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Abstract
Multidimensional liquid-based separation is required for fractionation and mapping of complex
protein mixtures from cells. A method that has been used as the first dimension in such separations
is chromatofocusing, which is a based on generating a pH gradient on an anion exchange column.
The use of pH in the first dimension is essential where pH is a fundamental property of proteins and
can provide information on post-translationally modified forms of a protein. In this work, a micro-
chromatofocusing technique is introduced which can separate microgram levels of proteins from cell
lysates for further analysis by LC-MS/MS. It is shown that this method can analyze 10 µg of sample
and detect nearly 700–800 proteins from ovarian cancer cell line lysates.
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1. Introduction
An important issue in current proteomic analysis is the ability to work with small amounts of
samples. This becomes particularly important in situations where only a limited amount of
sample may be available such as tissue or fluid samples extracted from aspirates[1], laser
capture micro-dissection[2], tumor micro-environment experiments[3] or stem cell research
[4]. In these cases, there may be <100,000 cells available or fluids in the amount of 50µl or
less. This number may correspond to only several micrograms of total protein where if there
are a thousand proteins present, then on average there may only be tens of femtomoles of each
protein available. It thus becomes critical to find methods capable of separating and analyzing
such small amounts of sample with the ability to identify the presence of large numbers of
proteins.
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A number of methods have been developed to fractionate the protein content of a cell on a
micro-proteomic scale [5,6,7,8]. These methods may use an approach based upon fractionation
of intact proteins [6,9] or alternatively fractionation of the protein content of a cell following
total digestion of the proteins into peptides [5,10,11,12]. Both of the approaches have been
used in previous work for analysis of small amounts of sample. An advantage of the intact
protein method is that it may allow isolation of the original protein for further analysis by
protein molecular weight measurement or antibody analysis. The presence of the intact protein
information may also ultimately provide information on posttranslational modifications [13].

Ion exchange chromatography (IEC) is a widely used process that separates inorganic ions and
proteins based on charge-charge interaction [14,15,16]. Protein separation by IEC can be
performed using two methods, the salt-gradient method, and the pH- gradient method.
Compared with the salt-gradient method, the pH-gradient method has the ability to produce
protein separation with a high degree of fractionation based upon an on-column pH-based
separation. Despite the capabilities of the pH-gradient method, IEC has been limited because
of the difficulty producing linear pH gradients. Several improvements have been made in this
area where, for example, Sluyterman and co-workers [17,18] generated linear-pH gradients
with no buffer mixture externally in a process called chromatofocusing (CF). During CF, a
quasi linear-pH gradient was produced using simple buffer solutions where proteins elute down
the column creating focused bands. Most CF has been conducted using a weak anion exchanger.
In other work, Frey and coworkers [19,20] have developed an advanced theory for CF using
simple buffer solutions. Also, Shan and Anderson [21,22] have generated pH-gradient IEC
with amine buffer solutions.

CF has been exploited in proteomics and used as the first dimension in multi-dimensional
separation because of its ability to obtain pI information, a fundamental property of proteins.
This information is important for identification of proteins and ultimately, posttranslational
modifications. For example, Lubman and coworkers [23,24,25] studied various cancers, e.g.
breast, ovary, and pancreatic using chromatofocusing, for separation followed by mass
spectrometry, and showed a difference of protein expression and post-translational
modifications with a mass map based on protein pI and molecular weight of proteins. In this
work, they used an analytical scale column requiring several hundred micrograms to several
milligrams for separation. Alternatively, a method has been developed using a micro-
chromatofocusing (micro-CF) procedure with a weak anion exchanger packed in a capillary
column. This method is a scaled down version of the CF separation currently used in the
Beckman PF2D instrument. However, instead of milligram amounts of starting material 2–
30µg of material can be fractionated based upon pH. The intact protein can be collected
according to pH value and further analyzed by a second dimension. In this work, we
demonstrate digestion of the eluted fraction of intact proteins from micro-CF followed by nano-
RPLC-MS/MS. This micro-proteomic procedure is demonstrated for analysis of 700–800
proteins from only 10 µg of two ovarian cell lines (MDAH 2774 and TOV 112D).

2. Experimental
2.1. Chemicals and Materials

Urea, Thiourea, bis-tris, acetonitrile, n-Octyl-D-glucopyranoside, DTT and formic acid were
purchased from Sigma-Aldrich. PMSF was purchased from Bio-Rad. Polybuffer 74 was
obtained from Amersham Biosciences (Pittsburgh, PA). The packing material (AX-300) for
micro - CF column was obtained from Eprogen, Inc. (Darien, IL). The fused-silica capillary
with 200um i.d./360um o.d. was purchased from Polymicro Technologies, LLC. (Phoenix,
AZ).
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2.2. Micro-Chromatofocusing
The column used in this experiment was a fused silica capillary column (200um × 200mm),
packed with anion exchange packing materials (AX-300) (Eprogen, Inc., Darien, IL), using a
packing bomb built in house at a pressure of 2000psi for 2–3h. The experiments were performed
using an ultra-pure II capillary pump with high-pressure mixer (Micro-Tech Scientific, Vista,
CA). Two buffer solutions, a starting buffer (SB) and an elution buffer (EB), were used to
generate a pH gradient on the CF column. The SB solution was composed of 6M urea and
25mM Bis-tris. The upper limit pH of the SB solution was set at pH 7.8. The EB solution was
prepared with 6M urea and polybuffer74, while the lower limit of the EB was set at pH 3.8–
4.0. The pH for both buffer solutions was established by addition of a saturated solution of
iminodiacetic acid. The CF column was pre-equilibrated with the SB solution. 5–20µg of
sample was injected into the micro-CF column and the mobile phase was then switched to the
EB solution to initiate the pH gradient. The pH gradient in the column was monitored by an
on-line post column detector flow-through pH electrode (Microelectrodes, Inc., Bedford, NH).
The flow rate was 5ul/min, with fractions collected in 0.2 pH units. The pH fraction above 7.5
and the elution by salt wash solution (1M NaCl) were collected separately for further analysis.
Each sample of the MDAH and TOV cell lines was run by micro-CF three times for
reproducibility.

2.2 Analytical Chromatofocusing
Chromatofocusing (CF) was performed on a Beckman System Gold model 127s binary HPLC
pump with high-pressure mixer (Fullerton, CA, USA), using a HPCF 1D column (2.1 × 250
mm) (Eprogen, Inc., Darien, IL). Two buffer solutions (a start buffer (SB) and an elution buffer
(EB)) were utilized for the generation of a pH gradient on the CF column. The SB solution was
composed of 6M urea and 25mM Bis-Tris (pH 7.8). The EB solution was composed of 6M
urea and 10% polybuffer74 (pH 3.8–4.0). Both buffer solutions were brought to pH by addition
of a saturated solution of iminodiacetic acid. The CF column was pre-equilibrated with SB,
after which the mobile phase was switched to the EB solution for pH gradient initiation. The
pH gradient was monitored on-line with a post detector pH flow cell (Lazar Research
Laboratories, Inc., Los Angeles, CA). The UV absorbance of the eluent was monitored on-line
at 280nm. The flow rate was 0.2ml/min, with fractions collected in 0.2 pH units. Each fraction
was stored at −80°C.

2.3 Trypsin Digestion
The NPS RP-HPLC sample fractions were lyophilized by vacuum centrifugation to remove
remaining solvent in the sample tubes. The remaining Trifluoroacetic acid (TFA) was
neutralized by adding 10% (v/v) NH4HCO3 into the samples. 10% (v/v) DTT and 0.01µg of
TPCK-treated trypsin (Promega, Madison, WI) were added. The samples were vortexed and
then incubated at 37°C for approximately 18h. The tryptic digestion was terminated by addition
of 2.5 % (v/v) of TFA.

2.4 Protein Identification and quantification
The digested peptide mixture was analyzed by nano-flow reverse-phase LC/MS/MS using the
LTQ mass spectrometer with a nano-spray ESI ion source (Thermo, San Jose, CA). The
samples were separated using a (0.1 × 150mm) capillary reverse phase column
(MichromBioresources, Auburn, CA) with a flow rate of 5ul/min. An acetonitrile:water
gradient method was used, starting with 5% acetonitrile which was ramped to 60% in 25min
and to 90% in another 5min. Both solvent A (water) and B(ACN) contained 0.1% formic acid.
The electrospray voltage was 2.6V, with a capillary temperature of 200°C and a capillary
voltage of 4kV. The normalized collision energy was set at 35% for MS/MS. The MS/MS
spectra obtained were analyzed using the Sequest feature of Bioworks 3.1 SR1. Peptide ions
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were assigned with the Xcorr values to consider >3.5 for +3, >2.5 for +2, and >1.7 for +1 ions
and ΔCn of 0.1 or higher. To further validate data obtained from Sequest, Protein prophet/
peptide prophet software [26] modified in house were used to provide a confidence level in
identification of 95%. In order to quantify proteins, DTA select program has been used as
described previously [27]. The DTA program is a form of spectral counting where the program
reads individual spectra from the Sequest output files and evaluates the result using a filter set
by the user. This then is followed by generating a dtaselect.html file and text file containing
information on identified proteins and the corresponding spectral counts.

2.5 Description of MDAH and TOV
Two ovarian endometrioid cancer cell lines (MDAH 2774, TOV 112D) were obtained from
the American Type Culture Collection. The cell lines were cultured as described previously
[28]. Cultured cells were removed by scrapping with a cell scraper (Costar, Cambridge, MA)
and washed three times with PBS solution. Then, cells were lysed with lysis buffer solution
composed of 6M urea (Sigma), 2M thiourea (Sigma), 1% n-Octyl-D-glucopyranoside(Sigma),
2mM DTT(Sigma), and 2.5mM PMSF(Bio-Rad). The lysed solution containing cells were
centrifuged at 35,000rpm at 4°C for 1h and the supernatant was stored at −80°C for further
use.

3. Results and Discussion
3.1 Micro CF column

Chromatofocusing is an on-column, non-gel fractionation technique that has been used as the
first dimension in multi-dimensional separations based on the pI values of proteins in complex
mixtures. The dimension of the column used for chromatofocusing(CF) on an analytical scale
in our previous work[25] has been 2.1mm(i.d.) × 250mm, while the dimension of the column
for micro-CF is 200µm (i.d.) × 200mm. These two columns, which differ in volume by a factor
of 100, result in several experimental differences since columns size affects both the amount
of protein loaded onto the column and the composition of the elution buffer (EB) solution. The
amount of protein loaded onto the column for multidimensional separation is an important
factor in proteomic research where it will determine the number of proteins detected, especially
those at lower abundance. The amount of protein required for analytical scale CF is ~ 5mg,
whereas in micro-CF the total protein loading can be reduced to typically 5–20µg of sample.
Indeed, the protein loading in these micro-CF experiments can be as little as 2µg of total protein.

Another difference between CF and micro-CF is the time required to generate a pH gradient.
In the analytical scale CF used in prior work, the EB solution contained a 10% polybuffer
solution, which generates a 40–70 min pH gradient. However, in micro-CF separation, a 10%
polybuffer solution generates a pH gradient separation for only a limited time before reaching
a lower pH. This rapid pH gradient was insufficient to generate adequate protein separation
based on pI or to collect sufficient volume of the fractionated samples for further experiments.
To generate a longer elution time, a 2% polybuffer solution was used in micro-CF for the pH
gradient. Highly repeatable pH gradients (pH 7.6-3.8) were obtained for micro-CF using the
EB solution as shown for 10µg of sample injected on-column in Figure 1. Compared to the
gradient change of analytical CF involving a 10% polybuffer solution, the 2% polybuffer
system yielded a pH gradient that was twice as long in our experiments.

3.2. Separation and identification of proteins using nano ESI-LC-MS
3.2.1. nano-ESI-LC-MS—The proteins separated by micro-CF were collected into pH
fractions and digested into peptides using trypsin. The peptides from each fraction were further
analyzed using nano-flow HPLC-ESI-MS/MS. The proteins from the pH fractions and the salt
gradient were analyzed in these experiments. Figure 2 shows the base peak chromatogram for
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three pH fractions of a microCF/nano-HPLC-ESI MS/MS of the peptides detected in a human
ovarian cancer cell line (TOV112D). Though there are some overlapping peptide peaks from
high abundance proteins across adjacent pH ranges, low abundance proteins such as p53 were
still identified based upon the reverse phase separation and MS/MS analysis. The
reproducibility of the peptide separation and identification was tested using the combined
microCF/nano-HPLC-ESI MS/MS in multiple runs of tryptic digest samples. Two consecutive
experiments were performed for two different analyses from repeat micro-CF experiments with
the same pH range (pH 5.6-5.4). There is only a small difference in elution times of the peptides
from the fractionated solution, usually <0.2min. Figure 3 illustrates the base peak
chromatogram and tandem mass spectrometry of the sample solution. Mass spectra were
generated for the peptide K. MEKETAENYLGHTAK.N from GRP75 (Stress-70 protein,
mitochondrial precursor) at 19.47min from Figure 4B and 19.33min in Figure 4D, respectively.
Figure 3 demonstrates the reproducibility of the combined micro-CF/nano-HPLC-ESI-MS/MS
method.

3.2.2 Comparison of ovarian cancer cell line proteins—In the integrated micro-CF/
nano HPLC-ESI-MS/MS approach, 700–800 proteins were detected using 10µg of sample in
each of two cell lines. Each of these samples was run three times to increase the number of
total proteins detected. However, after the second run the number of proteins detected did not
increase substantially. The pI distribution and location of the identified proteins is illustrated
in Figure 4 and 5 respectively. The pI distribution of proteins using micro-CF is similar to that
obtained from analytical scale CF. As can be seen, most of the proteins are located in the
Cytosol and Nuclear compartments. There was little difference in the location of the proteins
in the two ovarian endometrioid cell lines.

Table 1 lists 173 proteins common to both the MDAH 2774 and TOV 112D cell lines. This
Table also contains quantitative information on protein expression based upon the spectral
counting method. For example, structural proteins such as Keratin 9, 19, 22 and the Histones
AA, BA are found with a high Xcorr score from the ESI-MS/MS Sequest database search
result. It should be noted that there are large differences in expression between the histones
and keratins between the cell lines, where the presence of the different keratins is often used
as a marker of the type of cancer [29,30]. Of the common proteins in both cell lines Table 1
shows that less than half of the proteins undergo pI shifts. Also, approximately 25% of the
proteins in Table 1 are shifted to acidic pH compared to the database value. According to the
nano HPLC-ESI/MS/MS result, half of the proteins with a pI shift toward the acidic range
showed possible phosphorylations, while the remainder showed possible methionine oxidation
or no PTM present. Many of these proteins have been studied in previous work using analytical
scale chromatofocusing in breast cancer cell lines and showed distinctive phosphorylations in
aggressive cancers [13]. Some of these proteins include the four histones detected, which have
a strong shift towards lower pI compared to that expected. In addition, other proteins such as
elongation factor1-alpha1 and arginine splice factor have been studied by these methods and
shown to be multiply-phosphorylated in cancer cells. Interestingly, proteins with a pI shift
toward the acidic range appear to be involved in protein binding at the molecular function level
such as ATP binding. This may indicate that these proteins play a role in signal pathways
involved in cancer.

3.3 Ovarian cancer cell lines-Pathway proteins detected
Two ovarian endometrioid adenocarcinoma (OEA) cell lines have been studied to gain insight
into the progression of disease through potential proteomic studies of cell signaling pathways.
Among the signal pathways, the Wnt signaling pathway has been known to play a critical role
in cell proliferation, regulating morphology, and cell fate at the cellular level[31] and is known
to be deregulated in endometrioid ovarian cancer [32]. Moreover, mutations such as the
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CTNNB1 gene mutation and the PTEN tumor suppressor gene have also been shown to be
involved in this pathway [33]. The CTNBB1 gene encodes beta-catenin which is regulated by
a multi-protein complex (Beta-catenin -Axin-adenomatous polyposis coli (APC)-glycogen
synthase kinase (GSK-3β)). In this protein complex, GSK-3β phosphorylates NH2-terminal
β-catenin, producing beta-catenin for ubiquitination and proteasome degradation. With the Wnt
signal, beta-catenin degradation is inhibited allowing β-catenin to enter the nucleus, activating
the TCF/LEF complex including Bcl-9, PYCO, CBP and turning on genes such as c-Myc and
cyclin-D.

In this work, two ovarian endometrioid cell lines (MDAH2774, TOV112D) were studied.
MDAH2774 and TOV112D are cultured cell lines derived from human ovarian endometrioid
adenocarcinomas. TOV112D harbors the β-catenin mutation, Wnt pathway defect and
MDAH2774 has an Axin1 mutation, also a Wnt pathway defect. The effect of these mutations
is an increase in the cellular level of beta-catenin and subsequent transcription of Wnt target
genes. In considering the Wnt pathway, no Wnt antagonists e.g. secreted frizzled-related
proteins (SFRPs) or Wnt-inhibit-factor-1 (WIF-1) were observed in either cell line at detectable
levels with the capability of our current experiment. However, the Receptor (Frizzled-1
[precursor]) and low density lipoprotein receptor for Wnt ligand were detected in each cell
line, which suggests the activation of the cytoplasmic protein disheveled (Dsh, Dvl). The
mechanism for Dsh/Dvl activation is not clear yet, but CSK21 (casein kinase II subunit alpha)
found in TOV112D has been suggested as being involved in this process.[34] Dishevelled
proteins have been shown to recruit GSK-3 binding protein (GBP), detected in both cell lines
herein to the multiprotein complex. The resulting complex in both cell lines (TOV112D,
MDAH2774) was expected to lead to activation of the TCF/LEF target since the mutations of
CTNNB1 (TOV112D) and Axin1(MDAH2774) have been shown in prior work[32]. Bcl-9,
and CBP (CREB-binding protein), which were detected in TOV112D, are a part of the β-
catenin complex (LEF/TCF- β-catenin-Bcl9-CBP) in the nucleus. This finding may support
the higher activation of TCF-dependent transcription in TOV112D obtained compared to
MDAH2774. Also p53 was found in MDAH2774, which could provide an alternate pathway
for tumor activation in this cell line.

Since both cell lines have different mutations, different cellular behavior may result according
to protein expression. Compared with MDAH2774, the TOV112D cell line expresses a higher
number of proteins involved with cell activation, for example, T-cell surface antigens CD2,
CD4, and the Wiskott-Aldrich syndrome protein family member 3(WASF3). Also detected
was p85A (phosphatidylinositol 3-kinase regulatory subunit alpha) which is necessary for the
insulin-stimulated increase in glucose uptake and glycogen synthesis in insulin-sensitive
tissues. In terms of glucose transport, GTR4 (Solute carrier family 2, facilitated glucose
transporter member 4) was found in TOV112D. Raf1 protein was detected which is involved
in B-cell receptor signaling and IL-6 signaling where IL6 (Interleukin-6 [Precursor]) was
detected. Several proteins (M3K9, M3K10 and M3K11) involved in the MAPKinase signal
pathway were also more often observed in TOV112D than in MDAH2774. Although these cell
lines are both endometrioid cancers, there may be different pathways at work that are
responsible for their aggressiveness and pathologies.

4. Conclusion
It is shown that cell lysates can be analyzed using the combined method, micro-CF/nano-
HPLC-ESI-MS/MS, where only limited amounts of sample are available. The micro-CF
method involves separation of intact proteins where the pI information can be used for
identifying the potential presence of PTMs and also the change in PTM content between cell
lines. The method can identify large numbers of proteins (700–800) with only 10–20µg total
protein where the proteins observed can be associated with protein pathways. The proteins
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identified can be associated with known genetic defects in these cancer cell lines and these
pathways can potentially be associated with the aggressiveness or the progression of disease.
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Figure 1.
pH gradient obtained by micro-CF
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Figure 2.
Base Peak Chromatogram in TOV112D, (A) fr6, (B) fr7, (C) fr8.
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Figure 3.
Reproducibility test for the integrated Micro-CF/nano-HPLC-ESI-MS/MS. Equal amounts of
the sample were analyzed. The tandem mass spectrum obtained at 19.43 min in (A) is shown
in (C). The tandem mass spectrum obtained at 19.33 min in (B) is shown in (D).
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Figure 4.
pI distribution in both Analytical CF and Micro-CF using MDAH2774 cell line.
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Figure 5.
The comparison of cellular composition of identified proteins from two ovarian cancer cell
lines (MDAH2774, TOV112D).
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