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Abstract

To address the complexity of proteome in mass spectrometry (MS)-based top-down proteomics, 

multi-dimensional liquid chromatography (MDLC) strategies that can effectively separate proteins 

with high resolution and automation are highly desirable. Although various MDLC methods that 

can effectively separate peptides from protein digests exist, very few MDLC strategies, primarily 

consisting of 2DLC, are available for intact protein separation, which is insufficient to address the 

proteome complexity. We recently demonstrated that hydrophobic interaction chromatography 

(HIC) utilizing a MS-compatible salt can provide high resolution separation of intact proteins for 

top-down proteomics. Herein, we have developed a novel 3DLC strategy by coupling HIC with 

ion exchange chromatography (IEC) and reverse phase chromatography (RPC) for intact protein 

separation. We demonstrated that a 3D (IECHIC-RPC) approach greatly outperformed the 

conventional 2D IEC-RPC approach. For the same IEC fraction (out of 35 fractions) from a crude 

HEK 293 cell lysate, a total of 640 proteins were identified in the 3D approach (corresponding to 

201 non-redundant proteins) as compared to 47 in the 2D approach, whereas simply prolonging 

the gradients in RPC in the 2D approach only led to minimal improvement in protein separation 

and identifications. Therefore this novel 3DLC method has great potential for effective separation 

of intact proteins to achieve deep proteome coverage in top-down proteomics.
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INTRODUCTION

To better understand disease mechanisms and discover new biomarkers for clinical 

diagnostics, it is essential to perform deep proteome profiling, which includes the 

identification, characterization, and quantification of “proteoforms”1 arising from genetic 

variations, alternative RNA splicing, and post-translational modifications.1-8 The well-

established bottom-up proteomics approach requires digestion of proteins into many 

peptides, which complicates the identification, quantification, and characterization of 

proteoforms (the ‘peptide to protein inference problem’).8 In contrast, top-down mass 

spectrometry (MS)9-11-based proteomicsanalyzes intact proteins and has unique advantages 

for the comprehensive analysis of proteoforms.4-6,12-22 However, the extreme complexity of 

the proteome, which is comprised of thousands of proteins corresponding to millions of 

proteoforms, presents a significant challenge in top-down proteomics. Consequently, multi-

dimensional separation strategies have been developed to decrease the complexity of the 

proteome prior to MS analysis.4,17,23-25 Among these strategies, multi-dimensional liquid 

chromatography (MDLC) strategies, which can be coupled to the mass spectrometer and are 

amenable to automation, are highly desired.17,25,26

Following the pioneering work of multi-dimensional protein identification technology 

(MudPIT),27 a plethora of MDLC methods have been developed to effectively separate 

peptides for bottom-up proteomics.25,26 In contrast, the separation of intact proteins remains 

challenging due to the diverse protein properties, MS-incompatibility of the buffers used for 

solubilizing proteins, and poor chromatographic resolution.17 Thus, very few MDLC 

approaches have been developed to separate intact proteins for use in top-down proteomic 

analyses. To the best of our knowledge, only two-dimensional (2D) LC strategies, usually 

by coupling either ion exchange chromatography (IEC), size exclusion chromatography 

(SEC), or more recently, hydrophilic interaction chromatography (HILIC), with reverse 

phase chromatography (RPC) have been employed for the separation of intact proteins.28-33 

However, such 2DLC strategies are insufficient to address the proteome complexity and, 

thus, the use of additional dimensions of separation may hold promise for reducing the 

complexity of the proteome and increasing the depth of top-down proteomic analyses.

Hydrophobic interaction chromatography (HIC) is considered a high resolution 

chromatography technique for the separation of intact proteins under a non-denaturing 

mode,34-37 but the nonvolatile salts conventionally employed (e.g. ammonium sulfate) 

render HIC incompatible for direct MS analysis.38-40 Recently, we have identified 

ammonium tartrate [(NH4)2C4H4O6] as a new MS-compatible salt and, using HIC in 

combination with this salt, demonstrated high resolution protein separations comparable to 

that achieved with the commonly used ammonium sulfate salt.41 In this study, we have 

further developed a novel 3DLC strategy using IEC-HIC-RPC/MS by integrating this new 

MS-compatible HIC mode with the conventionally used MudPIT-like 2DLC (IEC-RPC/

MS). Owing to the mutual orthogonality among these three chromatography modes, 3D 

IEC-HIC-RPC allowed for the separation of intact proteins with higher resolution and 

significantly enhanced protein identifications in comparison to the conventional 2D IEC-

RPC/MS approach. From a single IEC fraction (out of 35 fractions) from a crude cell lysate, 

640 total proteins (corresponding to 201 non-redundant proteins) were identified by this new 

Valeja et al. Page 2

Anal Chem. Author manuscript; available in PMC 2016 May 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Genzyme Ex. 2034
Sarepta Therapeutics, Inc. v. Genzyme Corporation

Page 2 of 19



3DLC technique compared with 47 total proteins (corresponding to 47 non-redundant 

proteins) identified by the conventional 2D approach. To the best of our knowledge, this is 

the first time a 3DLC strategy has been used for top-down proteomics, which has high 

potential to achieve deep profiling of the complex proteome.

MATERIALS AND METHODS

Chemicals and reagents

All reagents were purchased from Sigma-Aldrich Inc. (St. Louis, MO) unless noted 

otherwise. HPLC grade water and acetonitrile were purchased from Fisher Scientific (Fair 

Lawn, NJ) and cell lysis buffer was purchased from Thermo Fisher Scientific (Rockford, 

IL). 0.5 mL centrifugal filters with 10 kDa molecular weight cut-off were purchased from 

Merck Millipore Ltd. (Bedford, MA).

Sample preparation

The following standard protein samples: Apr, aprotinin from bovine lung; Cyt, cytochrome 

C from equine heart; RiA, ribonuclease A from bovine pancreas; Myo, myoglobin from 

equine heart; RiB, ribonuclease B from bovine pancreas; ChA, α-chymotrypsinogen A from 

bovine pancreas; Chy, α-chymotrypsin from bovine pancreas; Oval, ovalbumin from 

chicken egg white; BSA, albumin from bovine serum; Con, conalbumin from chicken egg 

white; Thg, thyroglobulin from bovine thyroid; were used without further purification. For 

IEC and HIC, all standard protein samples were first prepared in 10 mg/mL with HPLC-

grade water, and subsequently diluted to 0.1 - 1.5 mg/mL. The 4-protein mixture (BSA, RiB, 

RiA, and Chy) and 5-protein mixture (Oval, Thg, Myo, Chy and ChA) were prepared to 

assess the orthogonality between IEC and HIC.

Human embryonic kidney (HEK) 293 cells (~80 million) grown in-house were lysed in 450 

μL of cell lysis buffer containing protease and phosphatase inhibitor cocktails (Roche, 

Indianapolis, IN), as well as phenylmethysulfonyl fluoride (PMSF) (100 mM), by briefly 

vortexing and then shaking for one hour at 4 °C. The resulting lysate was centrifuged at 4 °C 

for 30 min at 16,000 g. The supernatant was utilized for further chromatographic separations 

and the pellet was discarded.

Ion exchange chromatography (IEC)

IEC was performed on a Shimadzu HPLC system (Shimadzu Scientific Instruments Inc., 

Columbia, MD) equipped with a mixed-bed PolyCATWAX A™ column (200 mm × 4.6 

mm i.d., 5 μm, 1000 Å, PolyLC Inc., Columbia, MD). Mobile phase A (MPA) contained 10 

mM ammonium tartrate and mobile phase B (MPB) contained either 0.5 M (optimized for 

standard proteins) or 1.0 M (for HEK 293 cell lysate sample) ammonium tartrate, 

respectively. All solutions were adjusted to pH 7.0 with 10% ammonium hydroxide 

(NH4OH) solution. A 30-min linear gradient (from 100% MPA to 100% MPB) was utilized 

to elute proteins followed by 5-min of isocratic flow at 100% MPB to ensure elution, both at 

a constant flow rate of 1 mL/min. All samples were diluted with equal volume of MPA (i.e., 

1:1 v/v) to avoid injection viscosity differences. The injection volume was 50 μL for 

standard proteins and mixtures thereof, and 100 μL for HEK 293 cell lysate samples. 
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Baseline subtraction was performed for all IEC chromatograms. The collected IEC fractions 

from HEK 293 cell lysate samples were quickly concentrated with 10 kDa ultracentrifugal 

filters before separation in the next dimension.

Hydrophobic interaction chromatography (HIC)

HIC was conducted on a Shimadzu HPLC system (Shimadzu Scientific Instruments Inc., 

Columbia, MD) equipped with a PolyPROPYL A™ column (100 mm × 4.6 mm i.d., 3 μm, 

1500 Å, PolyLC Inc., Columbia, MD), similar to what was described previously.41 Here, 1.8 

M and 20 mM ammonium tartrate solutions, adjusted with 10% ammonium hydroxide 

(NH4OH) solution to pH 7.0, were utilized as MPA and MPB, respectively, for HIC 

separation. A 30-min linear gradient (from 100% MPA to 100% MPB) was used to elute 

proteins followed by isocratic flow at 100% MPB for 5 min to ensure elution, both at a flow 

rate of 1 mL/min. For standard protein samples, the gradient profile was slightly optimized 

to achieve better separation: two isocratic regions from 12 min to 14.5 min (at the proportion 

of 48.3% MPB) and 15 min to 19 min (63.3% MPB) were interjected. All standard protein 

samples were diluted 1:1 (v/v) with MPA to avoid injection viscosity differences, and the 

sample injection volume was 50 μL. For IEC fractions, approximately 40 μL solution was 

obtained after centrifugal filtration, and the HIC MPA was added to make the total volume 

to 105 μL for a 100 μL HIC injection. Baseline subtraction was performed for all HIC 

chromatograms. Other chromatographic conditions are given in the figure legends. The 

collected HIC fractions from HEK 293 cell lysate samples were concentrated or desalted 

with 10 kDa ultracentrifugal filters before separation in the next dimension.

Reverse phase chromatography (RPC)

RPC was carried out on a Thermo EASY nano-LC 1000 system (Thermo Fisher Scientific) 

equipped with a PicoFrit™ PLRP-S column (100 mm x 100 μm i.d., 5 μm, 1000 Å, New 

Objective, Inc., Woburn, MA) as described previously.41 Buffer A consisted of water with 

0.25% formic acid and Buffer B consisted of acetonitrile with 0.25% formic acid. The nano-

LC was operated at a constant flow rate of 500 nL/min and 3 μL of sample was injected with 

an autosampler post-equilibration of the capillary column. For the separation of complex 

HEK 293cell lysate proteins from different IEC and HIC fractions, an 80-min optimized 

RPC gradient was utilized consisting of the following concentrations of buffer B: 5% for 15 

min, 25% at 25 min, 60% at 70 min, 95% at 75 min, and then back to 5% at 80 min. The 

collected IEC and HIC fractions from HEK 293 cell lysate samples were concentrated or 

desalted with 10 kDa ultracentrifugal filters before injection onto the RPC column.

Top-down MS analysis

Samples were electrosprayed with a “nanoflex” ionization source into a Q Exactive™ 

benchtop Orbitrap mass spectrometer (ThermoFisher Scientific, Bremen, Germany) for 

online data-dependent nano-LC/MS/MS experiments, similar to what was described 

previously.41 The spray voltage, heated metal capillary temperature, and s-lens voltage were 

experimentally optimized to 2,500 V, 300 °C, and 50 V, respectively, for improved ion 

desolvation and transmission.42,43 LC/MS and LC/MS/MS data was acquired with 6 micro 

scans at a high mass resolving power of 140,000 (theoretical maximum resolving power 
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setting on QE: m/Δm50% = 140,000 at m/z 200, in which Δm50% denotes mass spectral peak 

full width at half-maximum peak height) and 8 micro scans at a resolving power of 70,000, 

respectively, with automatic gain control set to 5 E5 ions. A 10 V offset in the source was 

used for all the experiments. In top 2 data-dependent MS/MS scans, the intact protein ions 

were injected into the collision cell for higher-energy collision dissociation (HCD)44,45 at a 

previously optimized setting of 25 V. The dynamic exclusion is 10 sec. Charge exclusion 

was applied for unassigned and lower charge states from 1 to 8 for data-dependent HCD. 

Data was collected with Xcalibur™ 2.2 software (ThermoFisher Scientific) and the total 

RPC/MS data acquisition period was adjusted to fit the RPC gradient (80 min, 3 h, or 7 h). 

The MASH-suite software46 was employed to calculate the isotopic distributions on the 

basis of observed molecular weights and the averaging model for observed intact 

proteins.46,47

Protein identification

MS-Deconv, a combinatorial algorithm48 was first utilized for isotopic distribution 

deconvolution and charge state assignment for all the observed ions in the raw LC/MS/MS 

data as well as to generate MSAlign files.48 These MSAlign files, which contain the 

monoisotopic mass, intensity, and charge of all the detected ions, were then searched with 

the NCBI Human database (Uniprot-Swissprot database, released January, 2013, containing 

20,232 protein sequences) with alignment-based MS-Align+ algorithm for top-down intact 

protein identification based on protein-spectrum matches.49 A fragment mass tolerance of 15 

ppm was used for the assignment of b and y ions. Protein identification results with 

statistically significant lower P and E value (<0.01) and a satisfactorily higher fragment 

number (at least 10 fragments assigned) were manually validated. Furthermore, a reversed 

database was separately employed to search for false discovery rates (FDRs) with same 

MSAlign+ algorithm. Though cut-off for FDR was set at 0.5%, nearly all of the identified 

proteins had significantly lower FDRs (0.001%-0.1%). Furthermore, all identified proteins 

were manually validated.

RESULTS AND DISCUSSION

Evaluation of the orthogonality between IEC and HIC

In this work, we incorporated HIC, a new MS-compatible protein separation 

chromatography mode,41 into a MDLC separation platform to address the increasing 

demand for improved intact protein separation in top-down proteomics. Two popular 

chromatographic methods, IEC and RPC, were chosen to couple with HIC. IEC separates 

molecules based on ionic interactions and can be subdivided into cation exchange 

chromatography and anion exchange chromatography. Here, we selected a mixed-bed IEC 

column containing equal amounts of weak cation and weak anion materials for intact protein 

separation since it results in improved separation relative to a single mode IEC column.50 

We first sought to determine whether these three chromatographic methods (HIC, IEC, and 

RPC) are orthogonal. IEC and RPC have been reported previously to be orthogonal.51,52 

Additionally, we have recently shown that HIC and RPC have different selectivity for intact 

protein separation despite the fact that both methods separate proteins based on 
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hydrophobicity.41 Therefore, here we focused on demonstrating the orthogonality between 

IEC and HIC.

We utilized standard proteins to demonstrate the orthogonality between IEC and HIC. UV 

chromatograms from individual injections of eleven standard proteins are overlaid in Figure 

1a, b, revealing satisfactory peak shapes for the majority of the intact proteins for both IEC 

and HIC. The standard proteins were selected to cover a wide range of molecular weights (6 

– 330 kDa), pI (4.94 – 9.32), and polarity. Note that the order of elution and the retention 

times of the proteins are drastically different in IEC and HIC, suggesting that the selectivity 

of these two chromatographic methods is different. Furthermore, we selected two different 

sets of protein mixtures, namely “4-mix” (a mixture of four standard proteins containing 

BSA, ChA, RiA, and RiB) and “5-mix” (a mixture of five standard proteins with ChA, Chy, 

Myo, Oval, and Thg) to perform the separation on both IEC and HIC, respectively. 

According to retention time in reference to the individual protein injections (Figure 1a, b), 

all peaks were identified in the chromatograms of 4-mix and 5-mix samples. Notably, 4-mix 

was well-resolved by IEC (Figure 1c), whereas HIC was unable to separate the same 4-

protein mixture (Figure 1d), with RiA and RiB as well as BSA and Chy co-eluting. On the 

other hand, 5-mix could not be separated using IEC (Figure 1e) but was well-resolved by 

HIC (Figure 1f). These results further demonstrate the orthogonality between HIC and IEC.

Rationale for the order of IEC-HIC-RPC in the 3DLC separation strategy

With the mutual orthogonality among IEC, HIC, and RPC demonstrated, we next 

determined the rational order of the 3D separation to be IEC-HIC-RPC (Scheme 1). RPC 

uses MS-friendly organic solvents and can be directly coupled to the mass spectrometer for 

online LC/MS analysis so it was chosen as the last dimension. Since both IEC and HIC 

methods utilize salt gradients (and here we use ammonium tartrate, a new MS-compatible 

salt for HIC we recently reported41) for protein separation, it is important to note the 

differences in the gradients employed in these methods. In IEC, proteins are eluted with an 

increasing concentration of salt in the mobile phase whereas in HIC, the starting salt 

concentration is extremely high and declines during the LC run. Thus, we decided to utilize 

IEC as the first dimension of separation followed by HIC in the second dimension. Such 

IEC-HIC order takes advantage of the starting low salt concentrations in IEC fractions (10 

mM) relative to the starting high salt concentration of HIC mobile phase (conventionally, 

1.5-1.8 M), thereby avoiding the need to desalt the IEC fractions; whereas if HIC were to 

precede IEC, the HIC fractions would need to be desalted to be compatible with the low 

starting salt concentration utilized in IEC (10 mM).

Next, we evaluated the impact of the additional HIC dimension in the separation of proteins 

after IEC fractionation (Scheme 1). We first collected a total of 35 IEC fractions from the 

HEK 293 cell lysate. After a quick concentration step, each IEC fraction was further 

separated by HIC. The UV chromatograms of HIC for all 35 IEC fractions from HEK 293 

cell lysate samples were overlaid (Figure 2a, b). Moreover, a heat map indicating the 

intensity of the respective UV chromatograms of HIC from IEC fractions revealed 

additional fractionation of IEC-separated proteins by HIC (Figure 2c). As shown in Figure 
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2d, e, IEC fraction #3 could be further separated into a range of peaks using HIC. Thus, HIC 

not only works orthogonally to IEC, but also leads to additional protein separation after IEC.

Comparison of intact protein separation between 3D and 2D strategies

Next, we compared the separation capability of the new 3DLC (IEC-HIC-RPC) strategy 

with a conventional MudPIT-like 2DLC (IEC-RPC) platform (Scheme 1). We employ 

identical IEC and RPC/MS settings, thus the addition of the HIC step is the sole variable 

between the 2DLC and 3DLC approaches. We selected IEC fraction #3, which has relatively 

abundant and complex protein components (Figure 2d), for further analysis by RPC/MS or 

HIC-RPC/MS for a direct comparison of the 2DLC and 3DLC approaches. The total sample 

loading amounts were the same in 2D and 3D experiments.

In the 2D approach, the total ion current (TIC) chromatogram for IEC fraction #3 (Figure 

3a) revealed a variety of intact proteins eluting out between ~25 to 60 min. Figure 3b, c 

show representative high resolution mass spectra of intact proteins with accurate mass 

measurements. Note that some intact proteins co-eluted in RPC TIC chromatograms (such as 

23.2 kDa and 16.8 kDa; 19.5 kDa and 14.4 kDa), indicating that the complexity of IEC 

fractions remained after a 2DLC separation. Such co-elution problem, commonly seen in 

IEC-RPC approach, will likely compromise protein identification by top-down MS 

especially for low abundant intact proteins, necessitating additional dimension(s) of 

chromatographic separation.

In comparison, in the 3D approach, the IEC fraction #3 was first separated by HIC into 35 

fractions. We then used a typical HIC fraction #20 collected from IEC fraction #3 for online 

RPC/MS analysis as an example (Figure 4). The RPC TIC chromatogram in the 3D 

approach (Figure 4a) revealed peaks with much better separation than those seen in the 2D 

approach, especially in the retention time ranging from 40 to 55 min. Figure 4b, c show 

representative MS spectra of intact proteins detected in the HIC fraction #20. The intact 

protein with a mass of 23.2 kDa did not co-elute with another protein after 3D separation as 

it did following 2D separation (Figure 4b), suggesting that the co-elution problem may be 

comparatively reduced by the addition of a third dimension of chromatographic separation. 

Moreover, some of the proteins that were detected by top-down MS after 3DLC (e.g. 13.4 

kDa, 14.3 kDa and 11.8 kDa) were not observed following 2DLC separation.

Comparison of protein identifications between 3D and 2D by top-down tandem MS 
(MS/MS)

Since accurate mass measurement of intact proteins alone does not allow for unequivocal 

protein identification, we employed MS/MS with higher-energy collision dissociation 

(HCD) to fragment and subsequently identify the proteins in the fractions generated using 

the 2DLC and 3DLC approaches. Similar to collisionally activated dissociation, HCD 

predominantly produces b and y ions by cleaving the amide bonds in the peptide backbone. 

Overall, a total of 640 intact proteins were identified by top-down RPC/MS/MS analysis of 

the 35 HIC fractions generated from IEC fraction #3, which correspond to 201 non-

redundant proteins since some intact proteins were identified in multiple HIC fractions (see 

Table S1 in the Supporting Information). As an example, 31 non-redundant proteins were 
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identified in a HIC fraction #20 alone (see Table S2 in the Supporting Information), and 

Figure 5 shows the single scan HCD mass spectra for three of the proteins identified in that 

fraction (the protein masses shown in Figure 4b, c, 13.4 kDa, 14.3 kDa and 11.8 kDa). These 

proteins were identified as human transcription elongation factor B polypeptide 2, histidine 

triad nucleotide-binding protein 2 mitochondrial, and u6 snRNA-associated Sm-like protein 

LSm7 protein based on a total of 44, 63, and 52 unique b/y fragment ions, respectively. It is 

estimated that the limits of detection for intact proteins (MW< 30 kDa) is 0.1−0.5 μg/μL 

using the ESI-Q Exactive MS with the parameters described in the experimental section.

In contrast, a total of 47 intact proteins (all of them non-redundant protein IDs) were 

identified in IEC fraction #3 of the HEK 293 cell lysate by RPC/MS/MS analysis (without 

HIC separation) using an 80-min RPC gradient (see Table S3 in the Supporting 

Information). Figure S1 shows single scan HCD mass spectra for two of the proteins from 

IEC fraction #3 of the HEK 293 cell lysate (the protein masses shown in Figure 3b, c). A 

database search using the MSAlign+ algorithm identified the 14.9 kDa protein with the RPC 

retention time of ~37 min as human-profilin 1 protein (a total of 94 b and y ions observed, 

Figure S1-top) and the 19.5 kDa protein with the ~50 min RPC retention time as human 

adenine phosphoribosyltransferase protein (a total of 66 b and y ions observed, Figure S1-

bottom).

By further examining the 2DLC and 3DLC results together, we tabulate in Tables S4 a list 

of the 39 intact proteins that were identified by both the 2DLC and 3DLC approaches. 

Besides the 39 proteins that were identified in both the 2D and 3D approaches, 8 and 162 

proteins were uniquely identified in the 2DLC and 3DLC approaches, respectively (Figure 

6a). Note that the total sample loading amounts were the same in 2D and 3D experiments. 

These results highlight the significant enhancement in intact protein identification achieved 

using the IEC-HIC-RPC/MS approach in comparison to the IEC-RPC/MS.

Limited improvements in protein identifications using longer RPC gradients in the 2D IEC-
RPC strategy

We also investigated whether extended RPC gradient profiles may yield enhanced 

separation and increased protein identification in 2DLC top-down MS strategy. Aliquots of 

the same IEC fraction #3 used for the analyses described above were separated using longer 

RPC gradients of 3 h and 7 h, respectively. The intact proteins identified in these longer 

RPC gradient profiles are listed in Table S5 and Table S6, respectively. A total of 63 and 67 

non-redundant intact proteins were identified in the 3-h and 7-h RPC gradients in 

comparison to 47 total protein identifications in the 80-min gradient (Figure 6b and Table 

S7). Of the proteins identified using the different RPC gradients, 33 proteins (70%) were 

commonly identified by RPC/MS/MS. Therefore, very limited improvement is observed in 

the protein identifications with longer RPC gradients.

The potential of IEC-HIC-RPC 3DLC strategy for deep top-down proteomics profiling

Unlike peptides, proteins have a much more diverse range of physiochemical properties (i.e. 

charge, hydrophobicity, and size).17 Here, utilizing a 3DLC approach employing three 

mutually orthogonal chromatography modes, we have shown that MDLC has great potential 
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for reducing the complexity of the proteome to aid in top-down proteomics analyses.2 As 

demonstrated above, our new 3DLC strategy coupling IEC-HIC-RPC provides considerably 

enhanced chromatographic separation and yields a significantly higher number of unique 

intact protein identifications than the conventional 2D IEC-RPC approach. For a single IEC 

fraction (out of 35 fractions), 640 total protein were identified corresponding to 201 non-

redundant proteins by 3DLC method, which is in sharp contrast to the 47, 63, and 67 total 

protein identifications (corresponding to the same number of non-redundant proteins in the 

2DLC strategy with 80-min, 3-h and 7-h RPC gradients). These results clearly show the 

promise of this novel 3DLC approach for top-down proteomics. Nevertheless, further 

improvements are still needed to fully realize its potential.

First, the proteins identified in this study have low MWs (<30 kDa), even though larger 

proteins (30-250 kDa) were clearly present in the HIC fractions as shown in the sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of selected HIC 

fractions for IEC fraction #3 of the HEK 293 cell lysate (Figure S3). Presumably the lack of 

detection of larger intact proteins was due to the exponential decay in S/N with increasing 

MW and/or the rapid decay in the time-domain signal for higher kinetic energies of ions in 

the Orbitrap mass spectrometer.53,54 Therefore, further advancements in mass spectrometer 

instrumentation could improve the detection of high MW proteins with higher 

sensitivity.2,55-58 Additionally, the separation of high MW proteins from low MW proteins 

using size-exclusion chromatography59 or gel-eluted liquid fraction entrapment 

electrophoresis (GELFrEE)4,60 could also improve the detection of large proteins.

Second, the loss of protein sample during offline fractionation could prevent the detection of 

low abundance proteins, which might be lost during the concentration step. The current IEC 

and HIC separations were performed on an offline HPLC with a concentration step required 

for each fractionation. Paša-Tolić and co-workers demonstrated previously that an online 

2DLC system offers significant improvement in sensitivity, with several orders of 

magnitude reduction in sample requirement as well as a reduction in the overall analysis 

time compared with the offline 2DLC approach.32 We envision that a truly on-line MDLC 

will offer significant improvement in sensitivity.

Third, for any MDLC method, there is typically a tradeoff between throughput and depth of 

information. Conceivably, it would be time consuming to run all 1225 (35 × 35) fractions. 

So it could be beneficial to reduce the number of fractions to a more manageable level for 

improved throughput (e.g. select 15 x 15 most abundant fractions in each dimension or 

combine similar fractions based on the UV absorption heat map). On the other hand, this 

could be at the cost of decreased chromatographic resolution or increased complexity in 

each fraction that most likely will result in fewer protein identifications or reduced proteome 

coverage. Likely, further improvements in chromatography and MS systems in terms of 

speed, sensitivity, and resolution will make the MDLC approach feasible for routine 

proteomic analyses.
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CONCLUSION

In summary, we have developed an effective 3D (IEC-HIC-RPC) chromatography strategy 

for protein separation for the first time that is highly promising for overcoming the 

separation bottleneck that has hampered progress in top-down proteomics. We demonstrated 

the separation power of this 3DLC strategy by coupling HIC with IEC and RPC for top-

down proteomics of complex cell lysate and compared it with the conventional 2D (IEC-

RPC) MudPIT-like method. Overall, 201 non-redundant intact proteins were identified by 

this new 3D IEC-HIC-RPC approach relative to 47 proteins identified by the 2D IEC-RPC 

method for a single IEC fraction. With the significant improvement in chromatographic 

separation and far greater number of protein identifications than the conventional 2DLC 

methods, this novel 3DLC strategy presents great potential for deep proteome profiling in 

top-down proteomics.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The orthogonality between IEC and HIC
(a, b) overlay of the UV chromatograms obtained for individual standard proteins using IEC 

and HIC, respectively. (c-f) comparison of IEC and HIC separation of standard protein 

mixtures, 4-mix (BSA, Chy, RiA, RiB) in (c, d), and 5-mix (ChA, Chy, Myo, Oval, Thg) in 

(e, f), respectively. The UV detector was set to 280 nm for both IEC and HIC. Apr, 

aprotinin; BSA, bovine serum albumin; ChA, α-chymotrypsinogen A; Chy, α-chymotrypsin; 

Con, conalbumin; Cyt, cytochrome C; Myo, myoglobin; Oval, ovalbumin; RiA, 

ribonuclease A; RiB, ribonuclease B; Thg, thyroglobulin.
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Scheme 1. Schematic work flow of 3DLC (IEC-HIC-RPC) in comparison with 2DLC (IEC-RPC)
Cell lysate samples were fractionated with IEC in the first dimension (1D), and then the 

same IEC fraction was aliquoted and the aliquots (with the same loading amount) were used 

for both the 2DLC and 3DLC experiments to allow for a direct comparison between these 

approaches. In the 2D strategy, several RPC gradient profiles were utilized to investigate the 

impact of RPC gradient length on top-down protein identification by RPC/MS/MS. In the 

3D approach, HIC was employed as a second dimension of separation (following IEC) prior 

to top-down RPC/MS/MS analysis.
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Figure 2. Evaluation of HIC as the second dimension separation strategy following IEC 
fractionation of a crude cell lysate
(a) Overlay of UV chromatograms of 35 equal-volume IEC fractionations from the HEK 

293 cell lysate. (b) Zoom-in UV chromatograms of IEC fractions. (c) Heat map of IEC-HIC 

separation of the HEK 293 cell lysate. (d) A representative IEC chromatogram of the HEK 

293 cell lysate. (e) A representative HIC chromatogram of IEC fraction #3 of the HEK 293 

cell lysate.
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Figure 3. Online RPC/MS analysis of intact proteins following IEC fractionation (2DLC 
approach)
(a) A representative RPC/MS TIC from IEC fraction #3 from the HEK 293 cell lysate. (b) 

Representative mass spectra of the corresponding RPC peaks. (c) Zoom-in mass spectra with 

unit mass isotopic in chromatographic time-scale. A n 80 min RPC gradient were used.
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Figure 4. Online RPC/MS analysis of intact proteins following IEC-HIC fractionations (3DLC 
approach)
Representative RPC/MS results of 3DLC (IEC-HIC-RPC) are depicted. (a) A UV 

chromatogram of a representative HIC fraction (fraction #20) from IEC fraction #3 from 

HEK 293 cell lysate samples. (b) Representative mass spectra for the corresponding RPC 

peaks. (c) Zoom-in mass spectra with unit mass isotopic resolution in chromatographic time-

scale. An 80 min RPC gradient were used.
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Figure 5. Online RPC/MS/MS protein identifications by HCD for HIC fraction #20 from IEC 
fraction #3
Representative MS/MS spectra and sequence maps of identified intact proteins with b/y ions 

and P values for identification. The insets highlight the isotopic resolution for typical 

fragments at m/z 1018, 1154, and 1569, respectively. The proteins are identified as (a) 

human transcription elongation factor B polypeptide 2, (b) histidine triad nucleotide-binding 

protein 2 mitochondrial, and (c) u6 snRNA-associated Sm-like protein LSm7 protein.
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Figure 6. Comparison of protein identifications by top-down proteomics using the 2DLC (IEC-
RPC) and 3DLC (IEC-HIC-RPC) separation strategies
A single IEC fraction (fraction #3) was used for both 2D and 3D approaches. (a) Venn 

diagram of protein identifications via 2D and 3D approaches, suggesting that the 3D 

approach significantly improves protein identifications. (b) Venn diagram of protein 

identifications using different RPC gradients (80-min, 3-h, and 7-h) via the 2D approach, 

showing limited improvement was achieved by longer gradients. * all protein identifications 

in the 3D approach, including redundant intact protein identifications in the 35 HIC 

fractions. ** non-redundant protein identifications via the 3D approach.
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