSSEEIVPNSVEQKHIQK, a-S1-casein (74–98) 4PHOS 3147.2

a PHOS stands for phosphorylation, and MSO stands for methionine sulfoxide. b The peptide sequences were confirmed by both mass measurements
and literature reports except the MSO modified ones which were confirmed by mass measurements only.
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selectivity is very good and comparable with the best known

methods using more complex functional materials.35
Experimental

Materials

Acetonitrile (ACN, >99.5%), 2,5-dihydroxybenzoic acid (DHB,

>98%), a-casein (from bovine milk, >70%), b-casein (from

bovine milk, >90%), and b-insulin oxidized from bovine insulin

(90%) were obtained from Sigma-Aldrich (Steinheim, Germany).

Angiotensin I (98%) was purchased from Bachem (Switzerland).

a_syn (107–140)_pY125 (90%, APQEGILEDMPVDPDNEA-

pYEMPSEEGYQDYEPEA) and a_syn (121–140)_pY125pS129

(90%, DNEApYEMPpSEEGYQDYEPEA) were synthesized by

the Laboratoire de neurobiologie mol�eculaire et neuro-

prot�eomique of Ecole Polytechnique F�ed�erale de Lausanne.

Trifluoroacetic acid (TFA, >99.8%) was purchased from Acr€os

Organics (Geel, Belgium). Trypsin (Mw. 23 800 Da, bovine

pancreas) was obtained from AppliChem GmbH (Darmstadt,

Germany). Aluminium (99%, powder) was obtained from Acros

(Chemie Brunschwig AG). Aluminium oxide (99.99%; >95%

a-form) was purchased from Fluka AG. All these reagents were

used as received without further purification. Fresh milk and

aluminium foil were purchased from a local grocery store.

Deionized water (18.2 MU cm) was produced by an alpha

Q-Millipore System (Zug, Switzerland).
Microscope and nitrogen adsorption

Transmission electron microscopy (TEM) measurements of

aluminium and alumina powders were performed on a Philips

CM20 operated at 200 KV. Small volumes of sample suspension
This journal is ª The Royal Society of Chemistry 2010
were deposited on copper mesh grids and covered with carbon

coating films. The grids were then dried under a nitrogen

atmosphere in a glove box. The shape and the size distributions

were obtained by analyzing at least 100 particles. Nitrogen gas

adsorption/desorption isotherms were obtained by using

a Micromeritics Gemini. Samples were pretreated by heating at

200 �C under vacuum for 1 h to remove H2O. The Brunauer–

Emmett–Teller (BET) method was employed to measure surface

areas.

Tryptic digestion of a-casein, b-casein and drinking milk

a-Casein or b-casein was dissolved in ammonium bicarbonate

aqueous solution (25 mM, pH � 8) with a final concentration of

200 ng ml�1, and then thermo-denatured at 100 �C for 5 min.

After cooling under ambient conditions, the proteins were

digested with trypsin for 12 h at 37 �C (enzyme–protein ratio of

1 : 30 (w/w), in 25 mM ammonium bicarbonate buffer). Diges-

tion of milk was performed according to a reported method.28

30 ml fresh milk was diluted in 900 ml 25 mM NH4HCO3 aqueous

solution. The solution was then centrifugated at 16 000 rpm for

15 min. The supernatant was saved for tryptic digestion. After

denaturation at 100 �C for 5 min, the supernatant was incubated

with 30 mg trypsin for 12 h at 37 �C for proteolysis.

In-solution enrichment of phosphopeptides

The in-solution enrichment of phosphopeptides was performed

in a TFA buffer (50% ACN, 49.9% H2O, 0.1% TFA) with

various peptide-concentrations and extractor-amounts under

ambient conditions with shaking. After 1 h or various incuba-

tion-times, suspensions were centrifugated, and the supernatant

removed. The particles were then washed three times with TFA
Chem. Sci., 2010, 1, 374–382 | 375
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Scheme 1 Schematic illustration of phosphopeptide adsorption/

desorption processes on a solid extractor.
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buffer (10 min incubation, 20 ml buffer). Finally, the particles was

dispersed in 2 ml water, deposited and dried on a MALDI target

plate. With an overlay of DHB matrix (10 mg ml�1 DHB in 1%

H3PO4 aqueous solution), adsorbed samples were directly

analyzed on a Bruker Microflex MALDI-TOF MS.

On-plate enrichment of phosphopeptides with aluminium foil

Aluminium foil was employed as a disposable layer and assem-

bled on a MALDI target plate. 1 ml protein tryptic digest in TFA

buffer (0.1% TFA in H2O without ACN) was deposited on the Al

foil. The deposition and incubation were all performed in a small

box saturated with H2O vapour to avoid evaporation. After

30 min, samples were washed away. Afterwards, the Al foil

surface was washed with TFA buffer three times, for 10 min each.

Finally, the DHB matrix was dropped as an overlayer before

MALDI-TOF MS analysis.

Data analysis and mathematical modelling

All mass spectrometry experiments were run in positive ion mode

on a Bruker Microflex equipped with a nitrogen laser (wave-

length 337 nm). Although the acidic phosphopeptides should

theoretically have a better ionization efficiency in the negative

ion mode than the positive ion mode, it was observed in our lab

as well as in other labs37,38 that the negative ion mode cannot

practically enhance the ionization of phosphopeptides. The laser

intensity was adjusted to obtain good resolution and signal-to-

noise ratio (S/N). MS characterizations were repeated several

times for each sample to avoid the randomicity of MALDI

process. Mass spectrometric data analysis was performed with

flexAnalysis from Bruker and the FindMod tool available on the

ExPASy (Expert Protein Analysis System) proteomics server of

the Swiss Institute of Bioinformatics (SIB) (http://expasy.org/).

The masses and intensities of special peaks were sent to the

FindMod tool for database searching, where experimentally

measured peptide masses were compared with the theoretical

peptides calculated from a specified Swiss-Prot/TrEMBL entry

to finish the peak identification. Mathematical modeling was

performed with Maple 13 (Waterloo Maple Inc.) and Wolfram

Mathematica 7.

Results and discussion

Simulation of phosphopeptide extraction with a Langmuir

isotherm

Mathematical simulation is employed to study the adsorption/

desorption kinetics and equilibrium of phosphopeptide extrac-

tion processes on solid extractors. Because the extractor phase is

normally very large compared to peptides, we model the

enrichment procedure by using a classic adsorption/desorption

Langmuir isotherm on a flat substrate. As shown in Scheme 1, we

consider here a site for peptide adsorption on the solid extractor

holding many oxide anchors to interact with the different

phosphate groups. We also consider that a peptide is adsorbed as

soon as a single link between a phosphate group and an anchor in

the empty site is established. In the case of multi-phosphopep-

tides, additional links will take place with time on the same site,

assumed to be with the same binding rate kf. Successive breaking
376 | Chem. Sci., 2010, 1, 374–382
of links, also considered at the same rate kb, finally result in

desorption of the peptide. It is assumed that the sizes of all

peptides on the extractors are more-or-less the same to simplify

the model.

The kinetic laws for such a model for a mixture of mono- and

bi-phosphopeptides read:

dP1

dt
¼ koncb

1ð1� P1 � P2Þ � koffP1

dP2

dt
¼ dP2;1

dt
þ dP2;2

dt

dP2;1

dt
¼ koncb

2ð1� P1 � P2Þ þ kbP2;2 � koff P2;1 � kf P2;1

dP2;2

dt
¼ kf P2;1 � kbP2;2

(1)

where P1 and P2 are the surface coverage ratios of mono- and

bi-phosphopeptides on the extractors respectively. P2,1 corre-

sponds to adsorbed bi-phosphopeptides having only one link

with an adsorption site, while P2,2 corresponds to adsorbed

bi-phosphopeptides having two links. c1
b and c2

b are the bulk

concentrations of the mono- and bi-phosphopeptides respec-

tively. kon, koff, kf and kb are kinetics constants illustrated in

Scheme 1 for the adsorption, the desorption, the second

anchoring and the second de-anchoring respectively. Using the

classical steady-state approximation for the intermediate P2,1,

the kinetics equations simplify to:

dP1

dt
¼ koncb

1ð1� P1 � P2Þ � koff P1

dP2

dt
¼ kbþkf

kbþkf þ koff

koncb
2ð1� P1 � P2Þ �

kb

kbþkf þ koff

koff P2

(2)

Because the affinity between the phosphate group and alumina

is strong, it is reasonable to assume kf [ kb and kf [ koff. The

equations can then be simplified as:

dP1

dt
¼ koncb

1ð1� P1 � P2Þ � koff P1

dP2

dt
¼ koncb

2ð1� P1 � P2Þ �
kb

kf

koff P2

(3)

Similarly, the kinetic law for a mixture of mono-, bi-, tri- and

tetra-phosphopeptides reads:
This journal is ª The Royal Society of Chemistry 2010
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dPi

dt
¼ koncb

i

 
1�

X4

n¼1

Pn

!
�
�

kb

kf

�i�1

koff Pi i ¼ 1:::4

�
kf [ kb; kf [ koff

� (4)

The relationship between cb, the peptide surface coverage ratio

P and the initial peptide concentration c0 is:

cb
i ¼ c0

i �
GmaxAms

V
Pi (5)

where Gmax is the maximum total surface concentration of

peptides loaded on an extractor, also named the loading capacity

of the extractor (moles of peptides m�2). A is the specific surface

area of the extractor (m2 g�1). ms is the mass of the extractor and

V is the bulk volume.

According to eqn (5), the kinetics eqn (4) can be written as:

dPi

dt
¼ kon

�
c0

i �
GmaxAms

V
Pi

� 
1�
X4

n¼1

Pn

!
�
�

kb

kf

�i�1

koff Pi i ¼ 1:::4

faðPÞ ¼ kon

�
c0

i �
GmaxAms

V
Pi

� 
1�

X4

n¼1

Pn

!
(6)

fdðPÞ ¼
�

kb

kf

�i�1

koff P

where fa(P) is the adsorption kinetics and fd(P) is the desorption

kinetics. It is then obvious that the adsorption kinetics are similar

for mono-, bi-, tri- and tetra-phosphopeptides regulated by ms,
Fig. 1 (a, b) Simulated phosphopeptide adsorption equilibrium results as fu

area, (b): extractors with large specific surface area; (c) Simulated phosphope

left, P1 is overlapped with P2. In figure c right, P3 is overlapped with P4.

This journal is ª The Royal Society of Chemistry 2010
ci
0, A and Gmax while the desorption rates quickly decrease with

increasing the numbers of phosphate groups on a peptide. With

fa(P) ¼ fd(P), the extraction equilibrium is reached. Thereby, the

equilibrium equation for extracting phosphopeptides from the

four-peptide-mixture reads as:

dPi

dt
¼ 0

kon

koff

�
c0

i �
GmaxAms

V
Pi

� 
1�

X4

n¼1

Pn

!
¼
�

kb

kf

�i�1

Pi i ¼ 1:::4

(7)

A simulation shown in Fig. 1a illustrates that specific extrac-

tion of multi-phosphopeptides from a given peptide-mixture can

be realized by adjusting the amount of the extractor.

The constant condition for Fig. 1a is Gmax ¼ 10�5 mol m�2,

A ¼ 0.1 m2 g�1, V ¼ 10�5 l, kon/koff ¼ 106 M, ci
0 ¼ 10�6 M, and

kb/kf ¼ 0.01. However, the equilibrium enrichment result is also

influenced by the assumed constants. Because kf should be much

larger than kb, we keep the assumption that kb/kf ¼ 0.01. The

influence of AGmax can be observed by comparing Fig. 1a and 1b.

Keeping all constants the same except increasing A to 1 m2 g�1,

the amount of extractor must be decreased by 10 times in order to

selectively enrich only multi-phosphopeptides from the same

sample. kon/koff can influence the extracted amounts of mono-

phosphopeptides when the extractor is in excess, whereas the

largest amount of extractors being employed for selective

extraction of multi-phosphopeptides is always the same under

various kon/koff ratios, as shown in ESI SI-1.† Similarly, selective
nctions of extractor-amounts, (a): extractors with small specific surface

ptide adsorption kinetics with zooming-out from left to right. In figure c

Chem. Sci., 2010, 1, 374–382 | 377
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Fig. 2 TEM images of the commercial (a) Al@Al2O3 powder and (b)

alumina powder.

Table 2 Physicochemical features of extractors

Extractor BET surface area/m2 g�1 Average particle diameter/mm

Al2O3@Al 0.11 21
Al2O3 4.49 0.33
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extraction of only tetra-phosphopeptides or tri- and tetra-phos-

phopeptides should also be achieved by adjusting the amounts of

extractors and influenced by Gmax, A, and kon/koff in a similar

way.

Extraction kinetics are simulated in Fig. 1c to verify the

feasibility of approaching the enrichment equilibrium.

The constant condition is kon ¼ 106 min�1 M�1, koff ¼ 1 min�1,

kb/kf ¼ 0.01, Gmax ¼ 10�5 mol m�2, A ¼ 0.1 m2 g�1, ci
0 ¼ 10�6 M,

V ¼ 10�5 l and ms ¼ 10�5 g. According to the equilibrium

simulation in Fig. 1a, under such a constant condition,

tetra-phosphopeptides should be selectively extracted. In Fig. 1c,

it is found that adsorption rates are very fast for all

the phosphopeptides, while desorption rates for bi-, tri- and

tetra-phosphopeptides are much slower than that of mono-

phosphorylated peptides due to the very small value of kb/kf.

Therefore, from a kinetic viewpoint, selective enrichment of

multi-phosphopeptides can be easily achieved while the separa-

tion of bi- and tri-phosphopeptides from tetra-phosphopeptides

is rather impossible when there is a moderate value for koff. In the

following experiments, it will be shown that bi-, tri- and tetra-

phosphopeptides were always enriched together from a-casein

and milk digests, validating the present kinetics simulation.

Combining the equilibrium and kinetics simulations, we can

infer the following conclusions:

1. Selective adsorption of multi-phosphopeptides from a given

sample can be realized by using any solid extractors having

special affinities for the phosphate group via adjusting the

employed amounts of extractors and incubation time.

2. Particles with large specific surface area and loading

capacity should show bad selectivity while big particles with

small specific surface area should be suitable for the selective

enrichment of multi-phosphopeptides.

3. Separation of tetra-phosphopeptides from other multi-

phosphopeptides is possible at equilibrium but not feasible in

a time resolved manner, and all multi-phosphopeptides should be

extracted with a similar rate during experiments.

4. Fast or moderate kinetics are preferred for mono-phos-

phopeptide desorption. Then, porous materials are not suitable

for the selective enrichment of multi-phosphopeptides as their

3-D structures may limit the mass transport.
Adsorption kinetics and equilibrium with standard synthesized

peptide mixture

Alumina and aluminium powder were used to try to selectively

enrich multi-phosphopeptides by following the conclusions

inferred from the simulation. Metallic aluminium is very reactive

with atmospheric oxygen. A thin passivation layer of alumina

(�4 nm thickness) can form in about 100 ps on an exposed

aluminium surface according to the literature.39 Therefore, for

both extractors, the affinities towards phosphorylated peptides

are always based on the specific interaction between alumina and

the phosphate groups.26 In the following paragraphs, we shall use

the core–shell nomenclature to describe thin alumina layers on

aluminium, i.e. Al@Al2O3. Fig. 2 shows TEM images of alumina

and Al@Al2O3 powder. It was found that the particle size of

Al@Al2O3 is �20 mm, while the diameter of alumina is only

several hundred nanometres. Nitrogen adsorption experiments

show that the specific surface area of Al@Al2O3 is only
378 | Chem. Sci., 2010, 1, 374–382
0.11 m2 g�1 while the specific surface area of Al2O3 powder is

4.5 m2 g�1, consistent with the TEM observations, Table 2.

Considering that these two extractors have identical chemical

properties, Gmax should be similar for both alumina and

Al@Al2O3. Therefore, it can be estimated that Al@Al2O3, which

holds a very small specific surface area, is more suitable for the

selective extraction of multi-phosphopeptides.

A simple standard peptide-mixture was firstly used to validate

this model. The mixture was composed of four peptides in equal

molar amounts, including angiotensin I, oxidized b-insulin,

a_syn(107–140)_pY125 (P1) and a_syn(121–140)_pY125pS129

(P2). We chose here a_syn(121–140)_pY125pS129 instead of

a_syn(107–140)_ pY125pS129 as the multi-phosphopeptide,

because the dephosphorylated fragment, i.e. the mono-phos-

phorylated a_syn(107–140), can be generated from bi-phos-

phorylated a_syn(107–140) during the MALDI-TOF analysis,

thereby influencing the detection of a_syn(107–140)pY125.

Fig. 3a shows a mass spectrum of the peptide-mixture (900 nM

each peptide) without any pre-treatment, where angiotensin I

dominates the spectrum and the peaks of the phosphopeptides

are very weak. Fig. 3b and 3c show mass spectra of peptides

enriched from the mixture (900 nM each peptide, 20 ml) by 20 mg

Al@Al2O3 and 20 mg alumina powders respectively. The incu-

bation time was 1 h to make sure that enrichment equilibrium of

P1 had been approached. On the spectrum, almost only doubly

phosphorylated peptide a_syn(121–140)_pY125pS129 (m/z:

2527.4) is observed in the case of using Al@Al2O3 as the
This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 (a) Mass spectrum of 900 nM four-peptide-mixture without any

pre-treatment, and mass spectra of peptides extracted from 20 ml 900 nM

four-peptide-mixture by (b) �20 mg Al@Al2O3 powder and (c) �20 mg

Al2O3 powder; *: multi-phosphopeptide related peaks; #: single-phos-

phopeptide related peaks.
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extractor. In contrast, several intensive peaks of mono-phos-

phopeptides also appear on the spectrum in the case of using

alumina powder as the extractor. The peak with m/z of 3940.4

corresponds to the singly charged a_syn(107–140)_pY125. The

peaks with m/z of 2284.2 and 1594.5 correspond to by-products

generated during the synthesis of a_syn(121–140)_pY125pS129,

which are indeed mono-phosphopeptides of DNEAEMP-

pSEEGYQDYEPEA and PpSEEGYQDYEPEA respectively.

The experimental results are consistent with the estimates made

previously by considering the simulation and BET results,

proving that it is reasonable to predict the performance of

extractors in phosphopeptide enrichment by using the current

model.
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Phosphopeptide enrichments were also performed using

various extractor-amounts to further confirm the deductions

obtained from simulation. The concentrations of peptide mixture

were fixed at 900 nM, the volume was fixed at 20 ml and the

amounts of Al@Al2O3 were varied from 4 mg to 200 mg. The

incubation time was always 1 h to make sure that the enrichment

equilibrium of mono-phosphopeptides had been approached. As

shown in the ESI SI-2,† nearly only multi-phosphopeptide

a_syn(121–140)_pY125pS129 was observed in the mass spectra

when the amount of Al@Al2O3 was less than 40 mg. A weak

signal corresponding to a_syn(107–140)_pY125 was obtained

when the amount of Al@Al2O3 was 100 mg. Whereas the

enrichment had no specificity towards multi-phosphopeptides

when the amount of Al@Al2O3 was as high as 200 mg. This result

agrees with the simulation shown in Fig. 1a.

Adsorption–desorption kinetics were evaluated and it was

found that the equilibrium for mono-phosphopeptides could be

approached in 6 min in the case of using the 4-peptide-mixture as

a sample and Al@Al2O3 as the extractor (ESI SI-4†). When the

incubation time was only 1 min, a weak peak of a_syn(107–

140)_pY125 could be observed. However, when the incubation

time was longer than 6 min, almost only signals corresponding to

a_syn(121–140)_pY125pS129 were obtained, agreeing with the

simulation in Fig. 1c.

It should also be possible to selectively enrich multi-phos-

phopeptides by using alumina powders according to the extrac-

tion model. Considering that the specific surface area of alumina

powder is �45 times larger than that of Al@Al2O3, very

low amounts of Al2O3 particles should be used for

specifically extracting multi-phosphopeptides. Indeed, as shown

in Fig. SI-3,† selective isolation of multi-phosphopeptides from

20 ml of 900 nM four-peptide-mixture can be partially achieved

when the quantity of alumina powder is lowered to 2 mg, agreeing

with the simulation in Fig. 1b. However, such a small extractor

amount is inconvenient to handle. Therefore, only Al@Al2O3

was further used to enrich multi-phosphopeptides from protein

tryptic digests in the following parts.
Specific in-solution enrichment of multi-phosphopeptides using

Al@Al2O3 powder

Following success in standard peptides, Al@Al2O3 powder was

further used to extract multi-phosphopeptides from protein

digests. Tryptic digest of b-casein was employed as the first

sample. According to the literature, there are normally several

mono-phosphopeptides and one tetra-phosphopeptide in the

tryptic digests of b-casein. Fig. 4a shows a mass spectrum of

peptides enriched from 20 ml 850 nM b-casein digest by 20 mg

Al@Al2O3 powder. It is obvious that almost only one peptide

with four phosphate groups (Mw 3121.3) is observed. The peak

with m/z of 1561.7 can be attributed to a double charged ion of

the same tetra-phosphorylated peptide,28 while the peak with m/z

of 3035.7 corresponds to a dephosphorylated fragment of the

peptide, generated during the MS analysis. This MS result is very

different from that obtained by using previously reported phos-

phopeptide enrichment methods. In most cases, peaks corre-

sponding to single phosphorylated peptides of b-casein with m/z

of 2061.8 and 2556.1 would be very intensive whilst the peak with
Chem. Sci., 2010, 1, 374–382 | 379
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Fig. 4 (a) Mass spectrum of peptides extracted from 20 ml 850 nM

b-casein digest by �20 mg Al@Al2O3 powder; and (b) mass spectrum of

peptides extracted from 20 ml 850 nM a-casein digest by �20 mg

Al@Al2O3 powder; *: multi-phosphopeptide related peaks.

Fig. 5 Mass spectrum of peptides extracted from 20 ml tryptic milk

digest (�1 mM protein concentration) by �20 mg Al@Al2O3 powder;

*: multi-phosphopeptide related peaks.
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m/z of 3122.3 is normally quite weak or even unobserv-

able.7,28,40,41

Similar specific multi-phosphopeptide enrichment was also

achieved when using a-casein digest as the sample. As shown in

Fig. 4b, from 20 ml 850 nM tryptic digest, 10 multi-phospho-

peptides were enriched by 20 mg Al@Al2O3 and identified

by mass spectrometry, while no mono-phosphopeptide was

observed, Fig. 4b, Table 1. Indeed, it is rare to find so many

multi-phosphorylated peptides from a-casein digest with a single

MS run and no pre-separation. Considering that the total

concentration of multi-phosphopeptides here should be much

larger than 900 nM, some samples were wasted in this case.

The specific multi-phosphopeptide enrichment strategy was

also applied to milk protein digests (�1 mM protein concentra-

tion, 20 ml). As shown in Fig. 5, 11 multi-phosphorylated

peptides from milk digests were enriched by 20 mg Al@Al2O3 and

identified, while no mono-phosphopeptides were obtained,

further proving the unique specificity. This result is very different

from that obtained by using a strategy developed previously for

analyzing milk phosphoproteins: only 3 multi-phosphopeptides

and 5 mono-phosphorylated ones were detected.28

In this section, it has been proven that the equilibrium/kinetics

controlled multi-phosphopeptide enrichment strategy is also

successful in analyzing tryptic digests of standard protein and

simple protein mixtures. With these results, it is logical to predict

that this approach can also be used in the study of protein
380 | Chem. Sci., 2010, 1, 374–382
phosphorylation of complex samples, such as cell lysates. In

order to extract as many multi-phosphopeptides as possible and

avoid the co-enrichment of mono-phosphopeptides, the total

amount of multi-phosphopeptides should be estimated and

suitable quantities of extractors should be calculated. If the

amount of multi-phosphopeptide is really low in a sample,

extractors with very small specific surface area can be used.

On-plate enrichment of multi-phosphopeptides using an

aluminium foil

From the analysis viewpoint, on-plate enrichment of phospho-

peptides is interesting because the handling of samples is mini-

mized. Holding the same chemical properties as that of

aluminium powders and a flat surface, bare aluminium foil is an

ideal candidate to act as a disposable layer on the MALDI target

plate with the function of selectively extracting multi-phospho-

peptides from deposited solutions. Similar to Al@Al2O3 powder,

the surface of Al foil is also covered with a thin layer of oxide.

Therefore, we shall continue with the core –shell terminology and

use the expression Al@Al2O3 foil.

Indeed, we have reported recently that commercial aluminium

foil can be used as a disposable layer for the MALDI target plate

with the advantages of convenience and low cost.42 Specifically,

we printed the aluminium foil with TiO2 nanoparticles (20 nm)

for on-plate enrichment of mono-phosphopeptides.42 Here, we

use the bare Al@Al2O3 foil to on-plate enrich multi-

phosphorylated peptides without any modification. As shown in

Fig. 6a and b, the on-plate enrichment method is quite successful.

1 Multi-phosphopeptide from 85 fmol b-casein digest and 14

multi-phosphopeptides from 85 fmol a-casein digest were

enriched and identified separately, while only 1 weak peak cor-

responding to single phosphorylated peptide was observed in

each spectrum, illustrating the high specificity of the strategy.

The detection limit influenced by both extraction efficiency and

MS sensitivity is about 20 fmol, as shown in Fig. 6c and 6d,

where 1 multi-phosphorylated peptide from b-casein digest and 5

multi-phosphorylated peptides from a-casein digest were iden-

tified.

We have recently reported that the rotogravure-printed TiO2

spots on Al foil substrate are better at adsorbing multi-
This journal is ª The Royal Society of Chemistry 2010
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Fig. 6 Mass spectra from (a) 1 ml 85 nM tryptic b-casein digest, (b) 1 ml 85 nM tryptic a-casein digest, (c) 1 ml 20 nM tryptic b-casein digest, and (d) 1 ml

20 nM tryptic a-casein digest after 30 min in situ phosphopeptide enrichment on Al@Al2O3 foil; *: multi-phosphopeptide related peaks; #: single-

phosphopeptide related peaks.
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phosphopeptides compared to screen-printed TiO2 spots.42 Now

with the present model, we can attribute this phenomenon to the

difference in specific surface area. On rotograved TiO2 spots, we

have a low coverage of TiO2 nanoparticles with part of the

aluminium foil substrate still partially exposed, whereas the

screen printed spots are a few microns thick forming a meso-

porous structure with a very high binding capacity. The present

model corroborates the previous observations that rotograved

films resulted in a co-enrichment of multi- and mono-phospho-

peptides, and that screen-printed resulted mainly in the enrich-

ment of mono-phosphopeptides.

In spite of the advantages, such as facility and high selectivity,

the present multi-phosphopeptide analysis method is still limited

by the inherent drawbacks of MALDI-MS. Because of its poor

reproducibility and limited compatibility with various tandem

MS techniques, MALDI-MS is not suitable for complex bio-

sample analysis or quantification analysis, and therefore we did

not evaluate the adsorption percentages of multi-phosphopep-

tides. HPLC-ESI-MS combined with the current multi-phos-

phopeptide enrichment method could be more interesting with

a view to proteome research. However, compared to ESI,

MALDI holds the advantage in performing in situ ionization.

With the Al foil or the previously reported TiO2–Al foil, it is

possible to extract in situ mono- and multi-phosphopeptides from

a piece of tissue, respectively, and to run MALDI-MS-imaging on

these Al foils to investigate the surface phosphorylated species

distribution.
This journal is ª The Royal Society of Chemistry 2010
Conclusion

In conclusion, specific and efficient strategies for enriching multi-

phosphopeptides have been developed based on an adsorption

kinetics model. This work can be extended to the fabrication of

aluminium powder filled columns or microchips for multi-

phosphopeptide affinity chromatography, optimizing experi-

mental conditions for orderly enriching of mono- and

multi-phosphorylated peptides, and searching for other extrac-

tors for the specific adsorption of multi-phosphopeptides.
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