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Tandem affinity purification (TAP) coupled with mass spectrometry has become the technique of choice
for characterization of multicomponent protein complexes. While current TAP protocols routinely provide
high yield and specificity for proteins expressed under physiologically relevant conditions, analytical
figures of merit required for efficient and in-depth LC-MS analysis remain unresolved. Here we
implement a multidimensional chromatography platform, based on two stages of reversed-phase (RP)
separation operated at high and low pH, respectively. We compare performance metrics for RP-RP
and SCX-RP for the analysis of complex peptide mixtures derived from cell lysate, as well as protein
complexes purified via TAP. Our data reveal that RP-RP fractionation outperforms SCX-RP primarily
due to increased peak capacity in the first dimension separation. We integrate this system with
miniaturized LC assemblies to achieve true online fractionation at low (e5 nL/min) effluent flow rates.
Stable isotope labeling is used to monitor the dynamics of the multicomponent Ku protein complex in
response to DNA damage induced by γ radiation.
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Introduction
Normal and aberrant biological phenotypes are driven by

numerous interactions of proteins, nucleotides, and small
molecule metabolites. As a result, there is growing appreciation
that so-called systems level experimental strategies can aug-
ment traditional hypothesis-driven approaches for character-
ization of cellular response to stress, infection, disease, and
other biological or environmental perturbations.1,2 Data derived
from large-scale protein characterization studies generally lag
behind those for DNA and RNA, both in terms of throughput
and comprehensiveness. Generally speaking, the technical
hurdles that impede progress toward true proteome-scale
studies are based on the limited detection and dynamic range
available on current mass spectrometry instruments.3 Hence,
faced with the difficulties inherent to the generation of a
“complete” proteome catalog, many researchers have opted
instead to pursue targeted analyses of protein subclasses or
specific post-translational modifications. Anecdotal evidence

suggests that enriched biological materials used in focused
studies nevertheless span a wide range of sample complexity
and can often yield a protein and peptide concentration range
that exceeds the analytical capabilities of modern mass spec-
trometry technology.4

Ongoing efforts to analyze complex biological samples have
revealed other analytical deficiencies in LC-MS technologies.
For example, it is now generally accepted, although admittedly
difficult to quantify, that under typical electrospray conditions,
a multitude of coeluting peptides will compete for charge and
effectively suppress the detected signal of low basicity species.5

In addition, the duty cycle of MS/MS, while steadily improving,6,7

is nonetheless often overwhelmed by the number of peptides
presented simultaneously for analysis. Collectively these data
and observations have catalyzed a plethora of work designed
to improve overall peak capacity of peptide and protein
separations, with the ultimate goal of reducing the number of
analytes presented for MS/MS per unit time. Multidimensional
fractionation has emerged as the most compelling means to
facilitate in-depth analysis of complex peptide mixtures derived
from biological extracts.8 In this approach, two or more
separation methods, each based upon different physiochemical
properties, are used in tandem to obtain significantly improved
peak capacity. To date, the combination of strong cation
exchange (SCX) chromatography and reversed phase (RP)
chromatography is the most widely used system.9-12 Despite
these successful studies, it is clear that, at the extreme,
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biological complexity often exceeds the peak capacity of
SCX-RP. As a result, numerous other multidimensional sepa-
ration strategies, including SAX-RP,13-15 gel-based isoelectric
focusing coupled with RP,16-20 and CIEF-RP21-24 have been
utilized for shotgun proteomics. More recently Gilar et al.
introduced a multidimensional fractionation platform based
on two stages of reversed phase operated at high and low pH,
respectively.25 The RP-RP geometry provides high peak capac-
ity in each dimension, while the change in pH between the
first and second stages modulates peptide hydrophobicity
through a switch in ion pairing at acidic (high buffer pH) and
basic (low buffer pH) side chains, respectively.26-29 Less well
understood is the relative benefit of multidimensional frac-
tionation for analysis of samples across the full spectrum of
biological complexity (e.g., whole cell lysate, modified peptides,
protein complexes, etc.).In principle the analysis of discrete,
multicomponent protein complexes represents an experimental
paradigm that is well-matched to the analytical performance
of mass spectrometry. For example, large-scale studies in yeast
and human cell lines indicated that protein complexes consist
of ∼30 proteins on average,30-34 a level of complexity very
amenable to analysis by LC-MS/MS. Moreover, the growing
repositories of affinity tag constructs, along with improvements
in robotics for cloning, expression, and cell culture, provide a
basis for systematic production of reagents suitable for large-
scale proteomics studies.35-39 Indeed, recent reports have
described the development and application of new affinity
reagents and associated methods designed to improve both
yield and specificity of purified protein complexes.40-45 How-
ever, the analytical figures of merit for subsequent LC-MS
analysis remain relatively unexplored.

In this report, we compare SCX-RP and RP-RP multidi-
mensional chromatography platforms for analysis of peptides
derived from cell lysate and multicomponent protein com-
plexes isolated via TAP. A modified Waters 2-D NanoACQUITY
system allows convenient use of either SCX or RP in the first
dimension, and is readily interfaced with our recently described
miniaturized LC electrospray assemblies,46 to provide for true
online, nanoflow (e5 nL/min) multidimensional fractionation.
Comparison of these separation platforms for the analysis of
cell lysate revealed that RP-RP outperformed SCX-RP due
largely to improved first dimension peak capacity. We observed
similar performance improvements for analysis of tandem
affinity purified protein complexes. Finally, we utilize RP-RP
in conjunction with iTRAQ-based quantification to monitor
changes in protein membership of the multicomponent Ku
complex in response to DNA damage induced by γ radiation.

Experimental Procedures

Column Construction. The first dimension column (RP or
SCX) consisted of 360 µm O.D. × 100 µm I.D. fused silica
capillary tubing capped with 0.5 µm inlet frits (Upchurch, Oak
Harbor, WA). Waters 3.5 µm Xbridge C18 silica resin and Sepax
Technology (Newark, DE) SCX media were used to pack 10 cm
beds for first dimension RP and SCX columns, respectively.
Second dimension pre- (PC) and analytical columns were
constructed as previously described.46 Briefly, silicate-based
frits were cast in situ within 360 µm O.D. × 100 µm I.D. fused
silica capillary tubing. Next, dense slurry of POROS 10R2 resin
was prepared in 1 mL of acetonitrile and pressure loaded
behind the frit to a final bed length of 5 cm. The AC was
constructed from 360 µm O.D. × 25 µm I.D. fused silica
capillary tubing, and packed to a bed length of 12 cm with

Waters Xbridge 3.5 µm diameter silica resin. A laser-based
pipette puller (P-2000, Sutter Instruments, Novato, CA) was
used to generate an integrated electrospray emitter tip of ∼1
µm diameter at the end of the capillary, ∼2 mm from the bed
frit.

Our 2D RP-RP platform was based on a Waters NanoAC-
QUITY UHPLC system, equipped with a third, 6-port, 2-position
valve (VICI Valco, Houston, TX). The autosampler was used to
(i) load samples and (ii) inject first dimension elution buffers,
consisting of varying concentrations of either KCl (SCX) or
acetonitrile (RP). Discrete first dimension elutions were per-
formed at 1 µL/min with 20 mM ammonium formate in 3%
acetonitrile or 0.1% formic acid in 10% acetonitrile, for RP-RP
and SCX-RP, respectively (Detailed concentrations are listed
in Supplementary Table 1, Supporting Information). True
nanoflow rates in the second dimension were achieved through
use of a passive split located prior to the second dimension
PC; the split line was configured in a vented column geometry.47,48

Flow is blocked in the split line during first dimension elution
to ensure that peptides are directed to the second dimension
PC. The valve then switches to engage the passive split such
that a majority of LC effluent is diverted to waste prior to the
second dimension PC.

Cell Culture and γ Radiation. HeLa S3 cells that express
tandem FLAG and HA peptide epitope tagged Ku86 (FLAG-HA
KU86) were grown in BD Falcon 15-cm diameter tissue culture
dishes, each containing 25 mL DMEM (Invitrogen, Carlsbad,
CA) supplemented with 5% fetal bovine serum. Cells were
incubated for three days in a 37 °C, 5.0% CO2, after which they
were supplemented with an additional 3 mL of media, and then
incubated again for 24 h. A MDS Nordion Gammacell 40
Exactor, equipped with two 137Cs sources, was used for γ-radia-
tion of the HeLa S3 cells. In total twelve, 15 cm dishes of
confluent cells were irradiated with 10 Gy, at a central dose
rate of 1.1 Gy/min. Cells were then placed back into the
incubator, and then removed in groups of 4 plates after 30 min,
2 h, and 5 h, respectively. Under these conditions, we did not
observe loss of cell viability or signs of apoptosis. One group
of 4 plates (the control) was processed in parallel but not
exposed to γ-radiation.

Nuclear Preparation. All purifications were performed from
nuclear extracts, prepared as follows: Cells were transferred to
50 mL conical tubes (2 plates/tube). Next, the cells were
pelleted at 500× g for 3 min at 4 °C, in a refrigerated centrifuge
(Eppendorf, Hamburg, Germany). The supernatant was dis-
carded, and the cell pellets were resuspended in 50 mL of 1×
PBS solution at 4 °C, (137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4 ·7H2O, 1.4 mM KH2PO4) and then centrifuged again
at 500× g for 3 min at 4 °C.

The four-plate equivalents of cells were combined, sus-
pended in 10 mL 1× PBS, and centrifuged at 500× g for 3 min
at 4 °C. The supernatant was discarded and the pellet was
suspended in ten times the pellet volume (typically 700 µL for
four plates of HeLa S3 cells) of hypotonic buffer (10 mM Tris
pH 7.3, 10 mM KCl, 1.5 mM MgCl2, 10 mM �-mercaptoethanol).
The suspension was centrifuged at 800× g for 3 min at 4 °C.
The supernatant was discarded and the pellet was suspended
in 1 mL of hypotonic buffer and transferred to a 7 mL Dounce
tissue homogenizer. Twelve strokes were used to disrupt cells,
and then the homogenized lysate was divided equally between
two 1.5 mL microcentrifuge tubes. The cell lysates were then
centrifuged at 1000× g for 4 min at 4 °C, yielding a pellet of
nuclei with cytoplasm in the supernatant.
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After centrifugation, the supernatants were transferred to
separate 1.5 mL microcentrifuge tubes. Each nuclear pellet was
then resuspended in 1 mL of hypotonic buffer, and centrifuged
at 1000× g for 10 min at 4 °C. The supernatants were discarded,
and remaining nuclei were flash frozen with liquid nitrogen
and stored at -80 °C.

Tandem Affinity Purification of FLAG-HA Tagged Ku86
Complex. Frozen nuclear pellets were re- suspended in 2.5×
the pellet volume of lysis buffer (30 mM NaCl, 10% glycerol,
50 mM Tris pH 7.5, 0.2% NP-40, 1 mM EDTA, Roche EDTA-
free protease inhibitor cocktail). Solutions were placed on a
rotisserie platform (Barnstead-Thermolyne, CA, USA) at 4 °C
for 30 min. The resultant nuclear lysates were centrifuged at
14 000× rpm for 10 min at 4 °C. The supernatants were
transferred to fresh tubes and remaining pellets were discarded.
Supernatants for each time point (0, 30 min, 2 h, and 5 h) were
combined. Agarose beads (80 µL) conjugated with Sigma M2
mouse antiflag antibody were washed three times in 800 µL of
lysis buffer and then resuspended in 80 µL of lysis buffer.
Aliquots of bead suspension (25 µL) were added to each of the
four nuclei samples (0, 30 min, 2 h, and 5 h) and the sample
tubes were incubated on the rotisserie platform at 4 °C for 4 h.

Beads were washed three times with 200 µL lysis buffer and
then once with 200 µL HA buffer (30 mM NaCl, 10% glycerol,
50 mM Tris pH 7.5, 0.05% NP-40, 1 mM EDTA, Roche EDTA-
free protease inhibitor cocktail). Ku86 protein complexes were
specifically eluted by addition of 18.5 µL HA buffer with 1.5 µL
concentrated FLAG peptide (2 mM), followed by vortex at 1200
rpm for 20 min at 4 °C. FLAG elution was repeated one time;
the elutents were combined and filtered through a 0.45 µm
PVDF membrane (Millipore, Billerica, MA) at 14 000× rpm for
30 s at 4 °C.

Next, 80 µL HA conjugated agarose beads (Santa Cruz
Biotechnology) were washed three times in 800 µL HA buffer
and resuspended in 80 µL HA buffer. Aliquots of HA bead
suspension (25 µL) were added to each FLAG elution, followed
by gentle vortex at 1200 rpm overnight at 4 °C. Each sample
was specifically eluted two times with 18.5 µL HA buffer and
1.5 µL concentrated HA peptide (2 mM) at 1200 rpm and 4 °C.
Eluents were filtered as described above and stored at -80 °C.

Preparation of iTRAQ-Labeled Peptides. Frozen protein
complex eluates for each of the four time points (four-plate
equivalents per time points), were denatured and reduced by
addition of 0.1 wt % Rapigest SM (Waters Corporation, Milford,
MA) and 5 mM dithiothreitol (Sigma). The solutions were
incubated at 60 °C for 30 min. After equilibration to room
temperature, the denatured protein solutions were then di-
gested with 750 ng sequencing grade trypsin (Promega) at 37
°C in a CO2 incubator for 24 h.

After digestion, the Rapigest was cleaved by addition of 0.5%
v/v trifluoroacetic acid. The samples were then incubated at
37 °C for 30 min in a CO2 incubator. The Rapigest was pelleted
by centrifugation (14 000× rpm) at 4 °C for 20 min. The
supernatants were removed and desalted on a reversed phase
microelution 96-well plate. Each well was prepared by rinsing
once with 400 µL 40% acetonitrile/0.1% TFA, followed by two
400 µL washes with 0.1% TFA. The peptide solution was loaded
onto the prepared well, washed twice with 400 µL 0.1% TFA,
and eluted with two sequential aliquots of 50 µL 40% aceto-
nitrile/0.1% TFA.

The samples were dried by centrifugal concentration and
reconstituted in 14 µL 0.5 M triethylammonium bicarbonate
pH 8.5 buffer. Simultaneously, a 40 µL aliquot of Activated Thiol

Sepharose 4B beads (GE Healthcare) was prepared by washing
approximately 20 µL dry beads five times with 1 mL aliquots
of ultrapure, dionized water. The beads were then washed one
time with 200 µL 0.5 M TEAB and reconstituted in 40 µL 0.5 M
TEAB. From this stock solution of beads, 14 µL were added to
each of the four peptide samples and vortexed at 1400 rpm for
one hour at room temperature.

After centrifugation, the supernatants were transferred to
fresh tube, and the beads were discarded. At this stage, four
channels of iTRAQ reagent [114, 115, 116 and 117] were each
reconstituted in 70 µL ethanol yielding a total volume of 90 µL
for each channel. To each of the four samples, 40 µL ethanol
and 36 µL reconstituted iTRAQ reagent were added using the
following scheme: 114 - 0 min, 115 - 30 min, 116 - 120 min,
117 - 300 min. The solutions were then incubated for one hour
at room temperature.

Sample volumes were reduced to 30 µL each by centrifugal
concentration, and then further diluted by addition of 100 µL
0.1% TFA. The four samples were combined and desalted on a
reversed phase microelution plate as described above. The
combined sample was dried by centrifugal concentration and
reconstituted in 65 µL 20 mM ammonium formate pH 10. The
sample was then divided into 10 µL aliquots, corresponding to
two-plate equivalents of starting cell material, and stored at
-70 °C until LC-MS.

MS/MS Analysis. Both LCQ Decca XP (ThermoFisher Sci-
entific, Waltham, MA) and QSTAR Elite (ABI-SCIEX, Toronoto,
Ontario) were used for LC-MS acqusition. The QSTAR Elite
was operated in information dependent acquisition (IDA) mode
with the following parameters: MS acquisition time ) 1 s.; MS/
MS accumulation ) 2.5 s with Smart IDA activated; fragment
intensity multiplier value ) 5. The five most intense precursors
with charge state range of +2 to +4 were selected for CAD with
the precursor selection threshold set to 50 counts; selected
precursors were excluded for 30 s. The LCQ Decca XP was
operated in data dependent mode with the following param-
eters: normalized collision energy ) 35%. One full-scan mass
spectrum was followed by three Data Dependent MS/MS
spectra of the three most intense precursor ions. The dynamic
exclusion was enabled (Repeat Counts: 2, Repeat Duration: 0.2
min, Exclusion Duration: 5 min and Exclusion Mass width: 2
Da).

Data Processing. MS/MS spectra were searched against a
NCBI RefSeq database (released on 04/03/2006) for Escherichia
coli. K12 and Uniprot human datadase (release 14.0) for Ku86
complexes using ProteinPilot, v3.0 (Applied Biosystems, Foster
City, CA). Peak lists were generated from .RAW and .WIFF files
using Mascot Deamon and Protein Pilot, respectively. The
number of database entries for E. coli. was 4149 and the
number of entries for Uniprot human was 20331. The search
parameters were set as follows: Instrument selection was set
to “LTQ” for E. coli., and “QSTAR Elite” for analysis of Ku
associated proteins. Data were searched in Protein Pilot using
the “Thorough” parameter setting. Only those peptide se-
quences that passed a 1% FDR threshold (based on embedded
Protein Pilot “Global FDR” calculation) were considered for the
data reported herein. Protein quantification output from
Protein Pilot (ratios normalized to 114) was further calibrated
according to Ku86 in each iTRAQ channel. Supplementary
Tables (Supporting Information) provide complete lists of
protein assignments based on parsimonious use of peptide
sequences. Further analyses of peptide distributions across
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RP-RP and SCX-RP fractionation techniques were performed
in our multiplierz desktop software environment.49,50

Permutation Test. The frequency of occurrence for amino
acids in peptide sequences identified by RP-RP and SCX-RP,
respectively, was analyzed by counting the number of each
amino acid and then dividing by the total number of residues
in each data set. These data were plotted for each amino acid
as the log ratio (base 2) of the frequency of occurrence for
amino acid composition in peptide sequences detected in
RP-RP and SCX-RP. The significance of each ratio was
calculated by combining the peptides detected in RP-RP and
SCX-RP and then randomly permuting the assignments such
that the number of sequences assigned as (RP-RP) and
(SCX-RP) remained constant. After each permutation, the
amino acid percent compositions and their log ratios were

recalculated as described above, for a total of 10 000 permuta-
tions. One-sided p-values were calculated by summing the
frequency (probability) of all log ratios equal to or more extreme
than the observed log ratios; these values were doubled to yield
two-sided p-values. Finally, two-sided p-values were Bonferroni
corrected based on the number of amino acids. Frequency of
occurrence was considered significant for p-val e0.01.

Western Blotting. Gels used for Western blot were prepared
fresh and consisted of a 10% acrylamide running gel and a 4%
acrylamide stacking gel. Each gel was run in a Mini Protean III
Cell (BioRad) using SDS electrophoresis buffer (25 mM Tris,
192 mM Glycine, 34.7 mM SDS). The 2 µL aliquots taken from
the denatured silver stain aliquots (for each time step) were
loaded onto the gel, along with aliquots of Benchmark Protein
Ladder solution (Invitrogen), and the gel was run at 150 V

Figure 1. Schematic diagram of automated, online nanoflow RP-RP platform. (A) Autosampler loads peptides and then is used to
inject salt or organic eluents to generate first dimension SCX (red) or RP (blue) fractions, respectively. First dimension fractions are
diluted (10×) and acidified with reversed phase A solvent (0.1% formic acid, 3% acetonitrile) introduced by an ultrahigh pressure
binary pump. An additional 6-port, 2-position valve provides a vented second dimension column configuration, and ensures efficient
capture of peptides onto the precolumn. (B) Ultrahigh pressure binary pump delivers an organic gradient to elute peptides from the
second dimension column for MS/MS analysis. The vent valve generates an effluent split of ∼1000:1 to provide a stable column/ESI
flow rate of ∼5 nL/min. Active solvent flow paths are highlighted in green. (Right) Computer-controlled positioning platform (Digital
PicoView) automatically moves the emitter tip beneath a wash station for sample loading in-between fractions.
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(constant voltage mode) with a 40 mA current limit for 60 min.
Proteins were transferred to a PVDF membrane using a semidry
apparatus operated at 12 V (constant voltage mode) with a 300
mA current limit for 50 min.

After transfer, the membrane was removed and incubated
in Ponceau S solution for two minutes and then rinsed twice
in water for one minute. Next, the membrane was incubated
in a milk solution (2% w/v powdered milk/1× PBS/0.04%
Tween 20 v/v) for 30 min on an orbital shaker. After blocking,
the membrane was incubated overnight in HRP-conjugated
R-flag peptide antibody diluted 1:1000 v/v in milk solution on
a rotisserie platform at 4 °C.

After overnight incubation, the membrane was washed (4×)
with 1× PBS/0.04% Tween 20 v/v for 5 min on an orbital
shaker, with the membrane flipped after each wash. Blots were
developed with the SuperSignal West Pico Chemiluminescent

Substrate kit (Pierce, Rockford, IL), and imaged in a lumines-
cence analyzer (Fujifild, LAS-4000). Quantitation of band
intensities was performed with Fujifilm Multi Gauge v3.1
software. Load amounts for each gel lane were determined by
normalizing the amount of Ku per sample, as measured by the
detection of the FLAG epitope.

Validation immunoblots for Ku complex proteins, DDX21,
HNRNPC, and RCC2, were performed as described above with
the following modifications. Primary stock antibody solutions
were diluted 1:2000 v/v (Rabbit R-DDX21, Bethyl Laboratories,
Inc.), 1:2000 (Rabbit R-RCC2, Bethyl Laboratories, Inc.), and
1:1000 (Mouse monoclonal R-hnRNP C1/C2, Abcam Inc.). Blots
were developed with the SuperSignal West Femto Maximum
Sensitivity Substrate kit (Pierce, Rockford, IL), with band
imaging and quantification as described above.

Figure 2. Analysis of tryptic peptides derived from E. coli lysate by SCX-RP (red) and RP-RP (blue) fractionation. RP-RP provided for
higher numbers of identified (A) peptides and (B) proteins as compared to SCX-RP for independent experiments spanning 10, 20, 30,
and 40 first dimension fractions, respectively. The number of peptides identified per protein was slightly higher for RP-RP, while
peptide length was on average shorter by one amino acid (B, bottom). (C) Permutation test revealed that peptides identified by SCX-RP
exhibited a statistical bias for histidine (-log[p-val]>2) residues as compared to those identified by RP-RP.
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Silver Staining. Aliquots, representing approximately 20%
of each sample, were reduced and denatured in 4× NuPAGE
LDS sample buffer (Invitrogen, Carlsbad, CA) with 9% 2-mer-
captoethanol at -70 °C for 10 min. Each was analyzed by anti-
FLAG Western blot to normalize total protein load for each gel
lane. Appropriate volumes of TAP eluted proteins were loaded
onto a NuPAGE 4-12% Bis-Tris gel (Invitrogen, Carlsbad, CA).
Proteins were separated at 200 V (constant voltage mode) for
50 min.

After protein separation, the gel was incubated in a 125 mL
solution of 40% ethanol v/v and 10% acetic acid v/v for 30 min
on an orbital shaker. A second 125 mL solution of 40% ethanol/
10% acetic acid was added to the gel and it was incubated
overnight. After overnight incubation, the gel was incubated
in a 125 mL solution of 8 mM sodium thiosulphate/0.83 M
sodium acetate/30% ethanol v/v for 30 min. Next, the gel was
washed 3× in 250 mL ultrapure deionized water for five

minutes. Finally, the gel was then incubated in 125 mL of 15
mM silver nitrate for twenty minutes and washed 2× in 250
mL of water for one minute each. The gel was developed by
incubation in 125 mL of 0.236 M sodium carbonate/.0074%
formaldehyde w/v for 20 min to yield sufficient band intensity.
The reaction was quenched by incubation in 125 mL of 40 mM
EDTA for 10 min, followed by two washes in 250 mL of
ultrapure deionized water for 30 min each. Gels were imaged
with a Fujifilm LAS-1000 CCD camera.

Results and Discussion

2D RP-RP Provides for Improved Peptide and Protein
Identification from Complex Cell Lysates As Compared to
2D SCX-RP. We recently described the fabrication of minia-
turized LC-electrospray assemblies that provided significantly
improved analytical figures of merit in the context of proteom-

Figure 3. MS precursor peak intensity (mass tolerance (1.0 Da, intensity threshold )20% of max.) for the peptide STCTGVEMFR plotted
across first dimension (A) SCX and (B) RP fractions, respectively. (C) Peptides consistently eluted across fewer first dimension fractions
in RP-RP (blue) as compared to SCX-RP (red) for independent experiments spanning 10, 20, 30, and 40 first dimension fractions,
respectively.
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ics-based analyses of tyrosine signaling in embryonic stem
cells.46 The primary challenge in this application was detection
of a rare post-translational modification (tyrosine phosphoryl-
ation) in primary cells that exhibited relatively low levels of
signaling activity. As an extension of these findings, we next
asked whether our 25 µm I.D. nanoflow columns could be
integrated within an automated, multidimension fractionation
platform for analysis of higher complexity biological extracts.
We chose RP-RP as our target implementation based on recent
reports that suggested the potential for improved performance
as compared to other multidimensional fractionation strate-
gies.25 Figure 1 shows a schematic representation of our 2-D
nanoflow system (see experimental section). Briefly, our plat-
form is based on a Waters NanoACQUITY UHPLC modified to
accept self-packed columns46 and reconfigured with an ad-
ditional two-position, 6-port valve to enable a precolumn
effluent split, in a vented column configuration.47,48 An on-
board pump was used in isocratic mode to introduce samples
or first dimension eluents loaded from autosampler vials, while
a second UHPLC binary pump generated the solvent gradient
for LC-MS/MS in the usual manner. This configuration
facilitated rapid switching between RP and SCX columns for
the first dimension separation, without the need to prepare
large quantities of fresh first dimension solvents. Unattended
acquisition of RP/SCX-RP MS/MS data was facilitated by use
of a computer-controlled electrospray positioning device (Digi-

tal PicoView, New Objective, Woburn, MA) that automatically
moved the emitter tip beneath a wash station (see Figure 1)
for sample loading in-between fractions. This eliminated build-
up of salts or other residue on the outer surface of the emitter,
that would otherwise degrade performance. Under these
conditions and for the sample types analyzed herein, we
typically achieved 2-3 months of continuous operation with
no observable loss in first- or second-dimension column
performance.

As an initial evaluation for analysis of complex mixtures, we
chose a commercially prepared tryptic digest of E. coli lysate
(see Experimental Section). First, we performed pilot studies
to determine first dimension salt (SCX) and organic (RP) eluent
concentrations that provided for uniform distribution of pep-
tide identifications across a complete 2-D LC-MS/MS analysis
(data not shown). Next, 200 ng of tryptic peptides derived from
E.coli were analyzed by either SCX-RP or RP-RP, using
identical mass spectrometry acquisition methods. RP-RP
provided for a higher number of unique peptide (Figure 2a)
and protein (Figure 2b) identifications across the full range of
fractionation conditions analyzed, as compared to SCX-RP
(Supplementary Tables 2 and 3 provide a full list of peptide
and protein identifications, Supporting Information). Consis-
tent with these data, we also observed that RP-RP provided
for identification of more peptides per protein (Figure 2b).

Given the different retention mechanisms of reversed phase
and strong cation exchange resins, we next asked if peptides
identified by either SCX-RP or RP-RP differed in their respec-
tive physio-chemical properties. For example, we observed that
the average length of peptides identified remained very con-
sistent at 16 and 15 amino acid residues for SCX-RP and
RP-RP, respectively, across all conditions analyzed (Figure 2b).
Next we applied a permutation test51 to decipher any bias
present in the amino acid content of peptides identified by each
fractionation technique. Figure 2c demonstrates that only
histidine was enriched in peptides identified with SCX-RP,
while no statistically significant bias was observed for the amino
acid content of peptides identified by RP-RP. Data associated
with the permutation test is provided in Supplementary Table
4 (Supporting Information). Collectively the data above suggest
that RP-RP provided for an overall increase in peptide
identification, rather than improved performance for a par-
ticular subclass of peptides that otherwise would go undetected.
These results are consistent with previous work by Dowell et
al.27 in which no significant differences in the physiochemical
properties of proteins were observed across various multidi-
mensional peptide fractionation techniques. To further eluci-
date the performance discrepancy between RP-RP and SCX-RP
we next analyzed first dimension (SCX and RP) peak capacities
for the data in Figure 2. The use of peptide identification to
verify the presence of a given peptide in consecutive first
dimension fractions was complicated by the stochastic nature
of MS/MS. In an effort to mitigate this effect we used a
combination of precursor mass tolerance ((1 Da) and second
dimension LC elution time ((1 min) to search for each peptide
in first dimension fractions adjacent to that in which the
original identification occurred. Precursors within the mass
tolerance window, but below 20% relative abundance as
compared to the most intense instance of the identified
peptide, were not considered (see experimental section). Figure
3a and b shows representative data for the peptide, STCT-
GVEMFR dentified by both techniques, with 40 first dimension
fractions. Precursors putatively matching the identified peptide

Figure 4. Histogram plots of MS precursor intensities for peptides
detected by both fractionation techniques (black bars) and for
those peptides identified uniquely by SCX-RP (A, red bars) and
RP-RP (B, blue bars), respectively.
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spanned 7 first dimension fractions in SCX-RP, but eluted in
only 1 fraction in the RP-RP analysis. Accordingly, the maxi-
mum precursor signal intensity observed for STCTGVEMFR was
significantly higher for RP-RP as compared to SCX-RP. Overall
RP-RP consistently demonstrated superior peak capacity as
evidenced by the average number of first dimension fractions
spanned by all identified peptides (Figure 3c).

In separate experiments, we used a data analysis approach
similar to that described above to explore the reproducibility
of RP-RP fractionation. From duplicate, 10 fraction RP-RP
experiments (as in Figure 2a, left column), and a stringent
threshold that required a peptide identification in both 2-D
LC-MS/MS analyses to qualify as “reproduced,” we observed
that 78% of all peptides were found in the same first dimension
fraction across replicate analyses. As was noted above, the
stochastic nature of MS/MS likely makes this result the lower
bound of reproducibility. In fact, the use of more permissive
criteria as described above (second dimension retention time
window (1 min and precursor mass tolerance of (1 Da)
demonstrated that potentially 95% of all identified peptides
appeared in the same fraction in replicate 2-D RP-RP analyses
(data not shown).

We next asked whether the improved peak capacity of 2-D
RP-RP (Figure 3a and b) would provide for identification of
peptides over a wider dynamic range as compared to 2-D
SCX-RP. To address this question we compared precursor
intensities of peptides identified in common between SCX-RP
and RP-RP as well as those sequences uniquely associated with

each fractionation technique. Figure 4 shows histogram plots
for the precursor intensities of the commonly detected peptides
(black bars) and those identified uniquely by SCX-RP (red bars)
and RP-RP (blue bars), respectively. Consistent with the data
in Figures 2 and 3, we observed that the distributions of unique-
and commonly identified peptides overlapped in the case of
SCX-RP (Figure 4a) while those peptides uniquely identified
by RP-RP (Figure 4b, blue bars) systematically clustered toward
the low end of the abundance range as compared to peptides
identified by both techniques (Figure 4b, black bars).

Collectively our data suggest that RP-RP provides a repro-
ducible platform for online peptide fractionation that outper-
forms SCX-RP in terms of total number, and dynamic range,
of peptide identifications, primarily due to increased peak
capacity in the first dimension.

2D Fractionation for Proteomic Characterization of
Nuclear Multicomponent Ku Complexes. As described above,
there is growing appreciation that control of cellular physiology
occurs through a delicate balance of protein post-translational
modification and protein-protein interactions. As a result,
numerous targeted and large-scale studies have attempted to
decipher the dynamics of protein complexes in the context of
normal physiology, and sought to understand how disruption
of protein-protein interactions contributes to human disease.4,30

For example, the Ku proteins are involved in a number of
cellular functions, including telomere maintenance, transcrip-
tional regulation, apoptosis and antigen-receptor gene rear-
rangement. In particular the Ku proteins are essential compo-

Figure 5. Analysis of tandem affinity purified FLAG-HA Ku86. (A) SDS-PAGE followed by silver stain revealed that FLAG-HA Ku86
interacts specifically (compare Mock and Ku Tandem IP lanes) with a diverse set of proteins that span a wide molecular weight range.
(B and C) LC-MS/MS analysis of technical replicates, 10 fractions each, demonstrated that RP-RP (blue bars) identified a higher number
of (B) peptides and (C) proteins as compared to SCX-RP (red bars). Additional RP-RP fractionation (B and C - 20, 30, 40 first dimension
fractions) provided a continual increase in (B) peptide and (C) protein coverage for the Ku86 multicomponent complex. (D) Peptide
elution profile across first dimension fractions illustrates that RP-RP provides improved peak capacity as compared to SCX-RP.
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nents of the response to DNA damage.52 Consistent with the
involvement of Ku in multiple pathways, a recent mass
spectrometry-based study identified some 90 protein groups
in association with Ku, immunoaffinity purified from HEK 293
whole cell lysate.45 Moreover, several reports have described
how disruption of Ku protein complexes contributes to aber-
rations in multiple cellular processes.53

Based on the apparent molecular complexity and functional
diversity of Ku, we asked whether proteomics analysis based
on RP-RP fractionation would provide additional molecular
resolution for the Ku complex. Toward this end we performed
tandem affinity purification of FLAG-HA Ku86 from the nuclear
fraction of FLAG-HA Ku86 HeLa S3 cells. As a negative control,
TAP was performed in parallel from parental HeLa S3 cells.
After elution of the complex with HA peptide, a small aliquot
corresponding to approximately 20% of the total eluate was
resolved by SDS-PAGE and visualized with silver stain. Figure
5a shows that the Ku complex consists of a very large number
of proteins spanning a wide range of stoichiometry and
molecular weight. The absence of detected proteins in the
control lane suggested that the majority of protein bands
resolved by SDS-PAGE represented specific protein interactions
within the Ku complex.

Next, we performed replicate LC-MS/MS analyses for both
SCX-RP and RP-RP, collecting 10 first dimension fractions for
each. Figure 5b and c show that, although each technique
provided reproducible fractionation, RP-RP provided for de-
tection of significantly more unique peptides and proteins as
compared to SCX-RP (Supplementary Table 5 provides infor-
mation for all peptide and protein identifications, Supporting
Information). Consistent with the data in Figures 2 and 3, we
observed that ∼94% of all peptides detected by RP-RP were
constrained within a single, first dimension fraction (Figure 5d),
while in the corresponding SCX-RP experiment, only ∼83%
of identified peptides met this criteria. Given these data we next
asked whether further RP-RP fractionation depth would
provide for identification of additional proteins in the Ku
complex. In subsequent RP-RP experiments, equal aliquots of
Ku complex were analyzed by acquisition of 20, 30, and 40 first
dimension fractions, respectively. Figure 5b and c show that
in fact we observed a continual increase in the number of
peptide and protein identifications as a function of fraction-
ation depth, again confirming the high peak capacity afforded
by RP-RP fractionation.

In the context of these experiments, we observed many
proteins previously identified as partners of Ku 70/86, includ-
ing: Werner syndrome associated protein (WRN) the poly(ADP-
ribose) polymerase I (PARP-1), YY1, the RNA-dependent
Helicase A/Nuclear DNA-dependent Helicase II/(RHA/NDH-
II/DDX9), and several heterogeneous nuclear proteins
(hnRNPs).45 Collectively, our results add significantly to the
repertoire of known Ku complex members (see Supplementary
Table 5, Supporting Information).

As we intended to use iTRAQ-based quantification in the
course of these studies, we next explored the potential for
reporter ion scrambling due to coelution of peptides with
similar mass-to-charge ratios. Using an approach similar to that
described in Figure 3, we queried all MS scans preceding each
MS/MS event that yielded a peptide identification, and re-
corded the number of other peptide precursors that appeared
within a m/z range of -0.5 to +1.0 Da with respect to the
identified peptide. As before, coeluting species were scored as
potential interferents when their precursor intensity exceeded
20% relative to that of the peptide of interest. By this relatively
crude measure, we observed potential contaminants associated
with 12.7% of all peptides identified in the 10 fraction SCX-RP
experiment. In the corresponding 10 fraction RP-RP analysis,
only 7.4% of identified peptides coeluted with a potential
interfering species. Consistent with our observations for im-
proved peak capacity associated with RP-RP, the potential
precursor contamination rate dropped to 2.4% at the highest
fractionation depth (data not shown).

Ku Multicomponent Protein Complex Is Dynamically
Remodeled in Response to γ Radiation. While Ku participates
in many cellular processes it is primarily associated with the
DNA damage response.54 An emerging body of work has
revealed that Ku along with several protein interaction partners,
including SSRP1, WRN, and nucleolin, relocalize within the
nucleus or are otherwise activated, via post-translational
modification for example, in response to genotoxic stress.
Moreover recent reports suggest that Ku/DNA-PK and SSRP155

may also play a role in sensitizing tumor cells to chemothera-
peutic agents.55,56

Given these intriguing results and the underlying complexity
of DNA repair pathways,53 we next asked whether RP-RP
fractionation combined with stable isotope labeling would

Figure 6. The FLAG-HA Ku86 multicomponent complex is remod-
eled in response to DNA damage. HeLa S3 cells that expressed
FLAG-HA Ku86 were subjected to γ radiation, with complexes
purified at 0, 0.5, 2, and 5 h after exposure. (A) Aliquots of eluted
proteins were resolved by SDS-PAGE and visualized by silver
stain; arrows indicate molecular weight regions at which subtle
changes in complex membership were observed. (B) Comparison
of proteins identified in TAP-purified FLAG-HA Ku86 complexes
from gamma-treated HeLa S3 cells with those found in the native
complex (Figure 5, 40 frxn) revealed ∼80% reproducibility for
RP-RP analysis. (C) Analysis of iTRAQ ratios for proteins identi-
fied in the context of γ radiation indicated that protein member-
ship in the complex decreased by ∼30% (relative to the native
complex) over a time course of 6 h after gamma irradiation.
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provide sufficient peak capacity to decipher the molecular
dynamics of Ku protein complexes in response to DNA damage.
Toward this end we used a model system in which HeLa S3
cells that expressed FLAG-HA Ku86 were subjected to γ
radiation to induce DNA damage. Tandem affinity purification
was performed at varying time intervals after treatment, and a
small aliquot of each HA eluate was resolved on SDS-PAGE.
Comparison of the gel lanes (Figure 6a) revealed that changes
in protein membership of the Ku complex under these condi-
tions were subtle at best. Next, the remaining portions of each
TAP elution were digested with trypsin, labeled with iTRAQ
reagents, and analyzed by 40 fraction RP-RP MS/MS as in
Figure 5.

ProteinPilot57 was used to facilitate analysis (e.g., identifica-
tion and quantification) of all peptides and proteins. In total
we detected and quantified 321 proteins within the Ku complex
at time points, 0, 0.5, 2, and 5 h, relative to treatment with γ
radiation. We observed several proteins known to interact with
Ku including DNA-PKcs, WRN, NCL,45 and H2AX.58 Encourag-
ingly, the overlap in protein identifications between this

experiment and our analysis of the basal complex (Figure 5,
40 RP-RP fractions) was 82%, again illustrating the reproduc-
ibility of TAP and RP-RP fractionation (Figure 6b). To better
understand global changes in Ku complex membership, we
next normalized all peptide ratios to those of FLAG-HA Ku as
an internal control, and then plotted the fraction of protein
partners whose membership in the complex was modulated
across the time course analyzed. Figure 6c shows that protein
membership in the complex generally decreased as a result of
DNA damage.

Given the large number of detected proteins, we next applied
hierarchical clustering to group proteins based on their coor-
dinate response to γ radiation. Figure 7a shows that protein
members of the Ku complex clustered into 3 primary groups
(see also Supplementary Table 6, Supporting Information);
further analysis based on KEGG pathways revealed that groups
2 and 3 were highly enriched for ribosomal proteins (Figure
7b). Interestingly, several proteins reported to play a role in
DNA repair, including DDX21, SSRP1, DNA-PKcs, along with
several heterogeneous nuclear ribonucleoproteins,59,60 clus-

Figure 7. (A) Hierarchical clustering of iTRAQ ratios, relative to the zero time point (Figure 6A, left lane), partitioned the response of
FLAG-HA Ku86 associated proteins to gamma irradiation into three major groups. Functional analysis of each group based on KEGG
Pathways (B) revealed that groups 2 and 3 were highly enriched for ribosomal proteins, while multiple DNA repair pathways were
overrepresented in group 1 (B - Top, and C). Several proteins previously demonstrated to interact with Ku (DNA-PK, SSRP1, WRN, and
HNRNPC), along with novel complex members (DDX21 and RCC2) validated in this study (Figure 8) are indicated for group 1.
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tered in group 1 (Figure 7c). Enrichment of group 1 for proteins
involved in DNA repair was further corroborated by KEGG
pathway analysis (Figure 7b). Given these intriguing functional
links, we chose three proteins distributed across group 1 for
further validation. Figure 8 shows (8a) our original iTRAQ data
and (8b) Western blots for the group 1 proteins DDX21,
HNRNPC, and RCC2, isolated via TAP from an independent
culture of HeLa S3 cells exposed to γ radiation as in Figure 6a.
To evaluate the agreement between these data types we
normalized iTRAQ reporter ion signal and Western blot intensi-
ties to their respective values at time point zero (Figure 8c).
Taken together with our analysis of potential reduction in
precursor contamination (Figure 5) these data suggest that
RP-RP fractionation combined with iTRAQ-based stable iso-
tope labeling provides for accurate quantification of subtle
changes in multicomponent protein complex membership.

Conclusions

Successful application of SCX-RP in the context of multiple,
disparate studies8-12 provides unequivocal evidence that mul-
tidimensional fractionation improves data quality, and con-
comitantly augments researchers’ ability to place proteomics
data into appropriate biological context. Simultaneously these
studies reveal that still higher performance fractionation is
required to probe the proteome in further depth, even in the
case of studies targeted to subclasses of proteins or peptides.
Our data herein demonstrate that RP-RP outperforms SCX-RP
primarily due to greater peak capacity in the first dimension

separation. Collectively, our results indicate that the analytical
figures of merit for RP-RP translate directly into greater
numbers of peptide and protein identifications as well as
improved dynamic range, as compared to SCX-RP, for analysis
of both complex cell lysates and multicomponent protein
complexes. Moreover, addition of a 6-port valve to a Waters
NanoACQUITY UHPLC system allowed us to utilize our recently
described miniaturized LC-ESI assemblies in the second
dimension, hence enabling RP-RP fractionation in a true
nanoflow format.61 As noted previously,18,27 offline fractionation
schemes may be prone to low yield as a result of additional sample
handling, lyophilization, and nonspecific adsorption to tube
surfaces. Not surprisingly the relative impact of these issues on
peptide recovery typically scales inversely with total sample
quantity. In contrast to previous reports,16-18,25,27-29,62 our system
provides an automated, online platform that leverages the com-
bined advantages of RP-RP fractionation and high efficiency
electrospray ionization achieved at ultralow effluent flow rates,
yielding improved performance as compared to SCX-RP for
samples that span a wide range of protein complexity (e.g., whole
cell lysates and multicomponent protein complexes).

Despite growing interest in the analysis of multicomponent
protein complexes by mass spectrometry, the performance
metrics for efficient fractionation remain somewhat unex-
plored. We used HeLa S3 cells that expressed FLAG-HA Ku86
as a model system to compare analytical figures of merit for
multidimensional fractionation coupled to mass spectrometry
analysis. Consistent with our analysis of complex cell lysates,

Figure 8. Biochemical validation of FLAG-HA Ku86 associated proteins quantified by iTRAQ RP-RP MS/MS. (A) iTRAQ reporter ion
region for representative peptides from DDX21, HNRNPC, and RCC2, identified in a 40 fraction RP-RP MS/MS analysis (Figure 6A). (B)
Immunoblot of the same proteins after tandem affinity purification of FLAG-HA Ku86 from an independent culture of HeLa S3 cells
subjected to γ radiation as in Figure 6A. (C) iTRAQ and Western blot data for DDX21, HNRNPC, and RCC2 replotted with both data
types normalized to their respective values at time point zero.
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we observed that RP-RP provided for identification of signifi-
cantly more unique peptides and proteins as compared to
SCX-RP, for an equivalent fractionation depth. Moreover, we
observed a continual increase in the number of proteins
identified as a function of fractionation depth, suggesting that
efforts aimed at systematic analysis of discrete protein com-
plexes will benefit from higher peak capacity separation strate-
gies. Our data add some 175 putatively novel members to the
repertoire of known proteins in the multicomponent Ku
complex.

To further explore the utility of RP-RP fractionation for the
analysis of protein complexes, we sought to characterize
changes in the Ku complex in response to DNA damage
induced by γ radiation. Although Ku86 and Ku70 are known
to play important roles in DNA repair, we observed only modest
modulation of the associated complex at the level of a silver-
stained gel, over a time course of 5 h after exposure of cells to
γ radiation. To gain additional insight, we utilized iTRAQ stable
isotope labels in conjunction with RP-RP MS to decipher Ku
protein complex dynamics under these conditions. Hierarchical
clustering revealed coordinate participation of many proteins
known to associate with Ku, including WRN,63 DNA-PK,55,64

and H2AX,58 in addition to a wide range of proteins not
previously reported as members of the multicomponent Ku
complex (see Supplementary Table 6, Supporting Information).
For example, our data significantly expand the number of
ribosomal proteins that may participate in the Ku86 complex.
When considered collectively with previous work,45 our results
raise the intriguing possibility that Ku86 regulates translation
of specific mRNAs via recruitment of ribosomal components
to their site of synthesis. Consistent with this hypothesis Ku86
and Ku70, among other proteins, have been reported to interact
with the 5′UTR sequence of p53. Indeed, this DNA sequence
is critical for the increased expression of p53 upon DNA
damage.65 We used Western blot to validate the response of
HNRNPC, DDX21, and RCC2 to γ radiation; the agreement
between our immunoblot and proteomics data suggest that
membership of many proteins within the Ku complex is
dynamically modulated in response to DNA damage. Moreover,
our ability to monitor modest ratios for members of the Ku
complex suggests that our online RP-RP fractionation platform
provides sufficient peak capacity to minimize deleterious
scrambling66,67 of iTRAQ reporter ions. In the specific cases of
RCC2,68 HNRNPC,59 and DDX21, their roles in DNA repair have
been linked to different protein kinases, ATM/ATR,68 DNA-
PKcs,69 and JNK,60 respectively. Collectively these observations
highlight the complex interplay between protein-protein
interactions and phosphorylation in regulation of cellular
response to DNA damage.

Given our results above, along with recent work that
highlighted the complex nature of DNA repair pathways,68 it
is not surprising to find that the molecular response to DNA
damage, or other genotoxic insult, is observed across sub-
nuclear compartments. For example, relocalization of WRN,
SSRP1 and Ku86 between the nucleolus and nucleoplasm has
been linked with different types of cellular stress.55 Many
proteins identified in our study, particularly those in group 1
(Figure 7c), shuttle between different subnuclear compartments
as a result of DNA damage. While the mechanistic impact of
protein relocalization, for example DNA-PK, SSRP1, and DDX21
in our work, or WRN,63 Spt1670 and TRF271 as described
elsewhere, remains unclear, our data provide an expanded set
of proteins, putatively involved in DNA repair pathways, that

are viable candidates for further biochemical and functional
characterization. In this context, immunohistochemical-based
assays would provide orthogonal validation of protein-protein
interactions in addition to exquisite temporal and subcellular
localization data. These assays, when combined with proteom-
ics-based analysis of protein complexes involved in DNA repair,
will provide a powerful means to decipher the molecular
response to therapeutic strategies that rely on induction of
genotoxic stress.
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