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This study demonstrates the use of on-line isoelectric focusing/asymmetrical flow field-
flow fractionation (IEF-AF4), a non-gel based high speed two dimensional (isoelectric
point and hydrodynamic diameter) protein separation device used for the isolation/separa-
tion of phosphoproteins. IEF-AF4 performance was evaluated by first fractionating α-casein
molecules at different pIs and sizes. Collected proteins were analyzed by nanoflow liquid
chromatography–tandem mass spectrometry (nLC–MSn) to determine various isoforms of
the phosphopeptides as well as the relative ratio of phosphorylated and unmodified pep-
tides. A narrow pH cut (ΔpH=0.5) of carrier ampholyte was used in IEF-AF4 to finely resolve
phosphoproteins by pI. When the channel lane of multilane AF4 became acidic, the relative
ratio of phosphorylated to unmodified or less phosphorylated peptides increased. The
current method was applied to prostate cancer cell lysates to demonstrate that IEF-AF4
can examine the relative abundances of specific phosphoproteins, known as biomarkers,
in prostate cancer. While affinity-based enrichment methods remove unmodified peptides,
IEF-AF4 offers intact phosphoprotein separation at the protein level without removing
unmodified proteins. IEF-AF4 enables quantitative analysis without isotope labeling.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Protein phosphorylation is a reversible modification in which
a phosphate group is bound to serine, threonine, and tyrosine.
This process is essential in cellular signaling, molecular recog-
nition, and protein folding. In addition, it regulates cell prolif-
eration and the cell cycle [1–5]. Phosphorylation is not only a
widespread post-translational modification, it is also closely
associated with certain human diseases such as cancer, dia-
betes, and neurodegenerative disorders. A fundamental un-
derstanding of phosphorylation and its location in a protein
is essential to analyze the control of many biological systems.
Current studies are focused on discovering the phosphopro-
tein biomarkers of specific diseases, including cancer and leu-

kemia [6–8]. Recent advances in MS have facilitated the highly
sensitive analysis of complicated biological molecules, includ-
ing phosphorylated peptides [9,10]. However, the direct analy-
sis of a phosphorylation site by mass spectrometry (MS) is
difficult because the number of involved phosphopeptides is
extremely small. In addition, the ionization efficiency of phos-
phopeptides is poor compared to that of unmodified peptides.
Moreover, the ability to localize a phosphorylation site by col-
lision induced dissociation (CID) is hampered by the neutral
loss of a phosphate group [11–14]. The preliminary separation
or isolation of phosphoproteins and phosphopeptides is criti-
cal for any quantitative phosphoproteome analysis.

High resolution (pI<0.01) phosphoprotein separation at the
protein level can be achieved with two-dimensional poly-
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acrylamide gel electrophoresis (2D-PAGE), which requires se-
quential phosphoprotein staining [15]. Recently, phospho-
specific gels with blot staining methods and metal-affinity
gels with SDS-PAGE have been developed for the quantitative
analysis of phosphoproteins [16–19]. The gel based methods
provide some advantages. They can determine the time
course quantitative ratio of phosphorylated to unphosphory-
lated proteins and can separate phosphoprotein isotypes
that have the same number of phosphate groups. However,
gel based methods have some drawbacks, including limited
sample loading capacities. In addition, gel based methods
pose difficulties in isolating proteins with extreme pI or poor
solubility, in retrieving phosphoproteins completely without
digestion, and in automation.

The processes used for phosphopeptide isolation prior to
MS analysis are either chemical or affinity methods. Chemical
methods are based on beta-elimination of the phosphate
group from phosphoserine and phosphothreonine followed
by a Michael addition reaction that assigns the phosphoryla-
tion site [20]. Chemical methods can also consist of the selec-
tive coupling of phosphopeptides to solid supports using
phosphoramidate chemistry (PAC) [3,21,22]. Several affinity
methods use immobilized metal ion affinity chromatography
(IMAC) with metal ions (Ga, Fe, or others) [9,11,23,24] and
resins containing TiO2 or ZrO2 [12,25,26]. Strong cation ex-
change chromatography (SCX) [10,27,28] and hydrophilic in-
teraction chromatography (HILIC) [13,29] have been added
prior to phosphopeptide enrichment by IMAC. Affinity based
enrichment methods are convenient and powerful tools for
the global analysis of phosphorylated proteins. They are par-
ticularly useful when the concentration of phosphopeptides
is much lower than the concentration of unphosphorylated
peptides. However, most affinity based methods require in
advance proteolysis and in some cases they limit the differen-
tiation of phosphoprotein isoforms.

Flow field-flow fractionation (FlFFF) [30–33] is a non-gel
based separation method for bio-macromolecular species,
such as proteins, DNA, and cells. FlFFF separation is carried
out by hydrodynamic diameter in an unobstructed rectangular
channel space by the orthogonal movement of two liquid flow
streams (channel flow for samplemigration and cross-flow for
sample retardation). Size-based separation results from the
differential distribution of molecules according to their diffu-
sion against the cross-flow force acting toward the channel
wall. The smaller molecules diffuse further away from the
channel wall than the larger ones. When a parabolic flow ve-
locity is applied to sample components, the smallermolecules
elute earlier than the larger ones. The resulting separation is in
order of increasing hydrodynamic diameter. Since FlFFF oper-
ates in typical buffer solutions, biological molecules canmain-
tain their intact states without deforming. This makes FlFFF
suitable as a pre-fractionation device for proteomics and lipi-
domics research of bacteria [34], mitochondria [35,36], exo-
some [37], membrane proteins [38], and lipoproteins [39].
Recently, the on-line hyphenation of capillary isoelectric fo-
cusing (CIEF) with hollow fiber FlFFF (CIEF-HF5) [40] enabled
the two-dimensional (2D) separation of a proteome sample
by isoelectric point (pI) and hydrodynamic diameter (ds). The
protein fractions from FlFFFwere collected for proteomic anal-
ysis using nanoflow liquid chromatography–tandem mass

spectrometry (nLC–ESI–MS–MS). Later, 2D intact protein sepa-
ration with FlFFF was performed by introducing a multilane
channel system. In this system, protein separation by pI
values is carried out in an open flat channel by isoelectric fo-
cusing (IEF) in the first dimension. Simultaneous size separa-
tion is performed at six asymmetrical FlFFF (AF4) multilane
channels (IEF-AF4) [41,42] in the second dimension. Previous
studies demonstrated that the IEF-AF4 separation of intact
proteins can be achieved in less than 30 min. IEF-AF4 exhibited
the advantage that ampholyte solution can be removed simul-
taneously during AF4 separation through the channel wall
(layered with porous membrane). In addition, eluted proteins
maintain their intact states without denaturation.

In this study, the IEF-AF4 multilane channel system was
applied for the separation of phosphorylated proteins. A typi-
cal phosphoprotein, α-casein, was used along with a prote-
ome sample from a prostate cancer cell line. To separate
phosphoproteins and their isoforms by small pI differences
(less than pI=0.1 per phosphate group addition), a narrow
pH cut of carrier ampholyte (ΔpH=0.5) was prepared in ad-
vance by fractionating a commercial ampholyte solution in
the IEF channel at a desired pH interval. The fractionated car-
rier ampholyte was utilized so that proteins with different de-
grees of phosphorylation would elute at different AF4 channel
lanes. They could then be collected for nLC–ESI–MS–MS analy-
sis of the degree of phosphorylation and the phosphorylation
site. The developed method was applied by examining
phosphoprotein biomarkers from DU 145, a human refractory
prostate cancer (HRPC) cell line, and PrEC, normal prostate
epithelial cells.

2. Experimental

2.1. Reagents and materials

α-Casein from bovine milk was used as the phosphoprotein
standard and was obtained from Sigma (St. Louis, MO, USA).
DU145 HRPC and PrEC cells were obtained from the Korea
Cell Line Bank (KCLB, Seoul, Korea) and grown in the laborato-
ry. Sequential grade modified trypsin was purchased from
Promega Corp. (Madison, WI, USA). Fluka Ampholyte High-
Resolution pH 3–6 (40%) was used for isoelectric focusing and
was purchased from Sigma. The water used in this study
was ultrapure (>18 MΩ·cm) and was filtered with a nitrocellu-
lose membrane filter (0.22 μm) from Millipore (Danvers, MA,
USA) prior to use.

Silica capillary tubeswith inner diameters (I.D.) of 20, 75, and
100 μm (360 μm-O.D. for all) were obtained from Polymicro
Technology LLC (Phoenix, AZ, USA) and were used to prepare
the capillary LC column. Magic C18AQ (5 μm–100 Å for the
capillary column and 5 μm–200 Å for the trapping column)
from Michrom Bioresources Inc. (Auburn, CA, USA) was used
as the packing material.

2.2. Cell culture and protein extraction

Cells were cultured in triplicate plates with RPMI-1640 from
HyClone (Logan, UT) under humidified conditions containing
5% CO2 at 37 °C for 96 h. Culturing media were supplemented
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with 10% heat-inactivated fetal bovine serum from Gibco
(Grand Island, NY, USA), 1% antibio-antimicotic solution con-
taining 10,000 units/mL penicillin, and 10 mg/mL each of
streptomycin, HEPES, sodium bicarbonate, insulin, and p-
aminobenzoic acid. The cells were then subcultured (average
cell concentration of 1×105/mL) with their respective culture
media in 60 mm plates (Nunc; Denmark). The cultured cells
were harvested after 24 h and centrifuged at 500 g. Each cell
pellet was washed twice and diluted with 0.1 M PBS solution
(pH 7.4) containing Complete® protease inhibitor cocktail tab-
lets from F. Hoffmann-La Roche Ltd (Basel, Switzerland) and
phosphatase inhibitor cocktail I (Sigma, St. Louis, MO) for
cell lysis. The cells were disrupted by ultrasonication using a
model CP130 Ultrasonic Processor from Cole Parmer Instru-
ment Co. (Vernon Hills, IL, USA) at a pulse mode with a 0.5 s
interval under 15 W. Cell debris were removed by two consec-
utive centrifugations at 5000 g for 30 min.

2.3. Preparation of a narrow pH cut of carrier ampholyte

A carrier ampholyte solution with a narrow pH interval was
customized by fractionating the commercial ampholyte solu-
tion (pH 3–6) from Fluka using the IEF channel unit con-
structed with a plastic block [42]. The IEF channel is a simple
flat space with six inlets and outlets and is illustrated at the
left of the multilane AF4 channels in Fig. 1. To isoelectrically
focus the original ampholyte (40% concentration), the concen-
trations of both electrolyte solutions were adjusted to 40 mM
phosphoric acid for the anolyte solution and 25 mM sodium
hydroxide for the catholyte solution. For each IEF of ampho-
lyte, the 40% ampholyte loading amount was limited to
100 μL. The applied electrical voltage was 1 kV (lower than a
typical IEF voltage ~2 kV for proteins) to avoid bubble genera-
tion or a thermal gradient. Fractionated ampholyte solution
was collected at six outlets by pumping HPLC grade water
through the six inlets of the IEF channel. To test α-casein for

IEF-AF4 separation of phosphoprotein, a pH 3–6 ampholyte
was utilized to obtain a narrow pH cut of carrier ampholyte
with the pH interval of 4.5–5.0, which is also the pI interval
of α-casein. The fractionated ampholyte solution collected at
each IEF channel outlet had ΔpH=0.5. The fractionated
ampholyte solution was concentrated by SpeedVac into a yel-
low colored gel-like solution and then stored. The concentrated
ampholyte solution was diluted prior to protein separation.

2.4. IEF-AF4 separation

IEF-AF4 multichannel operation, shown in Fig. 1, was similar
to the procedure reported in the previous study [42]. The
Teflon tube connecting each electrolyte reservoir and IEF seg-
ment with electrolyte was filled by pumping both catholyte
and anolyte solutions in by air pressure using a disposable
10 mL syringe. The electrolyte reservoirs of each electrode
were the same as those used in the previous report, [42] and
were made of acryl block with 20 cm3 cylindrical chambers.
After filling each tube with electrolyte, the IEF channel space
was washed with ultrapure water using an HPLC pump con-
nected to six inlets of the IEF channel. α-Casein or cell lysate
in the narrow pH cut of ampholyte solution was loaded into
the IEF channel via a KDS100 syringe pump (pump 3 in
Fig. 1) from KD Scientific (Holliston, MA, USA). A model 7125
loop injector with a 20 μL loop from Rheodyne (Cotati, CA,
USA) was set up through a separate inlet at one end of the
IEF segment while the outlet was left open, as shown in
Fig. 1. The protein and ampholyte solution injection volume
was fixed at 20 μL. Electric voltage was applied through Pt
wires in both reservoirs at 2 kV for 10–15 min using a model
205B-10R High Voltage Power Supply from Bertan (Hicksville,
NY). When IEF was achieved for proteins, the electric current
decreased from ~300 μA to ~50 μA.

After IEF, the fractionated protein bands were relocated to
six different AF4 channels and AF4 separation was carried

pump 3 

pump 1 

pump 2 

injector

buffer water

UV detector 
/collection

cross flow 

waste

+

-

IEF channel 

Multilane AF4 

electrolyte
reservoir

Fig. 1 – Schematics of IEF-AF4 channel for the 2D (pI & ds) protein fractionation.
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out at each lane. The AF4 separation process of the multilane
AF4 channels was nearly the same as that of a typical AF4 sys-
tem. The tip-to-tip channel length of an individual AF4 chan-
nel in the multilane AF4 system was 11.0 cm with an initial
breadth of 0.7 cm and a final breadth of 0.3 cm. The AF4 chan-
nel thickness was 300 μm cut from Teflon spacer. PLCGC
(MWCO, 20 kDa) from Millipore Corp. (Danvers, MA) was
used for the AF4 channel membrane to prevent sample pene-
tration by crossflow. IEF protein fractions had to achieve sam-
ple relaxation by a focusing process before AF4 separation
occurred. IEF protein fractions were transferred to the begin-
ning of each AF4 channel (~ 0.5 cm from the AF4 channel
inlet) by focusing two opposite flow streams (one from the
IEF channel outlet leading to the AF4 channel inlet and the
other from the middle of the AF4 channel). The two streams
exited through the channel membrane as cross-flow. The
sample transfer and consecutive focusing/relaxation took
place in 90 s. After focusing/relaxation, the incoming flow
stream from the channel inlet was applied at a desired rate
to successfully separate target proteins in increasing order of
hydrodynamic diameter. This was accomplished by control-
ling outflow and cross-flow rates. 10 mM of NH4HCO3 was
used as carrier solution for the AF4 separation. Eluted proteins
were monitored at 280 nm by a series of model M720 UV
detectors from Young-Lin (Seoul, Korea). They were also col-
lected at different time fractions for MS analysis. Protein frac-
tions collected from AF4 runs were filtered with Ultracel-3 K
centrifugal filter devices to remove detergent molecules. Fil-
tered proteins were washed with water and re-suspended in
a solution of 8 M urea, 10 mM dithiothreitol, and 25 mM
NH4HCO3 for tryptic digestion. The digestion procedure was
the same as has previously been reported [42].

2.5. nLC–ESI–MS–MS

The nanoflow LC separation was performed in a homemade
pulled tip capillary column (17 cm×360 μm O.D., 75 μm I.D.)
packed with 5 μm–100Å Magic C18AQ resin from Michrom
BioResources Inc. (Auburn, CA) using a model 1200 capillary
LC system from Agilent Technologies (Waldbronn, Germany).
The capillary column was directly interfaced to a LTQ Velos
ion trap MS or LTQ FT MS from Thermo Finnigan (San Jose,
USA) with electrospray ionization (ESI). A trapping column
(2 cm×360 μm O.D., 100 μm I.D.) for desalting peptides packed
with 5 μm–200 Å Magic C18AQ was connected before the ana-
lytical column through a PEEK microcross from Upchurch Sci-
entific. The packing procedures for the analytical and trapping
columns were explained in the previous reports [42]. A binary
gradient elution was applied for LC separation. Mobile phase
A consisted of 98/2 water/acetonitrile andmobile phase B con-
sisted of 95/5 acetonitrile/water. Both solutions were added
with 0.1% formic acid. Sample injection into the trapping col-
umn was performed by an autosampler with injection
amounts of 0.5–1 μg by 5%mobile phase B for 10 min. The gra-
dient elution began with an initial increase to 15% B for 1 min
with a gradual increase to 32% B for 70 min. To clean the col-
umn, mobile phase B was increased to 80%, maintained for
10 min, and then returned to 5% for 3 min. At least 20 min
were allowed to recondition the column before the next injec-
tion was made. The nLC effluent flow rate was adjusted to

200 nL/min by controlling the length of capillary tubing con-
nected at the microcross. Peptides eluted from the nLC col-
umn were injected to MS via ESI at 2.0 kV for a MS precursor
scan (m/z 300–1800). The MS2 and MS3 experiments using
CID were followed by two-step data dependent MS/MS scans
at 35% normalized collision energy. From each MS precursor
scan, five predominant ions were selected for MS2 analysis.
When MS2 detected a neutral loss of phosphate group from a
precursor ion, the resulting fragment ion (−98 Da) was dissoci-
ated again for MS3 fragmentation using a LTQ FTMS. Only MS2

experiments were carried out with the LTQ Velos MS instru-
ment. Both MS instruments were programmed with the
same capillary voltage, collision energy, and other run
parameters.

The ProteomeDiscoverer searchprogramandTurboSEQUEST
mechanism from Thermo Finnigan (San Jose, CA, USA) were
used with the NCBI database to identify proteins. The mass
width was set to 1.0 u for both precursor and fragment ions.
Searched data screenings were made with the following
threshold: 0.1 for the minimum delta-correlation (ΔCn)
scores, 1.5, 2.0, and 2.5 for the minimum cross-correlation
(Xcorr) values for single, double, and triple charged ions,
respectively.

3. Results and discussion

3.1. Performance of IEF-AF4 for the separation of
phosphorylated proteins

The ability to fractionate phosphorylated proteins by IEF-AF4
was evaluated with α-casein, a typical phosphoprotein stan-
dard. Since α-casein pI values are in the pH range of 4.5–5.0,
depending on the degree of phosphorylation, a narrow pH
cut (pH 4.5–5.0) of carrier ampholyte solution was utilized for
the IEF-AF4 separation of intact α-caseinmolecules. The carri-
er ampholyte was fractionated in our lab from a commercial
carrier ampholyte solution (pH 3.0–6.0) by a separate proce-
dure described in the experimental section. 10 μL of the mix-
ture of α-casein (1 mg/mL) and the carrier ampholyte (pH
4.5–5.0) was loaded to the IEF channel and it was allowed to
reach equilibrium for 10–15 min until the electric current
dropped under 50 μA, indicating that IEF separation was com-
plete. Each protein fraction separated by IEF was then trans-
ferred to each of six AF4 channels by pump flow and was
fractionated ( _V in/ _Vout=0.84/0.24 mL/min at each lane) by dif-
ferences in hydrodynamic diameters. A void peak at the begin-
ning (1–2 min) of each fractogramwas followed by the elution of
proteins monitored by UV detector, as shown in Fig. 2. Small
molecules contained in the sample mixture, including ampho-
lyte and CHAPS micelles (added to help solubilize hydrophobic
proteins and prevent them from precipitation during IEF),
were supposed to have been removed through the channel
membrane during the focusing/relaxation procedure. However,
due to incomplete removal some remaining species eluted
along with the void peak. The α-casein IEF-AF4 fractograms
obtained at all six AF4 channel lanes are shown in Fig. 2, with
distinct elution peaks at the first three channel lanes (lanes
1–3). The other channel lanes (lanes 4–6) did not demonstrate
clear elution of α-casein molecules. The pH interval of the first
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three channel lanes was 4.50–4.75, which is lower than the
theoretical pI value (4.98) of α-casein. α-Casein molecules were
observed in lanes with pH lower than the expected theoretical
pH, showing that α-casein molecules were phosphorylated to
some degree. (In typical phosphoproteins, the pI of a protein
changes by 0.05 pH units per phosphorylation.) The different
peak intensities of different lanes implied a possible distribu-
tion in the degree of phosphorylation, since the pI value of a
protein decreases with increases in phosphorylation.

During IEF-AF4 separation, α-casein fraction was collected
from each channel. Each fraction was digested with trypsin to
produce peptide mixtures for nLC–ESI–MS–MS analysis used
to identify the location of phosphorylation sites. The experi-
mental approach for distinguishing phosphate group posi-
tions has been well developed and uses sophisticated MS
methods. MS3 analysis is used to study particular peptide
molecules obtained from the neutral loss of a phosphate
group from corresponding precursor ions during the first
MS–MS analysis. For instance, the phosphorylation site for a
peptide ion as indicated by MS3 analysis is shown in Supple-
mentary Figure (SF) 1. SF 1a is the base peak chromatogram
(BPC) of the digested fractionmixture from lane 1. SF 1b repre-
sents a typical precursor MS scan at a time slice of 63.9 min.
The fragment ion spectra of the first collision induced dissoci-
ation (CID) of the precursor ion m/z 976.5 [M+2H]+ is shown in
SF 1c. The neutral loss of phosphate groups (−98.0 Da) from
the precursor ions appeared to be a dominant process at the
first CID, resulting in the formation of a base peak at m/z
927.7 as [M+2H–H3PO4]+2. The second CID base peak results
are represented in SF 1d. The database search identified a
phosphopeptide sequence from α-casein subunit 1 as YKVPQ-
LEIVPNsAEER ([M+2H+]2+ and m/z 977.0). The small letter “s”
in the peptide sequence represents the phosphorylation site.
This is the typical procedure used in this study to identify
the position of a phosphate group at a specific amino acid in
a peptide. However, to analyze a real proteome sample, the
selective enrichment or isolation of phosphoproteins/
phoshphopeptides is often required prior to MS analysis.
This is because the ionization of phosphorylated peptides in
MS is less efficient than for other unmodified peptides. Selec-
tive phosphopeptide isolation based on affinity methods can

be limited in examining the degree of phosphorylation of a spe-
cific peptide since it removes all unmodified peptides. However,
with IEF-AF4 and nLC–ESI–MS–MS, all proteins are eventually
subjected to separation in the AF4 channel and all protein frac-
tions can be retrieved. Therefore, the ratio of a phosphopeptide
to an unmodified peptide of the same kind can be investigated
by examining the peak area of each peptide in a single nLC–
ESI–MS chromatogram. In Fig. 3, the degree of phosphorylation
of two different peptides was examined by comparing the
extracted chromatograms of the phosphorylated and unmodi-
fied peptide at different channel lanes from nLC–ESI–MS data:
a) peptide of YKVPQLEIVPNsAEER ([M+3H+]3+ and m/z 651.6)
from subunit 1 of α-casein and b) NAVPITPTLNREQLsTsEENSKK
([M+3H+]3+ and m/z 879.9) from subunit 2. Channel lane 1 of
Fig. 3a represents an extracted chromatogram showing only
two peptides: the unmodified peptide with an AA sequence of
YKVPQLEIVPNSAEER ([M+3H+]+3 and m/z 625.0) and the phos-
phorylated peptide, YKVPQLEIVPNsAEER ([M+3H+]3+ and m/z
651.6). These two peptides had different retention times due to
the influence of the phosphate group. Fig. 3a shows that the
peak area ratio of phosphopeptide/unmodified peptides in-
creases as the lane becomes acidic (from lanes 3 to 1), demon-
strating that more phosphorylated proteins elute at the acidic
lane. Peaks in Fig. 3 were plotted after area normalization at

0 3 6 9 12 15
Time (min.)

Lane 2 (pH 4.58~4.66) 

Lane 3 (pH 4.66~4.75) 

Lane 4 (pH 4.75~4.83) 

Lane 5 (pH 4.83~4.91) 

Lane 1 (pH 4.50~4.58) 

Lane 6 (pH 4.91~5.00) 

Fig. 2 – Six fractograms ofα-casein by IEF-AF4 multichannel.
IEF was carried out at 2 kV in 10 min. AF4 separation was
performed at _V in/ _Vout=0.84/0.24 in mL/min in each lane.
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Fig. 3 – The extracted chromatograms of unmodified and
phosphorylated peptides of a) YKVPQLEIVPNsAEER from
subunit 1 ofα-casein obtained at channel lanes 1–3 and
b) NAVPITPTLNREQLsTsEENSKK from subunit 2 at lanes 3 and
4. Theelutionorder consists of theunmodifiedpeptide followed
by phosphopeptides with increasing phosphorylation.
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each channel lane. Table 1 lists the peak area of the unmodified
and phosphorylated peptide at each lane calculated from the
extracted chromatogram. The phosphopeptide of Fig. 3a listed
in the first row of Table 1 shows a significant increase in the rel-
ative peak area of singly phosphorylated peptides at the chan-
nel lane 1. Though the pH range of each channel differs, the
same phosphopeptide is observed at different channel lanes.
This is because in most cases, different phosphorylation
combinations occur at different phosphorylation sites. More-
over, different phosphoisoforms with the same number of
phosphorylations (therefore with similar pI values) can elute
at the same channel lane since there are several phosphoryla-
tion sites in the two α-casein molecule subunits. However, the
chance of finding a phosphate group at every phosphorylation
site increases as the channel lane becomes acidic. Similar ob-
servations were made with two other singly phosphorylated
peptides listed in Table 1.

Similar observations are shown in Fig. 3b with the
doubly phosphorylated peptide AA sequence of
NAVPITPTLNREQLsTsEENSKK ([M+3H+]+3 and m/z 906.6),
which is from subunit 2 of α-casein. The peak area of each iso-
form is listed in Table 1. In this case the three different iso-
forms can be found because there are two phosphorylation
sites (marked with a small letter “s”). The extracted chromato-
gram from channel lane 3 in Fig. 3b shows the consecutive
elution and peak area distributions of the unmodified peptide
(m/z 853.3), the singly phosphorylated peptide (m/z 879.9), and
the doubly phosphorylated peptide (m/z 906.6). These three
peptides were observed in four channel lanes and the relative
peak area of the doubly phosphorylated peptide was higher in
lanes 1–3 than in lane 4. For a peptide with three phosphory-
lation sites (VNELsKDIGsEsTEDQAMEDIK), only two different
types (double and triple) of phosphorylation were observed
without the unmodified and singly modified peptide. The

fraction from channel lane 1 had a larger population of triply
phosphorylated peptide (37.22 vs. 7.70%) than the fraction
from channel lane 2. These observations show that the same
protein molecules may have the same degree (or number) of
phosphorylation but different phosphorylation site patterns.

3.2. IEF-AF4 phosphoprotein separation from human
prostate cancer cell line

IEF-AF4 was applied for the 2D separation of phosphoproteins
from DU145, the hormone-refractive prostate cancer (HRPC)
cell line and PrEC, the normal prostate epithelial cell line.
CHAPS was added to both the ampholyte and AF4 carrier
liquid to increase the solubility of hydrophobic proteins.
Fig. 4 shows the six fractograms of the PrEC cell lysate sample.
Two eluting protein fractions (tr=0–5 and 5–10 min) were
collected from each channel lane. In the fractograms of chan-
nel lanes 1 and 6, the relatively large void peaks followed by
protein peaks were observed at the beginning of elution.
Since the pH interval for the carrier ampholyte was 5.0–6.0
(ΔpH=0.17/lane), proteins with pI values larger or smaller
than this interval accumulated at both extremes of the IEF
channel and eluted with relatively large peak signals. The
AF4 fractions of each cell lysate sample were washed using
the centrifugal filter unit and digested with trypsin. Peptide
mixtures of each fraction (12 fractions from each cell line)
were analyzed by nLC–ESI–MS–MS. The proteins identified
from the TurboSEQUEST database search are listed in Supple-
mentary Table 1. By counting only proteins withmultiple pep-
tide hits, 1435 proteins were identified from DU145 and 1749
proteins were identified from PrEC cells. 546 proteins were
found in both samples. Some specific phosphopeptides
known to be involved with prostate cancer were included on
the list of identified proteins. To quantitatively compare the

Table 1 – Peak area ratio of phosphopeptides in α-casein. Each percentage was calculated as the peak area of each peptide/
total peak area of all phosphoisoforms eluted at the same lane. Blanks represent the below PQL (Practical Quantification
Level).

Sequence Subunit Lane
#

Ratio of peak area (%, to total area)

Unmodified Single Double Triple

YKVPQLEIVPNsAEER 1 1 47.45 52.55
2 63.23 36.77
3 69.56 30.44

yLGYLEQLLR 1 1 5.49 94.51
2 17.46 82.54
3 62.73 37.27

TVDMEsTEVFTKK 2 1 26.47 73.53
2 29.48 70.52
3 31.47 68.53
4 71.43 28.57

NAVPITPTLNREQLsTsEENSKK 2 1 4.99 22.94 72.07
2 5.74 24.57 69.68
3 7.77 19.99 72.24
4 22.60 39.28 38.13

YKVPQLEIVPNPSAEERLHsMK 1 1 3.16 96.12 0.72
2 3.53 95.98 0.49
3 3.89 95.47 0.64
4 6.93 93.07 0.00

VNELsKDIGsEsTEDQAMEDIK 1 1 62.78 37.22
2 92.30 7.70
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degree of phosphorylation of specific peptides related to can-
cer, a peptide with the AA sequence of TLEEEAKTHEAQIQEMR
([M+3H+]+3 and m/z 681.7) from cellular myosin heavy poly-
peptide 9 (226.4 kDa and pI 5.6) was selected as an internal
control (IC). This was used to calculate the relative MS peak
area of a target phosphopeptide since myosin is a housekeep-
ing gene product [43] found in both channel lanes 4 and 5. For
instance, Table 2 lists three phosphopeptides that show a
prominent difference in the relative ratio of peak area be-
tween the target and the myosin IC peptide. The peak area
of a phosphopeptide with an AA sequence of KIssEsLSTCWR
([M+3H+]+3 and m/z 565.4, CID spectra shown in Supplemen-
tary Fig. 2) from mitogen-activated protein kinase 14
(MAPK14, collected from the second fraction of channel lane
4; marked as 4-2 in Table 2) was calculated for both DU 145
and PrEC cell samples. MAPK14 is amember of theMAP kinase
family. Its activation increases as prostate cancer progresses

to androgen-independent or further [44]. The ratio of the
phosphopeptide of MAPK14 to the myosin IC peptide was
about 50% higher in DU145 than in the normal cell line. Two
other phosphopeptide candidate markers also showed a re-
markable difference in relative regulation. The phosphopep-
tide sequence of WtHDKyQGDGIVEDEEEtMENNEEK ([M+
3H+]+3, m/z 1056.0, and CID spectra shown in Supplementary
Fig. 2) from Bcl2-associated transcription factor 1 (106.1 kDa
and pI 9.9) is a transcriptional repressor that promotes apo-
ptosis [45]. The peak area ratio of the target peptide to the my-
osin IC peptide in the HRPC cancer cell was three times (0.15
vs. 0.05 of ratio a/b in Table 2) higher than in normal PrEC
cells. The same comparison was made with another peptide
marker, LGKDAVEDLESVGK ([M+2H]+2 and m/z 730.7) from a
Dermcidin precursor (11.3 kDa and pI 6.5). In this case, a dif-
ferent internal control peptide was used to match the pI
value of the target protein: TTGIVMDSGDGVTHTVPIYEGYAL-
PHAILR ([M+3H]+3 and m/z 1062.0) of β-actin (41.7 kDa and
pI 5.48). The above phosphopeptide from a Dermcidine pre-
cursor in the cancer cell line showed a remarkable difference
in concentration compared to the same protein that was not
found in the normal cells. These peptides are not easily
detected when the whole cell lysate is digested and analyzed
without preliminary phosphopeptide enrichment. In addition,
phosphopeptide enrichment methods simply remove unmo-
dified peptides. A suitable method, such as isotope labeling,
should be incorporated to study quantitative variation in
phosphorylation. 2D phosphoprotein separation by IEF-AF4
and quantitative target phosphopeptide analysis can be per-
formed by nLC–ESI–MS–MS using a proper internal control
peptide. Because this can be done without secondary pro-
tein/peptide modification, a combined method can effectively
differentiate the relationship between protein phosphoryla-
tion and disease status. Furthermore, diagnosis of adult dis-
eases can be performed from a patient's biofluids. To
integrate the developed method into an analytical protocol
for adult cancer, known phosphopeptide markers should be
further studied. Newmarkers should be thoroughly examined
using patient samples from the different developmental
stages of prostate cancer.

Table 2 – The ratio of the peak area of each target phosphopeptide involvedwith prostate cancer to that of the internal control (IC)
peptide from two housekeeping gene products: a peptide sequence of TLEEEAKTHEAQIQEMR from cellular myosin heavy
polypeptide 9 (226.4 kDa, pI 5.6) andTTGIVMDSGDGVTHTVPIYEGYALPHAILR fromβ-actin. (41.7 kDa, pI 5.48). Small letters in the
AA sequence denote the phosphorylated amino acid.

Channel lane —
fraction no.

Cell type Peak area of the
target peptide (a)

Peak area
of IC (b)

Ratio
(a/b)

KIssEsLSTCWR from MAPK14 Cellular myosin
4-2 DU145 1.2E6 6.5E5 1.84

PrEC 1.6E7 1.3E7 1.23
WtHDKyQGDGIVEDEEEtMENNEEK
from Bcl2-associated transcription

factor 1

Cellular myosin

5-2 DU145 1.1E5 7.5E5 0.15
PrEC 1.8E5 3.5E6 0.05

LGKDAVEDLESVGK From Dermcidin
precursor

β-Actin

3-1 DU145 9.4E5 4.6E5 2.03
PrEC Below PQL 3.2E5 –

0 2 4 6 8 10

Lane #6 (pH 5.84~6.00)

Lane #5 (pH 5.67~5.84)

Lane #4 (pH 5.50~5.67)

Lane #3 (pH 5.33~5.50)

Lane #2 (pH 5.16~5.33)

Fraction 2

Time (min.)

Fraction 1

Lane #1 (pH 5.00~5.16)

Fig. 4 – IEF-AF4 fractograms of PrEC cell lysates (50 μg
injection). At each lane, two fractions were collected for the
nLC–ESI–MS–MS analysis after tryptic digestion.
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4. Conclusions

This study showed that IEF-AF4, a non-gel based high speed
2D (pI & ds) separation method, can selectively isolate phos-
phoproteins from a proteome sample. A narrow pH cut of
carrier ampholyte was essential for fine phosphoprotein frac-
tionation because a protein's pI only changes slightly after
phosphorylation. 2D fractionation of α-casein molecules was
followed by shotgun analysis of digested peptide mixtures
using nLC–ESI–MS–MS. This demonstrated that various phos-
phorylation isoforms can be characterized with a simulta-
neous determination of the relative ratio of phosphorylated
to unmodified peptide. The phosphopeptide peak area, com-
pared to unmodified or less phosphorylated peptides, in-
creased as the channel lane became acidic. IEF-AF4 can be
used to determine the up/down regulation of some specific
phosphopeptides/phosphoproteins that are known as disease
markers. Because current methods for phosphopeptide
isolation or enrichment are based on affinity methods and or-
dinary unmodified peptides are readily removed during the
enrichment process, quantitative phosphopeptide analysis
without isotope labeling is not straightforward. The IEF-AF4
method still requires an improvement in the resolution of
separated proteins by using miniature multilane AF4 chan-
nels. However, it does provide the unique ability to fractionate
a targeted phosphoprotein by combining two liquid based elu-
tion techniques. The degree of post-translational modifica-
tion can then be analyzed with nLC–ESI–MS–MS.
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tides are contained in Supplementary Figs. 1–2. Supplementary
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