
Comprehensive analysis of proteins of pH fractionated samples
using monolithic LC/MS/MS, intact MW measurement and
MALDI-QIT-TOF MS

Chul Yoo2,†, Tasneem H. Patwa2, Paweena Kreunin2, Fred R. Miller3, Christian G. Huber4,
Alexey I. Nesvizhskii5, and David M. Lubman1,2,5,6,*

1Department of Surgery, The University of Michigan Medical Center, Ann Arbor, MI 48109, USA
2Department of Chemistry, The University of Michigan, Ann Arbor, MI 48109, USA
3Barbara Ann Karmanos Cancer Institute, Wayne State University, Detroit, MI 48201, USA
4Department of Chemistry, Instrumental Analysis and Bioanalysis, Saarland University, 66123
Saarbrucken, Germany
5Department of Pathology, The University of Michigan Medical Center, Ann Arbor, MI 48109, USA
6Comprehensive Cancer Center, The University of Michigan Medical Center, Ann Arbor, MI
48109, USA

Abstract
A comprehensive platform that integrates information from the protein and peptide levels by
combining various MS techniques has been employed for the analysis of proteins in fully
malignant human breast cancer cells. The cell lysates were subjected to chromatofocusing
fractionation, followed by tryptic digestion of pH fractions for on-line monolithic RP-HPLC
interfaced with linear ion trap MS analysis for rapid protein identification. This unique approach
of direct analysis of pH fractions resulted in the identification of large numbers of proteins from
several selected pH fractions, in which approximately 1.5 μg of each of the pH fraction digests
was consumed for an analysis time of ca 50 min. In order to combine valuable information
retained at the protein level with the protein identifications obtained from the peptide level
information, the same pH fraction was analyzed using nonporous (NPS)-RP-HPLC/ESI-TOF MS
to obtain intact protein MW measurements. In order to further validate the protein identification
procedures from the fraction digest analysis, NPS-RP-HPLC separation was performed for off-line
protein collection to closely examine each protein using MALDI-TOF MS and MALDI-
quadrupole ion trap (QIT)-TOF MS, and excellent agreement of protein identifications was
consistently observed. It was also observed that the comparison to intact MW and other MS
information was particularly useful for analyzing proteins whose identifications were suggested by
one sequenced peptide from fraction digest analysis.
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INTRODUCTION
Despite the tremendous development of techniques for the analysis of proteomes of various
organisms, it is still challenging to reliably analyze highly complex biological mixtures such
as human cancer cells in a high-throughput manner. Two-dimensional gel electrophoresis
(2DE)1 remains the most widely used method, followed by subsequent in-gel digestion for
peptide mass fingerprinting (PMF) analysis typically by MALDI-TOF MS for protein
identification.2–4 This method has a number of limitations, including the difficulty of
analyzing proteins of extreme size and hydrophobicity and poor run-to-run
reproducibility.5,6 Although robotic systems have been developed to assist excision of large
numbers of gel spots, complete automated integration of the entire procedures involving
2DE to MS is still limited.

Shotgun proteomics, in which the whole cell lysate is digested for extended
chromatographic separations for direct tandem mass spectrometric analysis, is one of the
most widely used gel-free approaches for protein identifications. In this approach, sequence
information gained from peptide fragment fingerprints (PFFs) and database searching with
partial coverage of a protein sequence is often sufficient for identification.7–10 A MudPIT
approach, in which sequential ion exchange and reversed-phase high performance liquid
chromatography (RP-HPLC) separations are required prior to MS analysis, has been widely
applied to identify a large number of proteins in various organisms.11–13 It has also been
used to elucidate post-translational modifications (PTMs) of the samples of moderate
complexity.14 A recent study by Smith and coworkers15–17 involved the analysis of whole
cell lysates by online nanoscale RP-HPLC separation performed at a very high pressure of
ca 20 kpsi interfaced with Fourier transform ion cyclotron resonance (FT-ICR) MS obtained
chromatographic peak capacities of >103. Another interesting non-gel-based approach was
attempted, in which the yeast cell lysates were subjected to pI-based rotofor fractionation,
followed by enzymatic digestion for on-line analysis by HPLC/MS/MS using a C18 packed
column for over 100 min of separation.18 This study showed the chromatographic
separations of large numbers of tryptic peptides resulting from proteins in pH fractions.
Although shotgun proteomics performed exclusively at the peptide level is a highly effective
means for rapid protein identifications in global scale studies, it is difficult to assess valuable
information contained at the protein level, which becomes lost upon enzymatic digestion,
such as sequence variations of proteins resulting from splice variants and truncations that
add further complexity to the proteomes.

Recently, a method based on two-dimensional (2D) liquid-phase fractionations has been
developed and successfully applied to the analysis of human cancer cells of various types as
well as simple organisms,19–23 in which each of the proteins was collected for protein
identifications on the basis of peptide mapping. Chromatofocusing (CF)24 as used for the
first dimension separation is an effective approach for prefractionating complex samples
prior to further analysis due to its reproducibility and its compatibility with RP separation
for on-line MS analysis to obtain accurate intact protein molecular weight (MW) values.

In this work, the proteins in fully malignant human breast cancer cell lines were isolated into
pH fractions by CF, in which several selected fractions were enzymatically digested for
tandem MS analysis using on-line monolithic capillary HPLC to rapidly obtain sequencing
information about large numbers of peptides for protein identification. The same pH
fractions were also subjected to comprehensive analysis for intact protein MW, PMF, and
both ESI- and MALDI-based PFF of digests of proteins collected off-line from RP-HPLC to
further validate the protein identification procedures from fraction digest analysis. By using
a number of methods together at the protein and peptide levels, the reliability of the protein
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identification procedures were enhanced and provided information on the mature forms of
several proteins, which is difficult to achieve solely by peptide sequencing analysis.

EXPERIMENTAL
The experimental overview is illustrated in Fig. 1. Extracts from a human breast cancer cell
line were separated by CF in the range of pH 4 to 7. Each of the pH fractions was purified
by solid phase extraction (SPE) and tryptically digested for on-line analysis by monolith-
based capillary HPLC interfaced with a linear ion trap MS. Also, the same pH fractions were
separated by nonporous (NPS)-RP HPLC for intact protein MW determination and off-line
peak collection for closer examinations. Upon off-line protein collection, several proteins,
for which only one sequenced peptide resulted from the analysis of fraction digests, were
subjected to on-line monolithic LC/MS/MS for confirmation. The results from different MS
approaches were compared.

Sample preparation
The sample used in this experiment was a fully malignant human breast cancer cell line,
CA1a.cl1, prepared from a cloned variant of the MCF10 series (Barbara Ann Karmanos
Cancer Institute, Wayne State University, Detroit, MI).25 Cells were mixed with a lysis
buffer containing 7 M urea, 2 M thiourea, 100 mM dithiothreitol (DTT), 2% n-octyl β-D-
glucopyranoside (OG), 10% glycerol, 10 mM sodium orthovanadate, 10 mM sodium
fluoride (all from Sigma, St. Louis, MO), 0.5% Biolyte ampholyte (Bio-Rad, Hercules, CA),
and the protease inhibitor cocktail (Roche Diagnostics, GmBH, Mannheim, Germany) for
vortexing at room temperature for 1 h. The cellular debris and other insoluble materials were
removed by centrifuging the mixture at 35 000 rpm for 1 h and 15 min. The supernatant was
collected for buffer exchange to replace the lysis buffer with the equilibration buffer for CF
using a PD-10 G-25 column (Amersham Biosciences, Piscataway, NJ). The protein
concentration was determined using the Bradford Protein Assay kit with bovine serum
albumin (BSA, Bio-Rad) standard.

Chromatofocusing
The CF experiment was performed using a Beckman System Gold model 127 pump and 166
UV detector module (Beckman Coulter, Fullerton, CA) with an HPCF-1D prep column (250
mm × 4.6 mm i.d., Eprogen, Darien, IL). A linear pH gradient was generated using a
combination of a start buffer (SB) composed of 6 M urea, 25 mM BisTris, and 0.2% OG and
elution buffer (EB) containing 6 M urea, 0.2% OG, and 10% polybuffer 74 (Amersham
Biosciences). Saturated iminodiacetic acid (Sigma) was used to adjust the pH of SB at 7.2
and EB at 3.9. The column was first equilibrated in SB until the pH of the column was the
same as SB by monitoring with a postdetector on-line assembly of a pH flow cell (Lazar
Research Laboratories, Los Angeles, CA). After equilibration, ca 3 mg of the sample was
loaded onto the column at a low flow rate to allow for interactions of the proteins with the
binding sites. Once a baseline was achieved, solvent flow was switched to EB and the flow
rate was set to 1 ml/min for CF fraction collection at intervals of 0.2 pH units along the
linear gradient, where the elution profile was recorded at 280 nm. At the end of the gradient,
the column was flushed with 1 M sodium chloride (Sigma) to remove any proteins still
bound to the column. All collected samples were stored at −80 °C until further analysis.

NPS-RP-HPLC protein separation and tryptic digestion
The proteins fractionated by CF were further separated by an NPS-RP-HPLC column (4.6
mm i.d. × 33 mm, Eprogen) packed with 1.5 μm C18 ODSIIIE silica beads using an HPLC
system Gold (Beckman Coulter). Approximately 80 μg of protein was loaded for the
separation utilizing the following gradient, in which solvents A and B comprised 0.1%
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trifluoroacetic acid (TFA, Sigma) in DI water and acetonitrile (ACN, Sigma), respectively;
5–15% B in 1 min, 15–25% B in 2 min, 25–31% B in 3 min, 31–41% B in 10 min, 41–47%
B in 3 min, 47–67% B in 4 min, 67–100% B in 1 min, 100% B in 2 min, and 100–5% B in 1
min at a flow rate of 0.5 ml/min. The protein separation was monitored at 214 nm for off-
line collection of ca 40 fractions from each separation using a fraction collector (SC-100,
Beckman Coulter) controlled by a semiautomated acquisition program built in-house. The
collected proteins were dried completely by a SpeedVac (model SC210A, Thermo Electron,
Marietta, OH) and subjected to enzymatic digestion by adding 50 μl of 50 mM ammonium
bicarbonate (Sigma) and 0.5 μg of TPCK-modified sequencing-grade trypsin (Promega,
Madison, WI) for incubation at 37 °C for 18 h. The digests were added with 1 μl of 10%
TFA to stop digestion and stored at −80 °C until further analysis.

NPS-RP-HPLC/ESI-TOF MS
NPS-RP-HPLC separation was also interfaced on-line with ESI-TOF MS (LCT, Waters-
Micromass, Manchester, U.K.) for intact protein MW analysis by injecting ca 100 μg of
proteins using the same separation condition described in the previous section, except that
0.1% TFA was replaced with 0.3% formic acid (Sigma). A flow splitter was used to deliver
40% of the eluent to the LCT with the following parameters: capillary voltage at 3200 V,
sample cone voltage at 40 V, and extraction cone voltage at 3 V. The desolvation
temperature was set at 300 °C with a nitrogen gas flow of 650 l/h, while the source
temperature was at 120 °C. The intact MW was obtained by deconvolution utilizing
MaxEnt1 of the MassLynx software version 4.0 (Waters-Micromass).

MALDI-TOF MS and data analysis
The proteins previously collected by NPS-RP-HPLC for tryptic digestion were desalted
using 2 μm C18 ZipTips (Millipore, Bedford, MA) resulting in concentrated peptide
mixtures in 5 μl of 60% ACN and 0.5% TFA. A matrix solution was prepared by diluting
saturated α-cyano-4-hydroxycinnamic acid (α-CHCA, Sigma) solution with 60% ACN and
0.1% TFA at 1 : 4 ratio added with the internal standards, including angiotensin I,
adrenocorticotropic hormone (ACTH) fragment 1–17, and ACTH 18–39 (all from Sigma).
The matrix solution was spotted on the MALDI-plate so that each well contained 50 fmol of
each of the internal standards, followed by layering 1 μl of the desalted sample on top.

The Micromass TofSpec 2E was used for the MALDI-TOF MS analysis in the reflectron
mode with a nitrogen laser (337 nm) as the ionization source. The instrument was operated
in the positive ion mode with an operating voltage of 20 kV, an extraction voltage of 19.98
kV, and a pulse voltage of 2300 V. All spectra acquired over the mass range of 500 to 4000
Da were combined for internal calibration and post-processed using the MassLynx software
to obtain monoisotopic peptide masses for submission to the MS-Fit search engine at
http://prospector.ucsf.edu. The search was performed against the SwissProt database under
the species of Homo sapiens by allowing the following parameters: one missed cleavage,
mass tolerance of 50 ppm or less, no limitations set for MW and pI ranges, and possible
modifications including N-terminal Gln to pyroGlu, oxidation of M, N-terminal acetylation,
and phosphorylation of S, T, and Y. The search results were filtered using the following
threshold: MOWSE score of >103 and sequence coverage of >20%.

MALDI-quadrupole ion trap (QIT)-TOF MS and data analysis
The MALDI-QIT-TOF MS (AXIMA-QIT, Shimadzu-Biotech, Manchester, UK) was used
to perform MS/MS of selected peptides. Samples were prepared in a manner identical to
those for PMF. Peptide mixtures (0.5 μl) desalted by C18 ZipTips were deposited on the
MALDI target plate along with 0.5 μl of the matrix solution of 2,5-dihydroxybenzoic acid
(DHB; Sigma) at a concentration of 20 mg/ml in 0.1% TFA and 60% ACN. The MALDI-
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QIT-TOF MS instrument was externally calibrated using a mixture of Bradykinin fragment
1–7, angiotensin II, P14R, ACTH fragment 18–39, and Insulin chain B (all from Sigma) to
obtain the mass tolerance of 10 ppm. The standard instrument settings for optimum
transmission at medium mass were used to record all mass spectra in this work. Data
acquisition and processing were performed using the Kompact LAUNCHPAD software
(Shimadzu) and the ion masses were submitted to the Mascot MS/MS ions search
(http://www.matrixscience.com), where the search was performed under SwissProt database
with the following parameters: (1) species: Homo sapiens, (2) one missed cleavage, (3)
possible modifications of peptide N-terminal Gln to pyroGlu, oxidation of M, protein N-
terminal acetylated and phosphorylation of S, T, and Y, (4) peptide mass tolerance of ±1 Da,
(5) MS/MS tolerance of ± 0.9 Da, and (6) peptide charge of +1.

pH fraction cleanup and enzymatic digestion of pH fractions
A short NPS-RP-HPLC column (14 mm × 4.6 mm i.d., Eprogen) packed with 1.5 μm silica
ODS I was utilized for the removal of contaminants from each of the pH fractions obtained
from CF separation, which could potentially interfere with enzymatic digestion and
electrospray ionization. Approximately 20 μg of proteins from the CF was injected and the
eluent was collected during a rapid gradient of 0 to 100% B in 2 min, followed by a 2 min
hold at 100% B, where the solvent system and other HPLC configurations were the same as
in NPS-RP-HPLC separation. The eluent was completely dried by a SpeedVac.

Trypsin (2 μg) was added to 10 μl of 10 mM DTT (Sigma) and 90 μl of 50 mM ammonium
bicarbonate to each of the dried pH fractions for overnight incubation at 37 °C. The
digestion mixtures were completely dried down by a SpeedVac for storage at −80 °C. Each
of the samples was reconstituted in 20 μl of HPLC grade water (Fisher Scientific, Hanover
Park, IL) prior to LC/MS/MS analysis.

Monolith-based ESI-LC/MS/MS and data analysis
The Ultra-Plus II MD capillary pump module (Micro-Tech Scientific, Vista, CA) was used
for the separation of digested pH fractions by a monolithic capillary column. A monolithic
column (360 μm o.d. × 200 μm i.d. × 60 mm) was prepared in-house by copolymerizing
styrene and divinylbenzene (PS/DVB) according to the procedure described elsewhere.26

The solvent system comprised two solvents A and B, in which 0.05% formic acid was added
to HPLC grade water and ACN, respectively. The capillary column was directly connected
to a micro-injector with 500 nl internal sample loop (Valco Instruments, Houston, TX) and
the flow was split pre-column to generate ca 2.5 μl/min. The separation was controlled at 60
°C using a linear gradient of 0 to 10% B in 1 min, 10 to 50% B in 49 min, and 50 to 100% B
in 10 min by loading approximately 1.5 μg of each of the pH fraction digests.

A linear ion trap MS (LTQ, Thermo Finnigan, San Jose, CA) was used to sequence the
tryptic peptides from pH fraction digests. A monolithic column was connected to the LTQ
with a fused silica capillary tubing of 20 μm i.d. The capillary transfer tube was set at 175
°C and the ESI voltage at +4 kV. A sheath nitrogen gas flow of 12 arbitrary units was used
and ion activation was achieved with ultra-high purity helium (all from Cryogenic Gases,
Detroit, MI) at a normalized collision energy of 35%. All MS/MS spectra were analyzed by
the TurboSequest of Bioworks software version 3.1 SR1 (Thermo Finnigan) with SwissProt
database under the species of Homo sapiens. The database search allowed a maximum
number of missed cleavages of two, and all search results were subjected to manual
inspection to consider fully tryptic peptides assigned with Xcorr values of the following:
≥1.5 for singly charged ions; ≥2.5 for doubly charged ions; and ≥3.5 for triply charged ions,
while no ions at higher charged states were considered. Also, ΔCn ≥ 0.1 was considered
regardless of the charge states. Additionally, an X!Tandem
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(http://human.thegpm.org/tandem/thegpmtandem.html) search was also performed using
default parameters for ESI-IT MS. All peptides with a log(e) of < −1 were retained.27

Monolith-based ESI-LC/MS/MS for proteins collected off-line
Several proteins whose identifications were suggested by only one sequenced peptide from
fraction digest analysis were further analyzed by off-peak collection of NPS-RP-HPLC. The
tryptic digests of each individual protein were analyzed by rapid monolithic LC/MS/MS by
applying a gradient of 0 to 100% B in 18 min, while all experimental platform and database
search procedures were the same as those in the pH fraction digest analysis by monolithic
LC/MS/MS.

RESULTS AND DISCUSSION
Experimental platform: liquid-phase separations and combination of different MS
techniques

In this experiment, the complexity of the protein mixture obtained from the human breast
cancer cells was reduced by prefractionating at 0.2 pH unit intervals using CF based on
weak anion exchange in the pH range of 4 to 7 prior to further analysis. A typical profile of
the CF fractionation is shown in Fig. 2, in which the experimental pH is monitored in real
time. It is shown that CF is an effective approach to isolate proteins, as suggested by the
linearity of the pH gradient throughout separation, where a correlation coefficient, or r2, of
0.9961 was obtained in the pH range of 4 to 7. In addition, the proteins are collected in the
liquid phase and therefore more readily compatible for further RP-HPLC separation and
ESI-based MS analysis than the traditional 2DE method. It is important to note that this
feature can help obtain the intact protein MW values through on-line ESI-TOF MS analysis
to enable proteome analysis at the protein level. Also, it has previously been shown that the
comparison between experimental and theoretical pI values of proteins can provide a unique
means to suggest the presence of potential modifications.28

As shown from the overall workflow in Fig. 1, various MS techniques have been performed
in this study to comprehensively and reliably analyze proteins in each of the pH fractionated
samples for comparisons, to avoid ambiguous identifications, and also to further validate the
identification procedures. In addition to protein identifications obtained by off-line fraction
collections from NPS-RP-HPLC separations for PMF and sequencing analyses, each of the
pH fractionated samples was also digested using trypsin for monolithic capillary HPLC
separation directly interfaced with linear ion trap MS to rapidly obtain protein
identifications. The use of monolithic capillary columns has recently become a popular
approach in separating various biological molecules29–32 owing to its outstanding stability at
extreme run conditions for the analysis of peptide mixtures.33 The unique separation
characteristics provided by polymer-based monolithic columns over conventional packed
silica columns, such as high separation efficiency, high resolution, and excellent recovery,
allowed for their wide use in many applications. Its potential usefulness in the study of
peptide mapping34 and PTMs35 has also been described recently.

Representative TIC chromatograms obtained from tryptic digests of several pH fractions in
the pH range of 4.4 to 5.2 are shown in Fig. 3, where only ca 1.5 μg of each of the fraction
digests was required in this approach, utilizing a short length of the monolithic column. A
gradient elution of 0 to 50% B in ca 50 min was applied and typical peak widths of a few
seconds were observed. Given the complex nature of the samples studied in this experiment,
the separation speed is still considered to be relatively fast, whereas the typical shotgun
approach utilizing C18 packed column requires several hours of RP-HPLC separation. It is
expected, though, that the tryptic peptides with less ionization efficiency might be
suppressed from closely eluting peptides of higher abundance and may not be properly
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isolated for ion activation during this fast separation time. The problem of ion suppression
may be alleviated by using shallower gradients at the cost of an increase in the analysis time.
Nevertheless, it was observed that the high separation efficiency provided by PS/DVB
monolithic capillary columns helped minimize this problem and allowed the detection of
sufficient numbers of peptides for sequencing to identify large numbers of proteins.

Comprehensive analysis of proteins by different MS approaches
The tryptic digests of several pH fractions from CA1a cell lysates were subjected to linear
ion trap MS for sequencing analysis (Fig. 3), where the same pH fractions were also
subjected to protein separation by NPS-RP-HPLC of analytical scale for on-line ESI-TOF
MS for intact MW determinations for direct comparison. Figure 4(A) shows NPS-RP-HPLC
chromatograms obtained from the combined pH fractions of 4.8–5.0 and 5.0–5.2, where ca
80 μg of protein was loaded. Table 1 shows the overall summary of the comparison of the
results for a selected set of proteins obtained from these four different MS techniques, where
their excellent agreement suggests that identifications of these proteins are highly reliable.
The proteins analyzed from fraction digests by monolithic LC/MS/MS alone are considered
highly confident owing to the multiple numbers of fully tryptic peptides successfully
sequenced with high Xcorr, but peptides sequenced with slightly lower Xcorr than the set
criteria, but still significant, are also presented. Considering that numerous studies generally
define confident protein identifications based on two or more of either fully or partially
tryptic sequenced peptides,13 many of these proteins exceeded the highly stringent criteria
for reliable identification36 with several peptides used to identify a protein.

The NPS-RP-HPLC/ESI-TOF MS analysis was also performed to obtain accurate intact
protein MW values of the same pH fractions. It has been previously reported that the
integration of MS information obtained at the levels of proteins and peptides successfully
resulted in unambiguous identifications of proteins in several different types of human
cancer cells,19,20,22 in which intact protein MW values helped to confirm the presence of
multiple isoforms or truncated versions of a protein. It is suggested that intact MW values
can provide an excellent means to further help confirm the identification of proteins and to
provide complementary MS information when limited PMF or PFF information from
fraction digest analysis is available. Table 1 shows that the theoretical and experimental
MW values of most of the proteins match within 500 Da or better. The 500-Da window was
arbitrarily chosen to account for possible modifications including minor truncations,
phosphorylations, etc. on the basis of the data obtained.19 The comparison of intact MW
values is also essential for suggesting the presence of PTMs or other important sequence
modifications, such as truncation, as observed for several proteins, including the stress-70
protein, protein disulfide isomerase A3 precursor, ATP synthase D chain, and heat shock
protein 60 kDa, in which the experimental MW values exhibited significant deviations from
their theoretical MW values. The experimental MW values of these proteins were found to
closely match when the loss of transit peptides37 was taken into account. It is of particular
importance to emphasize that the confident identification of these proteins in their mature
forms was possible owing to the integration of intact protein MW information. A shotgun
proteomic approach, in which only partial sequence coverage is used for protein
identification, cannot suggest these modifications and provides little information about the
mature forms of proteins including PTMs, splice variants, truncations, and isoforms.38

In order to examine the validity of utilizing protein identification based on fraction digest
analysis and intact protein MW values, a subset of proteins identified in the present work
were collected off-line for detailed MALDI-MS and -MS/MS analyses. This facilitated a
closer validation of protein identification, especially where the retention time of each protein
was available for direct comparison. The results obtained from MALDI-MS and -MS/MS
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(Table 1) show that the proteins identified by off-line peak collection were in excellent
agreement with those identified by fraction digest analysis.

The MALDI-QIT-TOF MS analysis of proteins collected off-line from NPS-RP-HPLC
resulted in PFF information for tryptic peptides that were not identified by fraction digest
analysis, perhaps owing to their different ionization efficiency in the electrospray processes.
For example, fraction digest analysis by ESI-MS/MS detected nine peptides for the heat
shock protein 60 kDa and MALDI-MS/MS resulted in identification of eight peptides, five
of which were not observed in ESI-MS/MS. Overall, they have been combined for a total of
fourteen unique sequenced peptides, corresponding to a combined coverage of ca 45% for
this large protein, resulting in a highly confident identification. In some cases, MALDI-MS/
MS resulted in more sequencing information than ESI-MS/MS, as observed for cytokeratin
17, in which ten unique peptides were successfully identified, as opposed to only two found
by ESI-MS/MS. Although it is difficult to compare the performance of MALDI-MS/MS and
ESI-MS/MS owing to their different ionization mechanisms and the different amounts of
sample consumed, it appears that the complementary nature of these two different ionization
methods reported for peptide mapping applications elsewhere34 may also apply to tandem
MS analysis.

The reliability of the protein identifications by fraction digest analysis was further supported
by the PMF analysis from MALDI-TOF MS. PMF analysis in Table 1 often exhibited
sufficiently high sequence coverage, providing an excellent means to suggest the
identification of proteins. However, less confident identifications can often result from
limited sequence coverage due to many factors, including possible sample loss prior to
spotting from sample cleanup, varying ionization efficiencies for different peptides with
different matrices, and difficulties of detecting peptides in the low mass range. In this
experiment, excellent agreement with the protein identifications provided by PFF
information prevents possible false positive identifications from PMF analysis.

All the proteins identified from the pH fractions of 4.8–5.0 and 5.0–5.2 and confirmed by
different MS approaches are annotated in Fig. 4(A). Likewise, the same experimental
workflow was applied to the fractions of higher pH range, including 6.0–6.2 and 6.2–6.4,
and the results are summarized in Table 2 to show proteins comprehensively analyzed by
these four different MS techniques and annotated in Fig. 4(B). Figure 5 shows a
representative MALDI tandem mass spectrum, in which one of the tryptic peptides from
short chain 3-hydroxyacyl-CoA dehydrogenase, FAGL-HFFNPVPVMK (166–179), has
been successfully analyzed. A significant deviation of intact MW measurement of this
protein from its theoretical MW value suggested sequence truncation, where an excellent
agreement was found when the loss of transit peptide sequence (1–12; 1471 Da) was taken
into account. On the basis of the supporting MS information, we believe that protein
identifications obtained from the analysis of pH fraction digests by monolithic capillary
HPLC/MS/MS are highly reliable.

Protein identification based on fraction digest analysis and intact MW measurement
In Tables 1 and 2, it is shown that the sequencing information obtained from fraction digest
analysis by monolithic capillary HPLC/MS/MS can often provide reliable protein
identifications from highly complex biological mixtures, as further confirmed by other MS
techniques. The intact protein MW values, in particular, provide critical information to help
confirm protein identification.39 Overall, the analysis of proteins collected off-line for
parallel comparison to fraction digest analysis indicated the importance of matching the
intact MW to proteins identified by fraction digest analysis.
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In this study, the fraction digest analysis alone resulted in a large number of proteins
identified with two or more of fully tryptic peptides sequenced from several pH fractions, as
summarized in Table 3. Considering that PFF information from only two tryptic peptides is
often assumed to be sufficient and accepted for confident protein identifications,13 the
protein identifications obtained in this study are generally considered reliable, where closely
matching experimental intact MW values obtained for all proteins in Table 3 further support
this finding. Additionally, the use of statistical data validation tools will increase the number
of reliably identified proteins.40

Protein identification by one sequenced peptide from fraction digest analysis and intact
MW measurement

The protein identification with PFF information from only one peptide is generally
considered less reliable. At the same time, in shotgun proteomics, large numbers of proteins
are identified by a single peptide. Thus, excluding all such identifications would result in a
significant loss of proteins whose identification is potentially correct. Although one has to
be careful when reporting the identification of proteins based on a single peptide fragment
fingerprint, closer examination of several of these proteins by other MS approaches (Tables
1 and 2) suggests that they may result in correct identifications, provided that other
complementary MS information, such as closely matching intact protein MW values, is
available.

In Table 1, fraction digest analysis resulted in only one fully tryptic peptide with Xcorr
exceeding the set criteria for splicing factor arginine/serine-rich 3, perhaps owing to its
relatively low concentration, as observed from Fig. 4(A), where significant signal
suppression by closely eluting peptides of higher abundance is expected. Assuming the
typical recovery of the NPS-RP-HPLC column to be 80%,41 it implies that the estimated
amount of splicing factor arginine/serine-rich 3 protein in Fig. 4(A) is approximately 0.26
μg, or 1.28 pmol, on the basis of peak quantitation of the chromatogram using a manual
baseline by the Origin software (version 6.0, Microcal software, Northampton, MA).
Considering that only ca 1.5 μg of each of the pH fractions was consumed for fraction digest
analysis, this corresponds to ca 24 fmol of splicing factor arginine/serine-rich 3 analyzed.
However, the availability of a closely matching experimental intact MW value obtained
from ESI-TOF MS strongly suggested the presence of this protein in these pH fractions. In
order to examine the reliability of the identification of this protein based on one sequenced
peptide, it was collected off-line from NPS-RP-HPLC for subsequent digestion, followed by
rapid monolithic LC separation interfaced on-line with linear ion trap MS with a separation
time of 10 min, where three unique peptides were successfully sequenced to confirm the
identification, as shown in Table 4.

ATP synthase coupling factor 6 (Table 2) was also identified with only one peptide
identified by PFF from fraction digest analysis, but with closely matching intact MW value
available. The tandem MS analysis later resulted in three identified peptides from off-peak
collection from NPS-RP-HPLC (Table 4). One protein from pH fractions of 6.0–6.2 and
6.2–6.4, delta3,5-delta2,4-dienoyl-CoA isomerase, was analyzed with one identified peptide
from fraction digest analysis. This protein, observed to elute very closely with short chain 3-
hydroxyacyl-CoA dehydrogenase, was collected off-line for on-line monolithic LC/MS/MS
analysis, of which the TIC chromatogram is shown in Fig. 6. This protein was analyzed to
obtain three unique peptides from PFF analysis with matching intact MW available. The
MALDI-MS/MS analysis also confirmed the reliability of the identification of this protein
with three peptides identified by PFF. Table 4 shows several other proteins whose
identifications were confirmed in this manner.
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As discussed, the complementary intact MW information provides an effective means of
identifying proteins with only one fully tryptic peptide sequenced. It is considered
particularly useful for the analysis of proteins of relatively small size, ca 20 kDa or less, as
the PMF analysis of these remains difficult because of the nonconfident identification
associated with the MALDI-MS processes.21 Table 5 lists the small proteins analyzed by
fraction digest analysis with monolithic capillary LC/MS/MS, of which database search
returned only one fully tryptic peptide with high Xcorr. All these proteins have closely
matching intact MW values. As observed from Table 4, in which one identified peptide from
LC/MS/MS and closely matching intact MW suggested reliable protein identifications, the
presence of the proteins shown in Table 5 in fully malignant human breast cancer cells under
study is highly likely.

CONCLUSIONS
Confident identification of proteins from very complex biological mixtures is still
challenging and often requires complementary information from different approaches for
comparison. In this study, a comprehensive analysis that combines several different MS
techniques has been successfully demonstrated to identify large numbers of proteins present
in human breast cancer cells by integrating MS information from peptide and protein levels.
The extreme complexity of the samples was reduced to moderate complexity by CF to make
the current approach more suitable. The pH fraction digest analysis provides high speed and
sensitivity due to high-resolution monolithic capillary HPLC separation for fast scanning
linear ion trap mass spectrometric analysis to rapidly identify large numbers of proteins. The
method has been proved to be a means to obtain reliable identifications when comprehensive
analyses were performed for a subset of proteins to compare peptide mapping, additional
sequencing by MALDI-MS/MS, and intact protein MW. The method also helped elucidate
protein sequence variations and identify proteins that were based on a single peptide
identified from a PFF. Although there has been a recent emphasis on high throughput in
proteomics, this work represents an effort to obtain more detailed information and
confirmation of identifications – an issue with some of the high-throughput methods. This
work represents an attempt to use multiple techniques to confirm the identifications obtained
by any one method alone.
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Figure 1.
Overall experimental scheme of pH fraction digestion analysis and the comparison to other
mass spectrometry techniques.
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Figure 2.
Chromatofocusing separation profile of human breast cancer cell line CA1a monitored at
280 nm.
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Figure 3.
Monolithic capillary HPLC/MS chromatograms (TIC) for pH fraction digest of (A) 4.4–4.6,
(B) 4.6–4.8, (C) 4.8–5.0, and (D) 5.0–5.2 from CA1a.

Yoo et al. Page 16

J Mass Spectrom. Author manuscript; available in PMC 2012 August 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Chromatograms obtained from NPS-RP-HPLC for the combined pH fractions of (A) 4.8–5.0
and 5.0–5.2 and (B) 6.0–6.2 from CA1a.
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Figure 5.
A MALDI tandem mass spectrum for one of the tryptic peptides from short chain 3-
hydroxyacyl-CoA dehydrogenase, FAGLHFFNPVPVMK (166–179).
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Figure 6.
A representative fast monolithic capillary HPLC/MS chromatogram (TIC) for proteins
collected off-line from NPS-RP-HPLC. This protein was later identified as Delta3,5-
delta2,4-dienoly-CoA isomerase (see Table 4).
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Table 5

List of small proteins identified only with one peptide hit, but with closely matching intact protein MW values

Protein name Accession no.

Theo.

Exp. MWMW* pI

pH 4.4–4.6 and 4.6–4.8

Interleukin-17 precursor Q16552 17 493 8.82 17 764

U6 snRNA-associated Sm-like protein LSm7 Q9UK45 11 596 5.10 11 756

Interleukin-7 precursor P13232 20 174 8.87 19 957

Regulator of G-protein signaling 8 P57771 20 904 9.36 20 840

Eukaryotic translation initiation factor 5A P63241 16 691 5.08 16 873

Ig lambda chain V-IV region MOL P06889 11 265 4.28 11 608

pH 4.8–5.0 and 5.0–5.2

Diphosphoinositol polyphosphate phosphohydrolase Q8NFP7 18 489 5.52 18 380

Ras-related protein Rab-7L1 O14966 23 141 6.73 23 346

Prolactin-inducible protein precursor P12273 16 562 8.26 16 425

Lactoylglutathione lysase Q04760 20 576 5.25 20 786

ADP-sugar pyrophosphatase Q9UKK9 24 313 4.87 24 314

26S proteasome non-ATPase regulatory subunit 1 O75832 24 413 5.71 24 905

60S ribosomal protein L28 P46779 15 607 12.02 15 352

39S ribosomal protein L12 P52815 21 335 9.05 21 826

Stathmin-3 Q9NZ72 21 004 6.99 20 420

Histone H4 P62805 11 230 11.36 11 595

pH 5.6–5.8 and 5.8–6.0

40S ribosomal protein S15a P62244 14 699 10.14 14 709

Superoxide dismutase [Cu-Zn] P00441 15 795 5.70 15 572

UMP-CMP kinase P30085 22 209 5.44 22 335

Glutathione S-transferase P P09211 21 233 5.44 21 575

Cytochrome C oxidase polypeptide P12074 12 148 (9866) 9.30 9619

Histone H2B P62807 13 767 10.32 13 777

Nucleoside diphosphate kinase A P15531 17 138 5.83 17 212

Acylphosphatase P14621 11 002 9.52 11 074

Mitochondrial 39S ribosomal protein L23 Q16540 17 771 9.69 17 713

T-cell leukemia/lymphoma protein 1A P56279 13 451 4.98 13 755

40S ribosomal protein S21 P63220 9106 8.68 9160

GrpE protein homolog 1 Q9HAV7 24 264 (21 306) 8.24 21 542

Barrier-to-autointegration factor O75531 10 053 5.81 10 054

S100 calcium-binding protein A7 P31151 11 319 6.26 11 073

pH 6.0–6.2 and 6.2–6.4

Protein transport protein Sec61beta subunit P60468 9838 11.57 9631

Putative RNA-binding protein 3 P98179 17 161 8.86 17 101

SH2 domain protein 1B O14796 15 288 8.97 15 500

Prefoldin subunit 5 Q99471 17 318 5.94 17 761
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Protein name Accession no.

Theo.

Exp. MWMW* pI

Troponin I P48788 21 194 8.88 21 503

Small nuclear ribonucleoprotein Sm D1 P62314 13 274 11.56 12 854

Peroxiredoxin 2 P32119 21 748 5.67 21 857

*
numbers in parentheses indicate calculated MW of truncated proteins
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