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Abstract

Two-dimensional (2D) liquid chromatography (LC)-tandem mass spectrometry (MS/MS) are 

typically employed for deep bottom-up proteomics, and the state-of-the-art 2D-LC-MS/MS has 

approached over 8,000 protein identifications (IDs) from mammalian cell lines or tissues in 1–3 

days of mass spectrometer time. Capillary zone electrophoresis (CZE)-MS/MS has been suggested 

as an alternative to LC-MS/MS for bottom-up proteomics. CZE-MS/MS and LC-MS/MS are 

complementary in protein/peptide ID from complex proteome digests because CZE and LC are 

orthogonal for peptide separation. In addition, the migration time of peptides from CZE-MS can 

be predicted accurately, which is invaluable for evaluating the confidence of peptide ID from the 

database search and even guiding the database search. However, the number of protein IDs from 

complex proteomes using CZE-MS/MS is still much lower than the state of the art using 2D-LC-

MS/MS. In this work, for the first time, we established a strong cation exchange (SCX)-reversed 

phase LC (RPLC)-CZE-MS/MS platform for deep bottom-up proteomics. The platform identified 

around 8,200 protein groups and 65,000 unique peptides from a mouse brain proteome digest in 70 

hours. The data represents the largest bottom-up proteomics dataset using CZE-MS/MS and 

provides a valuable resource for further improving the tool for prediction of peptide migration 

time in CZE. The peak capacity of the orthogonal SCX-RPLC-CZE platform was estimated to be 

around 7,000. SCX-RPLC-CZE-MS/MS produced comparable numbers of protein and peptide 

IDs with 2D-LC-MS/MS (8,200 vs. 8,900 protein groups, 65,000 vs. 70,000 unique peptides) from 

the mouse brain proteome digest using comparable instrument time. This is the first time that 

CZE-MS/MS showed its capability to approach comparable performance to the state-of-the-art 

2D-LC-MS/MS for deep proteomic sequencing. SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS 

showed good complementarity in protein and peptide IDs and combining those two methods 

improved the number of protein group and unique peptide IDs by nearly 10% and over 40%, 

respectively, compared with 2D-LC-MS/MS alone.
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1. Introduction

The state-of-the-art two-dimensional (2D) liquid chromatography (LC)-tandem mass 

spectrometry (MS/MS) has approached over 8000 protein identifications (IDs) from 

mammalian cell lines or tissues in 1–3 days of mass spectrometer time. [1–5] The draft 

human proteome containing 84% of the total annotated protein-coding genes in humans have 

also been generated using 2D-LC-MS/MS. [6] Over 2,000 LC-MS runs were performed for 

the draft human proteome, but the median protein sequence coverage was still only 28%. [6] 

The typical median protein sequence coverage of deep bottom-up proteomics datasets are 

around 25% or lower. The low sequence coverage impedes the confident identification of 

protein isoforms.

Alternative separation techniques that are orthogonal to LC for peptide separation will be 

very useful to further improve the number of peptide IDs from complex proteomes in 

bottom-up proteomics experiments, boosting the protein sequence coverage. Capillary zone 

electrophoresis (CZE)-MS/MS has been suggested as an alternative to LC-MS/MS for 

bottom-up proteomics. [7–18] CZE separates peptides based on their size-to-charge ratios 

and it is orthogonal to LC for peptide separation. CZE-MS/MS and LC-MS/MS are 

complementary in protein/peptide ID from complex proteome digests. [7–11] CZE tends to 

identify small, basic and hydrophilic peptides compared with RPLC-MS. In addition, the 

migration time of peptides from CZE-MS can be predicted more accurately and easily than 

their retention time from commonly used reversed-phase LC (RPLC)-MS.[19] The 

electrophoretic mobility of peptides in CZE mainly relate to their size (molecular mass) and 

charge, which are relatively easy to be determined accurately. The retention of peptides in 

RPLC can be affected by various factors, e.g., hydrophobic, hydrogen-bond, and ion-pairing 

interactions. Modeling those factors are very difficult. Recently, Krokhin et al. developed a 

simple model for CZE and approached very good correlation (R2 ~0.995) between the 

experimental and predicted migration time of peptides in CZE based on a large-scale peptide 
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dataset. [19] The capability for accurate prediction of peptide migration time in CZE makes 

CZE-MS become a powerful tool for bottom-up proteomics because it can help us further 

evaluate the confidence of peptide ID from the database search and even guide the database 

search.

Although CZE-MS has many valuable features for bottom-up proteomics, the number of 

protein IDs from complex proteomes using CZE-MS/MS is still much lower than the state of 

the art using 2D-LC-MS/MS. Much effort has been made to improve the CZE-MS for large-

scale proteomics.[7,15,20,21] Sun et al. approached 2,000 protein and 10,000 peptide IDs 

from a human cell line digest using single shot CZE-MS/MS with a neutrally coated 

separation capillary and an Orbitrap Fusion mass spectrometer.[7] Field-enhanced sample 

stacking was used to improve the sample loading volume to 100 nL and a 1-meter long 

neutrally coated separation capillary was employed to improve the peak capacity to about 

300.[7] Yan et al. coupled RPLC prefractionation to CZE-MS/MS for bottom-up proteomics 

of Xenopus embryos, resulting in the identification of over 4,000 proteins. [20] For each 

CZE-MS/MS run, about 50 nL of the sample was injected for analysis. Faserl et al. coupled 

RPLC prefractionation to CZE-MS/MS for quantitative proteomics of yeast, leading to the 

identification of over 3,000 proteins. [15] A 1.5-mg yeast digest was used as the starting 

material and the sample loading volume for CZE-MS/MS was 40 nL. Very recently, Faserl et 
al. approached 6,000 protein IDs from a human cell line proteome digest by RPLC 

prefractionation and sequential sample injection based CZE-MS/MS with 2 mg of peptides 

as the starting material. [21] The sample loading volume of CZE-MS/MS was 25 nL.

In order to further improve the CZE-MS/MS for significantly deeper proteome coverage 

with a reasonable mass of initial protein material, we need to improve the sample loading 

volume of CZE-MS/MS and meantime boost the overall peak capacity of the system. The 

improvement in both sample loading volume and peak capacity can evidently benefit the 

identification of low abundant proteins. Recently, we showed that dynamic pH junction 

based CZE-MS/MS could approach both micro-liter scale sample loading volume and high 

peak capacity (up to 380) for analysis of complex peptide or protein mixtures. [22,23] In this 

work, we coupled online strong cation exchange (SCX)-RPLC prefractionation to the 

dynamic pH junction based CZE-MS/MS for deep bottom-up proteomics. The orthogonal 

SCX-RPLC-CZE platform approached very high peak capacity (~7,000). Because of the 

high peak capacity and the large sample loading volume of CZE (~0.5 μL per run), the SCX-

RPLC-CZE-MS/MS system identified 8,200 protein groups and 65,000 unique peptides 

from a mouse brain proteome digest.

2. Experimental section

2.1 Reagents and chemicals

See supporting material I for details.

2.2 Preparation of the linear polyacrylamide-coated capillary for CZE

The inner wall of the separation capillaries for CZE was coated with linear polyacrylamide 

(LPA) based on references [22] and [24] in order to reduce the electroosmotic flow (EOF). 
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The detailed protocol was described in supporting material I. After that, one end of the LPA-

coated capillary was etched with hydrofluoric acid (HF) to reduce its outer diameter to ~70 

μm based on the protocol in reference [14]. The LPA-coated capillary was stored at room 

temperature before use.

2.3 Sample preparation

See supporting material I for details.

2.4 Online SCX-RPLC fractionation of a mouse brain proteome digest

An Agilent Infinity II HPLC system with a quaternary pump was used for the experiment. A 

SCX trap column (Zorbax 300SCX, 4.6 mm i.d. × 12.5 mm length, 5 μm particles, Agilent 

Technologies) and a C18 RP column (Zorbax 300Extend-C18, 2.1 mm i.d. × 150 mm length, 

3.5 μm particles, Agilent Technologies) were directly connected with a PEEK tubing and 

two fittings for online 2D-LC separation. 0.1% formic acid (FA) in water (mobile phase A), 

0.1% FA in acetonitrile (ACN) (mobile phase B) and 890 mM ammonium acetate solution 

(pH=2.88) (mobile phase C) were used for separation. Mobile phase A and C were used for 

generation of different salt concentration for step-wise elution of peptides from the SCX 

column to the RPLC column. Mobile phase A and B were used for gradient separation of 

peptides with RPLC.

A 500-μg mouse brain proteome digest dissolved in mobile phase A were injected into a 

sample loop and loaded onto the SCX column by pushing the sample through the system 

with mobile phase A at 0.3 mL/min flow rate for 5 min. The peptides trapped on the SCX 

column were eluted in a step-wise fashion with different concentration of ammonium acetate 

for 20 min at a flow rate of 0.3 mL/min. After each salt step elution, the eluted peptides from 

the SCX were captured on the RPLC column, followed by RPLC gradient separation at 0.3 

mL/min for 90 min: 0–20 min, 2%B; 20–22 min, 2–6%B; 22–67 min, 6–40%B; 67–72 min, 

40–80% B; 72–77 min, 80%B; 77–80 min, 80-2%B; 80–90 min, 2%B. 40 fractions were 

collected for each RPLC run from 25 min to 71 min. From 25–31 min and from 65–71 min, 

we collected each fraction every 2 min; from 31 min to 65 min, we collected one fraction per 

min. We named the fractions based on the order of retention time from 1 to 40. Then we 

combined the fraction N and fraction N+20 to generate 20 fractions.

We performed two SCX-RPLC fractionation experiments. In the first experiment, we eluted 

the peptides from SCX with three different concentration of ammonium acetate: 150 mM, 

350 mM, and 890 mM. In total, we got 60 SCX-RPLC fractions (3 salt steps× 20 fractions/

salt step) from this experiment. In the second experiment, we used two salt steps for peptide 

elution from the SCX with salt concentration as 250 mM and 890 mM. In total, we collected 

40 fractions for the second experiment. All of the collected fractions were lyophilized and 

stored at −80 °C for the following CZE-MS/MS experiments.

2.5 High-pH RPLC fractionation of the mouse brain proteome digest

The same Agilent Infinity II HPLC system was used for high pH RPLC fractionation. A C18 

RP column (Zorbax 300Extend-C18, 2.1 mm i.d. × 150 mm length, 3.5 μm particles, Agilent 

Technologies) was used for separation. Mobile phase A (5 mM ammonium bicarbonate in 
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water, pH 9) and mobile phase B (5 mM ammonium bicarbonate in 80% ACN, pH 9) were 

used to generate a gradient for peptide separation.

500-μg mouse brain proteome digest was injected onto the RP column for the experiment. 

The flow rate was 0.3 mL/min. The gradient was as follow: 0–5 min, 2% B; 5–7 min, 2–10% 

B; 7–67 min, 10–50% B; 67–69 min, 50–100 % B; 69–79 min, 100% B; 79–80 min, 100-2% 

B; 80–90 min, 2% B. In total, 60 fractions were collected from 7 min to 67 min, one fraction 

per min. We named the fractions based on the order of retention time from 1 to 60. Then we 

combined the fraction N and fraction N+30 to generate 30 fractions. Those fractions were 

then lyophilized and stored at −80 °C for low pH RPLC-MS/MS.

2.6 CZE-ESI-MS/MS

For CZE-ESI-MS/MS, a commercialized electro-kinetically pumped sheath flow CE-MS 

interface (CMP Scientific, Brooklyn NY) was employed for coupling CZE to MS. [25,26] 

An ECE-001 CE autosampler (CMP Scientific) was used for the automated operation of 

CZE. The ESI emitter was pulled from a borosilicate glass capillary (1.0 mm o.d., 0.75 mm 

i.d.) with a Sutter P-1000 flaming/brown micropipette puller. The orifice of the ESI emitter 

was 20–40 μm. The background electrolyte (BGE) was 5% (v/v) acetic acid (AA) with pH 

2.4 and the sheath buffer was 0.2% (v/v) FA containing 10% (v/v) methanol. The etched end 

of the separation capillary was introduced into the ESI emitter, and the distance between the 

end of the capillary and the orifice of the ESI emitter was ~300 μm. The distance between 

the orifice of the emitter and the inlet of the mass spectrometer was ~2.0 mm. The voltage 

applied to the sample injection end of the capillary was 30 kV and ~2.2 kV was applied at 

the interface for ESI.

The 60 SCX-RPLC fractions from the three salt step experiment were dissolved in 4 μL of 

10 mM ammonium bicarbonate (pH 8.0) for CZE-MS/MS. A 71-cm LPA-coated capillary 

(50-μm i.d., 360-μm o.d.) was used for CZE. Each fraction was injected into the capillary 

with 5-psi pressure for 63 s, corresponding to about 500-nL sample injection volume. After 

that, 30 kV was applied at the injection end for CZE separation for 50 min, followed by 

capillary flushing with BGE using 10 psi for 10 min. The 20 fractions from the second salt 

step (350 mM ammonium acetate) were further diluted from ~3.5 μL to 6 μL with 50 mM 

ammonium bicarbonate (pH 8). From those 20 fractions, we performed CZE-MS/MS 

analysis again using a 92-cm long LPA-coated capillary (50-μm i.d., 360-μm o.d.). For those 

analyses, 5 psi for 87 s was used for sample injection, corresponding to ~500-nL sample 

injection volume. The separation was performed with 30-kV voltage for 90 min, followed by 

BGE flushing with 10 psi for 15 min.

The 40 SCX-RPLC fractions from the two salt step experiment were dissolved in 4 μL of 50 

mM ammonium bicarbonate (pH 8). A 94-cm long LPA-coated capillary (50-μm i.d., 360-

μm o.d.) was used for CZE. The sample was injected into the capillary using 5 psi for 92 s, 

corresponding to about 500-nL sample injection volume. Next, 30 kV was applied at the 

injection end for separation for 92 min, followed by BGE flushing with 10 psi for 13 min.

A Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) was used for all of the 

experiments. A Top10 data-dependent acquisition (DDA) method was used. The mass 
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resolution was set to 60,000 (at m/z 200) for both full MS scans and MS/MS scans. For full 

MS scans, the target value was 3E6, the maximum injection time was 50 ms and the scan 

range was 300 to 1500 m/z. For MS/MS scans, the target value was 1E5 and the maximum 

injection time was 110 ms. The ten most abundant ions in an MS spectrum with intensity 

higher than 1E5 were sequentially isolated in the quadrupole with isolation window as 2 

m/z, followed by fragmentation in the higher energy collisional induced dissociation (HCD) 

cell with a normalized collision energy as 28%. Dynamic exclusion was applied and it was 

set to 30 s. Only ions with charge state as two or higher were considered for fragmentation.

2.7 RPLC-ESI-MS/MS

The 30 high-pH RPLC fractions were subjected to low pH RPLC-ESI-MS/MS analysis. An 

EASY-nLC™ 1200 system (Thermo Fisher Scientific) was used for RPLC separation. Each 

fraction was dissolved in 10 μL of 0.1% (v/v) FA and 2% (v/v) ACN. 3 μL of the sample 

was loaded onto a C18 pre-column (Acclaim PrepMapTM 100, 75-μm i.d. × 2 cm, 

nanoviper, 3 μm particles, 100 Å, Thermo Scientific). Then, the peptides were separated on a 

C18 separation column (Acclaim PrepMapTM 100, 75-μm i.d. × 50 cm, nanoviper, 2 μm 

particles, 100 Å, Thermo Scientific) at a flow rate of 200 nL/min. Mobile phase A (2% (v/v) 

ACN in water containing 0.1% (v/v) FA) and mobile phase B (80% (v/v) ACN and 0.1% 

(v/v) FA) was used to generate the gradient for separation. For separation, a 90-min gradient 

was used: 0–70 min, 8–40% B; 70–72 min, 40–100% B; 72–90 min, 100% B. The LC 

system required another 30 min for column equilibration between runs. Therefore, one LC-

MS run required about 2 h.

The same Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) was used for the 

RPLC-MS/MS experiments. The spray voltage was set to 1.8 kV. The other detailed 

parameters were the same as CZE-MS/MS described above.

2.8 Data analysis

Proteome Discoverer 2.1 software (Thermo Fisher Scientific) was used for analyses of RAW 

files. Sequest HT database search engine was used for database search. The mouse proteome 

database (UP000000589) downloaded from UniProt (http://www.uniprot.org/) was used as 

the database. Both the forward and reversed databases were used for database search in order 

to evaluate the false discovery rates (FDRs). [27,28] The enzyme was set as trypsin. The 

maximum number of missed cleavages was set as 2. The mass tolerance of precursor ions 

and fragment ions were set as 20 ppm and 0.05 Da, respectively. Oxidation (methionine) and 

deamination (Asparagine or Glutamine) were chosen as the dynamic modifications. The 

carbamidomethylation (cysteine) was set as the static modification. The peptide IDs were 

filtered with peptide confidence as high, corresponding to less than 1% FDR. Protein 

grouping was enabled, and the strict parsimony principle was applied.

The grand average of hydropathy (GARVY) value of peptides was calculated with GARVY 

Calculator (http://www.gravy-calculator.de/). Isoelectric points (pIs) of peptides were 

calculated using the “Compute pI/Mw” tool in ExPASy (http://web.expasy.org/compute_pi/). 

The gene ontology (GO) information of proteins was observed using the DAVID 

bioinformatics resources 6.8 (https://david.ncifcrf.gov/). [29,30]
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3. Results and discussion

As shown in Fig. 1, proteins were extracted from mouse brains and were digested into 

peptides with trypsin based on the filter-aided sample preparation (FASP) method.[31] Three 

aliquots of mouse brain digests (500-μg peptides/aliquot) were used for prefractionation and 

MS/MS analysis. Two aliquots were fractionated by online SCX-RPLC. The peptides were 

trapped on an SCX trap column first, followed by step-wise elution from the SCX trap 

column to the RPLC column using three or two salt steps. The eluates were further separated 

by RPLC. In total, 60 fractions were collected from the three-salt-step SCX-RPLC 

experiment and 40 fractions were collected from the two-salt-step experiment. All of the 

fractions were analyzed by the CZE-MS/MS in 60 h (for the three-salt- step experiment) and 

70 h (for the two-salt-step experiment). The dynamic pH junction method was used for on-

line stacking of peptides to improve the sample loading capacity of CZE.[32,33] The sample 

loading volume for each CZE-MS/MS run was about 500 nL. The third aliquot of the mouse 

brain digest was fractionated by high-pH RPLC into 30 fractions, and those fractions were 

analyzed by low-pH RPLC-MS/MS in 60 h.

3.1. SCX-RPLC-CZE-MS/MS for deep bottom-up proteomics of the mouse brain

Fig. 2 presents the results from the mouse brain proteome digest using SCX-RPLC-CZE-

MS/MS with three-salt-step elution (150 mM, 350 mM and 890 mM ammonium acetate, pH 

2.88). The 60 SCX-RPLC fractions were analyzed by CZE-MS/MS with a 71-cm LPA-

coated separation capillary in 60 h (1 h/fraction), leading to the identification of over 7,000 

protein groups and 40,000 unique peptides, Fig. 2A. The LC fractions from the second salt 

step (350 mM) made a significantly higher contribution to the overall peptide IDs than those 

from other two salt steps. We made two conclusions based on this preliminary experiment. 

First, we should be able to boost the overall protein/peptide IDs via improving the analyses 

of the twenty fractions from the 350-mM salt step. Second, we need to change the 

concentration of the ammonium acetate for peptide elution from SCX in the following 

experiments to maximize the protein/peptide IDs.

We further analyzed the twenty LC fractions from the 350-mM salt step with CZE-MS/MS 

based on a much longer LPA-coated separation capillary (92 cm vs. 71 cm). The long 

separation capillary produced much more protein group and unique peptide IDs than the 

short capillary, Fig. 2B, boosting the protein group and unique peptide IDs from 6,000 to 

7,100 and from about 27,000 to over 35,000, respectively. The improvement in protein and 

peptide IDs is most likely due to the much wider separation window from the long 

separation capillary (55 min vs. 30 min), leading to more tandem mass spectra. As shown in 

Fig. 2C, the CZE-MS system using the long separation capillary produced reasonably 

narrow peaks of peptides with the full width at half maximum (FWHM) ranging from 7.2 s 

to 36 s. The number of theoretical plates, on average, was around 240,000. The peak 

capacity of the CZE-MS run in Fig. 2C was estimated to be around 170 based on the FWHM 

of the three selected peptides. We decided to use the long separation capillary-based CZE-

MS/MS for following experiments due to the much better protein/peptide IDs, although the 

long separation capillary required a longer time for each CZE-MS/MS run compared with 

the short capillary (1.75 h vs. 1 h).
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Next, we tried to improve the overall protein/peptide IDs via changing the concentration of 

the ammonium acetate for peptide elution from SCX based on the preliminary data from the 

three-salt-step experiment. We fractionated another 500-μg mouse brain peptides with SCX-

RPLC into 40 fractions based on two salt steps (250 mM and 890 mM ammonium acetate, 

pH 2.88). The SCX-RPLC fractions were analyzed by CZE-MS/MS with a 94-cm separation 

capillary in 70 h (1.75 h/fraction). We increased the concentration of ammonium bicarbonate 

(pH 8.0) in the sample buffer from 10 mM to 50 mM in order to improve the stacking 

performance of the dynamic pH junction method. [22,23,34] As shown in Fig. 3, the first 

and second salt steps made comparable contributions to the overall unique peptide IDs. In 

total, the platform identified nearly 8,200 protein groups and 65,000 unique peptides from 

the mouse brain proteome (Fig. 3), representing the largest proteomics dataset using CZE-

MS/MS. CZE-MS/MS analysis of the fractions from the first salt step alone produced nearly 

7,000 protein group IDs in 35 h. The data clearly suggest that CZE-MS/MS has the 

capability for deep sequencing of complex proteomes.

We attributed the large numbers of protein and peptide IDs from the experiment to two main 

reasons. First, the CZE-MS/MS system was capable of loading over 10% of the analytes in 

each LC fraction for analysis based on the dynamic pH junction stacking, 500 nL injection 

volume vs. 4 μL total sample volume. The large sample loading volume guaranteed the 

identification of low abundant proteins in the sample. Second, the SCX, RPLC, and CZE are 

orthogonal for separation of peptides based on their charge, hydrophobicity, and size-to-

charge ratio. The orthogonal three-dimensional separation platform produced high peak 

capacity. We chose five CZE-MS runs and calculated their peak capacity based on five 

randomly chosen peptides with medium abundance. The peak capacity per CZE-MS run 

ranged from 175 to 250 based on the FWHM of those five peptides. Therefore, we estimated 

the overall peak capacity of the SCX-RPLC-CZE platform as at least 7,000 (175 × 40 

fractions), representing the highest peak capacity of the CZE based platform until now for 

separation of a complex proteome digest.

The SCX-RPLC-CZE-MS/MS system combined the advantages of SCX, RPLC, and CZE-

MS/MS. SCX has high sample loading capacity; RPLC can desalt the peptides and provide 

high-resolution separation of peptides; CZE can easily approach high separation efficiency 

for peptides and CZE-MS/MS can provide highly sensitive identification of peptides. 

[8,10,13,14] The whole platform is straightforward and no sample cleanup is required 

between SCX-RPLC fractionation and CZE-MS/MS. In addition, the electrophoretic 

mobility of peptides in CZE has been predicted accurately using a simple model based on 

the size (molecular mass) and charge of peptides, [19] which is invaluable for evaluating the 

confidence of peptide ID from the database search and even guiding the database search. 

The large-scale proteomic dataset from CZE-MS/MS presented in this work will be very 

useful for further evaluating and improving the model for prediction of electrophoretic 

mobility of peptides. [19]
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3.2 Comparison of SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS for deep sequencing of the 
mouse brain proteome

Much effort has been made for comparing CZE-MS/MS and RPLC-MS/MS for bottom-up 

proteomics, and the results clearly showed the good complementarity of those two methods 

for protein/peptide ID from complex proteomes. [7–11,13,18–20,35] In general, CZE-

MS/MS tended to identify small, basic and hydrophilic peptides compared with RPLC-

MS/MS, most likely due to the relatively weak retention of those peptides on RPLC column. 

However, the highest number of protein and peptide IDs using CZE-MS/MS in those 

previous works was only about 4,000 and 20,000, respectively. It is still not clear whether 

the good complementarity between CZE- and RPLC-MS/MS in protein/peptide ID still 

exists or not for dramatically larger proteomic datasets.

Here we further employed 2D-LC-MS/MS (high pH RPLC-low pH RPLC) for deep 

sequencing of the mouse brain proteome, resulting in the identification of 8,900 protein 

groups and 70,000 unique peptides in 60 h of mass spectrometer time. The data represents 

the capability of the state-of-the-art 2D-LC-MS/MS for deep sequencing of complex 

proteomes. Our SCX-RPLC-CZE-MS/MS identified 8,200 protein groups and 65,000 

unique peptides in 70 h using the same amount of peptides as the starting material. This is 

the first time that CZE-MS/MS showed its capability to approach comparable performance 

to the state-of-the-art 2D-LC-MS/MS for deep proteomic sequencing. The lists of identified 

proteins and peptides using CZE-MS/MS and LC-MS/MS are shown in supporting material 

II. The mass spectrometry proteomics raw files have been deposited to the 

ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier 

PXD008432. [36,37]

We then compared the SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS on the scale of 8,000 

protein groups and 65,000 peptides. The two techniques had good complementarity at both 

protein and peptide levels. Combination of both techniques improved the number of protein 

group ID to over 9700, which was nearly 10% higher than that from 2D-LC-MS/MS alone. 

The two techniques had even more significant complementarity at the peptide level, Fig. 4A. 

Combining the data from those two methods resulted in the identification of over 100,000 

unique peptides, which was over 40% higher than that from 2D-LC-MS/MS alone. The 

median sequence coverage of the overlapped proteins between CZE-MS/MS and LC-

MS/MS (~7,000 proteins) was ~22% based on the LC-MS/MS data alone, and it was 

boosted to ~30% by combining CZE-MS/MS and LC-MS/MS data. The data clearly indicate 

that combination of the SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS can significantly 

improve the sequence coverages of identified proteins.

Next, we investigated the physicochemical properties of the identified peptides from the 

SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS. The SCX-RPLC-CZE-MS/MS tended to 

identify small peptides compared with 2D-LC-MS/MS, Fig. 4B and 4C. One reason is that 

those small peptides tend to have weak retention on RPLC column, and are most likely 

washed out during the sample loading step.[8] Another possible reason relates to CZE. As 

shown in Fig. 4D, larger peptides tend to have slower migration in the CZE separation 

capillary; The peptides with longer migration time tend to have wider peaks due to more 

significant diffusion in the capillary. Therefore, the relatively large peptides tend to have 
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obviously wider peaks than the small peptides in CZE, leading to a more significant overlap 

of peptide peaks and more serious ionization suppression. As shown in Fig. 4E and 4F, the 

SCX-RPLC-CZE-MS/MS also tended to identify basic peptides and hydrophilic peptides. 

Basic peptides have more positive charges in an acidic buffer than acidic peptides, and they 

are more hydrophilic. Hydrophilic peptides can not be captured and separated well on the 

RPLC column. The different prefractionation methods used in those two platforms (SCX-

RPLC vs. high pH RPLC) might also contribute to the differences in peptide IDs. In 

summary, the SCX-RPLC-CZE-MS/MS tended to identify small, basic and hydrophilic 

peptides, which agreed well with the data in the literature. [8,10,11,19,35]

We also compared the identified proteins using SCX-RPLC-CZE-MS/MS and 2D-LC-

MS/MS in terms of their gene ontology (GO) information. When we performed the 

comparison based on all of the identified proteins, we observed that those two platforms 

agreed well in GO information of identified proteins, Fig. S1 in supporting material I. We 

further performed a biological process enrichment analysis of the genes that were uniquely 

identified by the SCX-RPLC-CZE-MS/MS (847 genes) or 2D-LC-MS/MS (1,476 genes). 

Those genes are listed in supporting material II. Surprisingly, we observed that those 

uniquely identified genes from those two platforms had dramatically different biological 

process enrichment profiles. The genes uniquely identified by the SCX-RPLC-CZE-MS/MS 

were enriched in potassium ion transmembrane transport, regulation of angiogenesis, bone 

development, covalent chromatin modification, and positive regulation of I-kappaB 

kinase/NF-kappaB signaling. The genes uniquely identified by 2D-LC-MS/MS were 

enriched in the regulation of gene expression, ribosome biogenesis, DNA methylation, 

nucleosome assembly, transcription, and rRNA processing. The results clearly suggest that 

combination of SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS not only can boost the 

sequence coverage of proteins but also can improve our ability for more comprehensive 

characterization of biological processes in cells.

4. Conclusions

In this work, for the first time, we established an SCX-RPLC-CZE-MS/MS platform for 

deep bottom-up proteomics, leading to the identification of 8,200 protein groups and 65,000 

unique peptides from a mouse brain proteome digest. The data represents the largest bottom-

up proteomics dataset using CZE-MS/MS. The orthogonal SCX-RPLC-CZE platform 

produced a high peak capacity as ~7,000, representing the highest peak capacity of the CZE 

based platform until now for separation of a complex proteome digest. The SCX-RPLC-

CZE-MS/MS and the state-of-the-art 2D-LC-MS/MS showed good complementarity in 

protein and peptide IDs based on the comparisons performed on the scale of 8,000 proteins 

and 65,000 unique peptides.

We expect that the number of protein/peptide IDs from complex proteomes using the SCX-

RPLC-CZE-MS/MS platform can be further significantly improved via simply increasing 

the number of SCX-RPLC fractions. In order to speed up the analysis of those large number 

of SCX-RPLC fractions, the sequential sample injection based CZE-MS/MS can be 

employed. [21,38,39].
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Highlights

• CZE-MS/MS can identify over 8,000 protein groups from a complex 

proteome.

• CZE-MS/MS and LC-MS/MS are comparable for deep proteomic 

sequencing.

• Combining CZE-MS/MS and LC-MS/MS can significantly boost the 

proteome coverage.

• The peak capacity of SCX-RPLC-CZE platform can reach ~7,000.

Chen et al. Page 14

Anal Chim Acta. Author manuscript; available in PMC 2019 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Experimental design of the work.
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Fig. 2. 
Summary of the results from the mouse brain proteome digest using SCX-RPLC-CZE-

MS/MS. Three salt steps were employed for step-wise elution of peptides from the SCX to 

the RPLC. (A) The accumulated numbers of protein group and unique peptide IDs vs. the 

number of fractions. A 71-cm separation capillary was used for CZE-MS/MS. (B) 

Comparison of the number of protein group and unique peptide IDs from the twenty LC 

fractions corresponding to the second salt step analyzed by the CZE-MS/MS with a 71-cm 

separation capillary (short) or a 92-cm separation capillary (long). (C) An electropherogram 

of one SCX-RPLC fraction analyzed by CZE-MS/MS with the 92-cm separation capillary. 

The migration time and the full width at half maximum (FWHM) of three peptides were 

shown in the figure.
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Fig. 3. 
The accumulated numbers of protein group and unique peptide IDs from the mouse brain 

proteome digest vs. the number of SCX-RPLC fractions. Two salt steps were employed for 

step-wise elution of peptides from the SCX to the RPLC. CZE-MS/MS with a 94-cm 

separation capillary was used for analysis of the 40 SCX-RPLC fractions.
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Fig. 4. 
Comparison of SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS in terms of the identified 

peptides from the mouse brain proteome digest. (A) Overlap of identified peptides. (B) 

Cumulative distribution of molecular weight (MW) of identified peptides. (C) Bar graph of 

the MW distribution of the identified peptides. (D) Correlation between migration time and 

MW, migration time and FWHM of identified peptides from one random CZE-MS run. The 

FWHM of peptides at the three different migration time were calculated based on five 

randomly chosen peptides. The mean and the standard deviations of the FWHM of those five 

peptides were shown in the figure. (E) Cumulative distribution of the isoelectric point (pI) of 

identified peptides. (F) Cumulative distribution of the grand average of hydropathy 

(GRAVY) value of the identified peptides. Negative GRAVY values indicate hydrophilic; 

Positive GRAVY values signify hydrophobic.
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