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Abstract

The development of novel high-resolution separation techniques is crucial for advancing the 

complex sample analysis necessary for high-throughput top-down proteomics. Recently, our group 

developed an offline 2D high-pH RPLC/low-pH RPLC separation method and demonstrated good 

orthogonality between these two RPLC formats. Specifically, ultrahigh-pressure long capillary 

column RPLC separation has been applied as the second dimensional low-pH RPLC separation for 

the improvement of separation resolution. To further improve the throughput and sensitivity of the 

offline approach, we developed an online 2D ultrahigh-pressure nano-LC system for high-pH and 

low-pH RPLC separations in top-down proteomics. An online microtrap column with a dilution 

setup was used to collect eluted proteins from the first dimension high-pH separation and inject 

the fractions for ultrahigh-pressure long capillary column low-pH RPLC separation in the second 

dimension. This automatic platform enables the characterization of 1000+ intact proteoforms from 

5 μg of intact E. coli cell lysate in 10 online-collected fractions. Here, we have demonstrated that 
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our online 2D pH RP/RPLC system coupled with top-down proteomics holds the potential for 

deep proteome characterization of mass-limited samples because it allows the identification of 

hundreds of intact proteoforms from complex biological samples at low microgram sample 

amounts.

Graphical Abstract

Top-down proteomics analyzes intact proteoforms resulting from genetic variation, 

alternative RNA splicing, and post-translational modifications.1 In contrast to bottom-up 

proteomics, which is robust and sensitive but provides limited information on proteoforms, 

top-down proteomics can provide a complete description of the primary structure of a 

protein and its modifications.2 However, there are significant challenges posed to top-down 

proteomics by the complexity of protein samples.3 Proteomes present a wide dynamic range 

of thousands of proteoforms, which makes the separation, accurate mass spectrometric 

detection, and data analysis extremely complicated. One of the major efforts to address these 

challenges is the improvement of separation resolution prior to MS analysis.

Various separation techniques have been developed to be directly coupled to MS for high-

throughput top-down proteomics including RPLC4–6 and capillary electrophoresis (CE).7–10 

Multidimensional separation platforms have also emerged to improve the separation 

resolution of intact proteins from complex biological samples based on their orthogonal 

separation mechanisms.7,11–20 Recently, our group reported the development of a 2D-LC 

platform that coupled high-pH RPLC to low-pH RPLC for top-down proteomics. Fractions 

from the first dimension high-pH RPLC were further separated using an ultrahigh-pressure 

long capillary column for high-resolution low-pH RPLC-MS analysis. The offline platform 

was applied to characterize intact proteoforms from E. coli lysate14 and from human HeLa 
lysate.21 Orthogonal separation by altering the pH conditions of the mobile phases of RPLC 

was achieved, and the use of RPLC in both dimensions offered higher resolution and better 

sensitivity than 1D-LC techniques. However, additional sample handling steps in offline 2D-
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LC makes the techniques lower-throughput, introduces degradation products, and results in 

poor sample recovery.

Online 2D-LC has been developed to overcome some limitations of offline 2D-LC.
4,11,12,22,23 Recently, Baghdady et al. reported a proof-of-principle online 2D system that 

couples high-pH RPLC and low-pH RPLC for intact protein separation.22 In Baghdady’s 

work, microflow RPLC columns were used in both dimensions and two sample storage 

loops were used for online coupling. In the second dimension low pH RPLC separation, a 

very steep gradient (<1 min) was utilized which has been reported to enable the injection of 

sample volumes up to 70% of the column dead volume without band broadening for 

peptides and proteins.22,24 However, the separation resolution of the second dimension 

RPLC was relatively low, with a peak capacity of 19. This low resolution in the second 

dimension makes this approach less practical for improving proteoform identification 

without significantly improved first dimension resolution since online MS detection largely 

relies on decreased protein complexity eluted from the second dimension RPLC.

Here we report an automatic microtrap column-based online 2D-LC platform using high-pH 

RPLC and low-pH RPLC separation. Fractions in the first dimension high-pH RPLC were 

collected into the online microtrap column with dilution. An ultrahigh-pressure long 

capillary column (i.e., 75 μm i.d., 100 cm length) was used in the second dimension, low-pH 

RPLC separation, which demonstrated a peak capacity of ~200 in our recent report.5 A 

nanoscale UPLC column was also used in the first dimension, high-pH RPLC to improve the 

sensitivity of the system. To operate these columns, ultra-high-pressure nanoflow pumps are 

usually required. However, commercially available nanoflow UPLC systems are often 

expensive and hard to maintain. To provide an alternative, affordable solution, we 

customized a high-pressure normal flow LC system with two Thermo Accela LC pumps 

(operational pressure 10 000+ psi, operational flow rate 10–1000 μL/min), two high-pressure 

six-port switching valves and splitting columns,5 and one Thermo Accela autosampler. The 

schematic diagram of the online 2D system is shown in Figure 1 (experimental details in the 

Supporting Information, Figure S1). In the first dimension, we utilized a custom-packed 10 

cm C4 capillary column (Waters BEH300, 3.5 μm, 300 Å, 75 μm i.d.) for high-pH RPLC 

separation (pH = 10). The eluate from the first dimension was diluted online (1:10) and 

collected using a microtrap SPE column (Waters BEH300, 3.5 μm, 300 Å, 20 mm × 150 

μm). In the second dimension, we utilized a 100 cm C5 column (Jupiter particles, 300 Å, 5 

μm, 75 μm i.d.) for low-pH RPLC separations (pH = 2) that were directly coupled to an LTQ 

Orbitrap Velos Pro mass spectrometer for top-down MS analysis.

To evaluate the trapping efficiency of the microtrap column (e.g., if the organic content was 

sufficiently diluted and pH was low enough for the second dimension RPLC separation), 5 

μg of E. coli protein sample was injected onto the first dimension column and then directly 

eluted using 100% high-pH mobile phase B. Both flow-through and eluate were collected on 

the trap column. After trapping, the sample was separated using the second dimension low-

pH RPLC column for MS detection. The protein elution profile, protein intensity, and 

protein identification from this run were compared to a 1D low-pH RPLC separation of the 

same amount of E. coli protein sample (Figure S2). These results showed that proteins can 

be efficiently eluted from the high-pH RPLC column and trapped using the online microtrap 
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for the second dimension low-pH RPLC separation. We further evaluated the reproducibility 

of the online 2D system with duplicated 2-fraction runs (1st-fraction is flow-through and 

second fraction is eluate from 0% to 100% buffer B) (Figure S3). The two 2D-LC runs had 

similar elution profiles in both flow-through and elution experiments.

We then optimized the first dimension fraction collection steps using intact E. coli proteins. 

An initial test of 11 fractions (Figure S4) was evaluated with the following elution steps: 0% 

for the first fraction, 0% to 10% for the second fraction, and a 10% increase in the 

concentration of the elution buffer for each subsequent fraction. Analysis of intact E. coli 
cell lysate suggested that the majority of proteins were eluted in the range of 20% to 70% of 

mobile phase B of the first dimension high-pH RPLC separation with most mass features 

detected in the fractions from 40% to 70% of mobile phase B. Based on these observations, 

we combined 0–40% mobile phase B into one online fraction and 70–100% into another 

online fraction. The optimized 10-fraction gradient setup is shown in Figure S1. The base 

peak chromatograms (BPCs) of the second dimension low-pH RPLC–MS separation for 

each fraction are shown in Figure 2 (example fraction 4 in Figure S5) and demonstrate 

different elution profiles in each fraction. Still, the BPCs of fractions collected after 60% 

MPB present similar profiles. In the last three fractions, there were only 87 unique 

proteoforms identified. More precise optimization of gradient setup for different types of 

samples (e.g., combining the last three fractions into one fraction) may be needed to better 

utilize the instrument time.

We previously reported the identification of the apo-acyl carrier protein, which is a unique 

protein working as a coenzyme in fatty acid and polyketide biosynthesis. Due to improved 

separation using the offline 2D pH RP/RPLC platform, low-abundance proteoforms of the 

apo-acyl protein were characterized with the phosphopantetheine modification and its 

unique oxidative forms of the thiol group on this modification. In this study, we were able to 

characterize most of the low-abundance proteoforms of the apo-acyl protein using the online 

comprehensive 2D-LC platform (Figure S6). Different proteoform patterns in online and 

offline analysis may be related to different batches of sample preparation. Also, some 

differences may be from the offline sample handling process. To further evaluate the 

improvement of the online 2D-LC platform, we evaluated the 5 min 1D-LC gradient 

segment and the same retention time segment in each online 2D-LC collected fraction 

(Figure S7). Nineteen mass features were detected using 1D-LC, and 57 mass features were 

detected using online 2D-LC in the same 5 min segment across all 10 online fractions. In 

total, 1 507 nonredundant level 1–3 proteoforms in 308 unique proteins were identified in 5 

μg of intact E. coli cell lysate with our online 2D separation, which is comparable with our 

previous reported results using 500 μg of intact E. coli cell lysate using the offline 2D 

separation.14

Despite the success of offline 2D high-pH/low-pH RPLC separation in bottom-up 

proteomics, there has been limited success for online 2D high-pH/low-pH RPLC separation 

for bottom-up analyses. One major reason is that high-pH RPLC and low-pH RPLC are only 

partially orthogonal for peptide separations. Therefore, fraction concatenation is required to 

more efficiently utilize the separation space.25 In top-down proteomics, we observe good 

orthogonality between high-pH RPLC separation and low-pH RPLC separation, as we 
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discussed in previous offline studies.14,21 The improved orthogonality of the top-down 2D 

platform allows efficient utilization of separation space without fraction concatenation, 

which makes the online coupling of high-pH RPLC and low-pH RPLC feasible. We further 

evaluated the orthogonality between high-pH RPLC separation and low-pH RPLC 

separation using the online platform. For each fraction, a heatmap was generated using the 

relative number of uniquely identified proteoforms in each bin (10 min windows) (Figure 

S8). We noticed that most proteoform identification occurred from 110–160 min; however, 

we also noticed that the detected proteoforms are actually evenly distributed in many 

fractions (Figure 2). Based on the results, the 2D LC gradient can be further optimized to 

improve the ID coverage, and the improvement of MS instrumentation can also improve 

proteoform identification. In addition, the 2D LC gradient can be further optimized to 

achieve more comprehensive proteoform identification of different types of sample. Overall, 

our results suggest good orthogonality of the online 2D platform, which is comparable with 

the results from our previously reported offline 2D platform.14,21

While offline fractionation is still the most commonly applied method, online 2D-LC 

platforms offer the advantage of less sample loss and higher sensitivity, which enables the 

analysis of small quantity samples. In addition, since the online 2D-LC system is automated 

and no sample processing between the two dimensions is involved, artificial modifications 

such as degradation can potentially be reduced. Here, we report the development of an 

online 2D ultrahigh-pressure nano-LC system for high-pH and low-pH reversed phase 

separation for the top-down analysis of complex biological samples. With the online 2D 

system, small sample quantities can be analyzed to achieve comparable proteoform 

identification results compared with the equivalent offline 2D-LC platform using much 

higher starting sample amounts. Good orthogonality between first dimension high-pH RPLC 

and second dimension low-pH RPLC were demonstrated using the online 2D system, which 

is consistent with our previous reports using the offline 2D system. The performance of the 

proposed online 2D system can also be further optimized with the incorporation of 

commercially available nanoflow UPLC pumps; and the incorporation of dual trap columns 

reduces the MS dead time in between runs through the parallel trapping and elution 

processes.26 Additionally, high-performance and high frequency MS instrumentation can be 

adapted for improved proteoform identification using shorter second dimension gradients 

and columns with smaller particle sizes. Also, first dimension RPLC separation conditions 

such as buffer composition and column temperature can be optimized to improve the elution 

of hydrophobic proteins, which can increase column life and avoid back pressure problems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic diagram of the online comprehensive 2D-LC platform. A 25 μL sample loop was 

installed on a valve in the autosampler. The1D pump (high-pH mobile phase) was used to 

pump the mobile phase for sample loading and first dimension separation. The2D pump 

(low-pH mobile phase) was used to provide mobile phase to dilute the elution from the first 

dimension separation and provide the gradient for the second dimension separation. A 

splitting column was used to regulate the pressure and flow rate of the SPE sample loading 

and first dimension separation.
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Figure 2. 
Optimized online 2D LC analysis for E. coli protein separation with 10-fraction elution steps 

listed in Figure S1. For each fraction, LC–MS base peak chromatograms (m/z 600–1100) are 

shown.
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