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Abstract

Capillary zone electrophoresis-electrospray ionization-tandem mass spectrometry (CZE-ESI-
MS/MS) has been recognized as an invaluable platform for top-down proteomics. However, the
scale of top-down proteomics using CZE-MS/MS is still limited due to the low loading capacity
and narrow separation window of CZE. In this work, for the first time we systematically evaluated
the dynamic pH junction method for focusing of intact proteins during CZE-MS. The optimized
dynamic pH junction based CZE-MS/MS approached 1-pL loading capacity, 90-min separation
window and high peak capacity (~280) for characterization of an Escherichia coli proteome. The
results represent the largest loading capacity and the highest peak capacity of CZE for top-down
characterization of complex proteomes. Single-shot CZE-MS/MS identified about 2,800
proteoform-spectrum matches, nearly 600 proteoforms, and 200 proteins from the Escherichia coli
proteome with spectrum-level false discovery rate (FDR) less than 1%. The number of identified
proteoforms in this work is over three times higher than that in previous single-shot CZE-MS/MS
studies. Truncations, N-terminal methionine excision, signal peptide removal and some post-
translational modifications including oxidation and acetylation were detected.
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Introduction

Capillary zone electrophoresis (CZE)-electrospray ionization (ESI)-mass spectrometry (MS)
has been well recognized for characterization of intact proteins due to its high separation
efficiency.[-4] CZE-ESI-MS/MS has been suggested as an alternative to widely used
reversed-phase liquid chromatography (RPLC)-ESI-MS/MS for top-down proteomics. [5-15]

CZE-MS/MS has been evaluated for top-down characterization of intact proteins for over 20
years ago. In 1996, Valaskovic et a/. developed a CZE-ESI-MS/MS platform for
characterization of attomole amounts of intact proteins, and identified carbonic anhydrase in
crude extract of human red blood cells by sequence-specific fragment ions. 51 However, the
CZE-MS interface used in that work had limited lifetime and robustness, which impeded the
wide application of the platform for top-down proteomics. An electrokinetically pumped
sheath flow CE-MS interface with good sensitivity and robustness was developed by
Dovichi group in 2010.11¢] Sun er a/. demonstrated fast, reproducible and sensitive
characterization of intact proteins with the electrokinetically pumped sheath flow interface
based CZE-MS/MS. 8] Later, Zhao er al. further applied the CZE-MS/MS system for top-
down proteomics of Mycobacterium marinum secretome and yeast proteome.!”- 81 Coupling
offline RPLC fractionation to CZE-MS/MS identified 580 proteoforms from a yeast lysate.
In total, 23 RPLC fractions were analyzed by CZE-MS/MS and up to 180 proteoforms could
be identified with single-shot CZE-MS/MS. [8] Li et a/. developed a CZE-MS system based
on the electrokinetically pumped sheath flow interface and applied the system to a complex
proteome sample for characterization of large proteins (30-80 kDa), resulting in
identification of 30 proteins in the mass range of 30-80 kDa. [°]

A sheathless CE-MS interface using a porous tip for ESI was developed by the Moini group
in 2007 and showed great sensitivity and robustness.[17] Han et a/. employed the sheathless
interface based CZE-MS/MS for top-down proteomics of a Pyrococcus furiosus lysate,
resulting in identification of 291 proteoforms with RPLC fractionation and CZE-MS/

MS. [10] Han er a/. also characterized the Dam1 protein complex using the sheathless
interface based CZE-MS. Their results showed that CZE-MS approached complete
characterization of the protein complex with 100-times less sample consumption compared
to RPLC-MS.[11] Sensitive and comprehensive characterization of intact pharmaceutical
proteins via the sheathless interface based CZE-MS has been demonstrated recently, thus
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leading to detection of over 250 different isoforms of recombinant human erythropoietin[12]
and 138 proteoforms from recombinant human interferon-g1.[13] The sheathless interface
based CZE-MS has also been applied for characterization of intact histones by the Lindner
group.[14.15]

The current CZE-MS interfaces are robust and sensitive, enabling CZE-MS/MS to be used
for top-down proteomics. However, two issues remain for CZE-MS/MS based top-down
proteomics. First, the largest sample loading capacity of CZE-MS/MS systems reported in
the literature for top-down proteomics is only about 200 nL.[8:10] The low sample loading
capacity impedes identification of low abundant proteoforms from complex proteome
samples. Second, the reported separation window of CZE-MS/MS systems for top-down
proteomics is roughly 30 min.[8:1%] The narrow separation window limits the number of
MS/MS spectra acquired during one experiment, which restricts the number of proteoform
identifications (IDs) from CZE-MS/MS. Capillary isoelectric focusing (clEF)-MS is a
promising technique for large-scale top-down proteomics due to its large sample loading
capacity and high resolution for separation of intact proteins. The Smith group evaluated
clEF-MS for top-down characterization of complex proteomes over one decade ago. [18:19]
However, coupling clEF to MS is still not straightforward, which hinders its wide
application for top-down proteomics.

In order to improve the sample loading capacity and separation window of CZE-MS, our
group recently systematically evaluated a dynamic pH junction based CZE-MS/MS system
for bottom-up proteomics. We observed a 140-min separation window and a micro-liter
scale sample loading capacity using the CZE-MS/MS system for analysis of complex
proteome digests.[29] Dynamic pH junction is a simple method for sample stacking in
CZE.[21.22] For instance, sample is dissolved in a basic buffer (e.g., ammonium bicarbonate,
pH 8) and the background electrolyte (BGE) is acidic (e.g., 0.1% (v/v) formic acid, pH 2.8).
The capillary is first filled with BGE, and then a long plug of sample is injected into the
separation capillary via applying pressure. After that, both ends of the separation capillary
are immersed in the BGE vials. Two pH boundaries exist at the two junctions of the BGE
and the sample, one at the injection end (pH boundary 1) and the other one inside the
capillary (pH boundary I1). When a positive high voltage is applied at the injection end of
the separation capillary, the hydrogen positive ions in the BGE vial will migrate into the
capillary and titrate the sample zone, which makes the pH boundary | slowly move toward
the pH boundary Il. In the meantime, the negatively charged analytes in the sample zone
migrate toward the injection end of the capillary, and they are focused at the moving pH
boundary 1.123-26] After those two pH boundaries meet, isotachophoresis (ITP) plays a role
for stacking the analytes with NH,* as the leading ion, followed by the typical CZE.[23]

Although dynamic pH junction has been widely used for concentration of small molecules
and peptides, it has not been thoroughly investigated for concentration of intact proteins for
top-down proteomics. To our best knowledge, there is only one published paper in the
literature about using dynamic pH junction based CZE-MS/MS for large-scale top-down
proteomics. Zhao et al. performed top-down proteomics of a yeast lysate using dynamic pH
junction based CZE-MS/MS.[8] They used 5 mM ammonium bicarbonate (pH 8) as the
sample buffer and 5% (v/v) acetic acid (pH 2.4) as the BGE. 100-240 nL of the sample was
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injected for CZE-MS/MS analysis. The separation window and peak capacity of the
dynamic pH junction based CZE-MS/MS system was roughly 30 min and less than 100,
respectively.[8] In this work, for the first time dynamic pH junction based CZE-MS was
systematically evaluated for concentration and separation of proteins. We applied the
optimized CZE-MS/MS system for top-down proteomic analysis of Escherichia coli, thus
leading to micro-liter scale loading capacity, 90-min separation window, high peak capacity
(~280) and nearly 600 proteoform 1Ds with single-shot CZE-MS/MS.

Experimental section

Materials and Reagents

See Supporting Information | for details.

Sample Preparation

A mixture of standard proteins consisting of lysozyme (14.3 kDa, pl 11.0, 0.1 mg/mL),
cytochrome ¢ (Cyto.c, 12 kDa, pl 10.0, 0.1 mg/mL), myoglobin (16.9 kDa, pl 7.0, 0.1 mg/
mL), p-casein (24 kDa, pl 4.5, 0.4 mg/mL), carbonic anhydrase (CA, 29 kDa, pl 5.1, 0.5
mg/mL) and bovine serum albumin (BSA, 66.5 kDa, pl 5.0, 1.0 mg/mL) was prepared in
LC/MS grade water and used as a stock solution. The stock solution was diluted
appropriately with different buffers for various experiments. The details for preparation of
Escherichia coli (E.coli, strain K-12 substrain MG1655) samples are described in Supporting
Information 1.

CZE-ESI-MS/MS

An automated CZE-ESI-MS system was used in the experiments. The system contained an
ECE-001 CE autosampler and a commercialized electro-kinetically pumped sheath flow CE
-MS interface from CMP Scientific (Brooklyn, NY).[16:27] The CE system was coupled to a
LTQ-XL or a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific).

A fused silica capillary (50 pm i.d., 360 um o.d., 1 meter long) was used for CZE separation.
The inner wall of the capillary was coated with linear polyacrylamide (LPA) based on
references [20] and [28]. One end of the capillary was etched with hydrofluoric acid based
on reference [29] to reduce the outer diameter of the capillary. (Caution. use appropriate
safety procedures while handling hydrofiluoric acid solutions.) Different BGEs were used for
CZE, including 5-10% (v/v) acetic acid and 0.1-0.5% (v/v) formic acid. The sheath buffer
was 0.2% (v/v) formic acid containing 10% (v/v) methanol. Sample injection was carried
out by applying pressure (5-10 psi) at the sample injection end and the injection periods
were calculated based on the Poiseuille’s law for different sample loading volume. High
voltage (30 or 20 kV) was applied at the injection end of the separation capillary for
separation and 2—2.2 kV was applied for ESI. At the end of each CZE-MS run, we flushed
the capillary with BGE by applying 5-psi pressure for 10 min. The ESI emitters were pulled
from borosilicate glass capillaries (1.0 mm o.d., 0.75 mm i.d., and 10 cm length) with a
Sutter P-1000 flaming/brown micropipet puller. The opening size of the ESI emitters was
30-40 pm.
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The detailed parameters of the LTQ-XL and Q-Exactive HF mass spectrometers are
described in Supporting Information 1.

Data Analysis

The standard protein data was analyzed using Xcalibur software (Thermo Fisher Scientific)
to get intensity and migration time of proteins. The electropherograms were exported from
Xcalibur and were further formatted using Adobe Illustrator to make the final figures.

All the £.coli RAW files were analyzed with the TopFDI30! (TOP-Down Mass Spectrometry
Feature Detection) and TopPIC (TOP-Down Mass Spectrometry Based Proteoform
Identification and Characterization) pipeline.[31] TopFD is an improved version of MS-
Deconv.[32] It converts precursor and fragment isotope clusters into monoisotopic masses
and finds possible proteoform features in CZE-MS data by combining precursor isotope
clusters with similar monoisotopic masses and close migration times (the isotopic clusters
may have different charge states). The RAW files were first transferred into mzXML files
with Msconvert tool.[33] Then, spectral deconvolution was performed with TopFD to
generate msalign files. Finally, TopPIC (version 1.1.3) was used for database searching with
msalign files as input. £. coli (strain K12) UniProt database (UP000000625, 4307 entries,
version June 7, 2017) was used for database search. The spectrum-Ilevel false discovery rate
(FDR) was estimated using the target-decoy approach. [34] Cysteine carbamidomethylation
was set as a fixed modification, and the maximum number of unexpected modifications was
2. The precursor and fragment mass error tolerances were 15 ppm. The maximum mass shift
of unknown modifications was 500 Da, and the identified proteoform-spectrum matches
(PrSMs) were filtered with a 1% FDR at the spectrum level. In order to reduce the
redundancy of proteoform identifications, we considered the proteoforms identified by
multiple spectra as one proteoform ID if those spectra correspond to the same proteoform
feature reported by TopFD or those proteoforms are from the same protein and have similar
precursor masses (within 1.2 Da).

Results and discussion

In order to approach large-scale top-down proteomics using CZE-MS/MS, the sample
loading capacity and the separation window of CZE need to be improved for
characterization of complex proteomes. We recently showed that dynamic pH junction based
CZE-MS could reach microliter-scale sample loading capacity and 140-min separation
window simultaneously for analysis of complex peptide mixtures. [20] We speculated that the
dynamic pH junction based CZE-MS should also work for characterization of complex
mixtures of intact proteins. To test our speculation, we first investigated the performance of
dynamic pH junction based CZE-MS using a mixture of six standard proteins across a wide
range of sample injection volumes (50-500 nL). The dynamic pH junction method was
compared with the field enhanced sample stacking (FESS) method, which is another widely
used sample-stacking method of CZE. [6:35:36] We then optimized the dynamic pH junction
based CZE-MS, and applied the optimized system for top-down proteomics of an E. coli
proteome.
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Comparison of dynamic pH junction and FESS methods

We compared the performance of dynamic pH junction method and FESS method for
concentrating intact proteins during CZE-MS across four different sample injection volumes
that were 50 nL (2.5% of the total capillary volume), 100 nL (5% of the total capillary
volume), 200 nL (10% of the total capillary volume), and 500 nL (25% of the total capillary
volume). The stock solution of the standard protein mixture was diluted by a factor of two
for the experiments. The sample was finally dissolved in 5% (v/v) acetic acid (BGE) for
control, 2.5% (v/v) acetic acid in water containing 35% (v/v) acetonitrile (lower conductivity
than BGE) for FESS, and 10 mM NH4HCO3 (pH 8.0) for dynamic pH junction. The protein
sample contained six different standard proteins with varied molecular weights (12—66 kDa)
and isoelectric points (pl 4.5-11). The BGE was 5% (v/v) acetic acid (pH 2.4). Choices for
the BGE and the sample buffer for dynamic pH junction method was based on references [8]
and [20].

Figure 1 summarizes the results of the comparison experiments. Figure 1A-1C shows the
change of protein intensity as a function of sample injection volume for control (A), FESS
(B) and dynamic pH junction (C) methods. All of the protein intensity were obtained from
the extracted ion electropherograms (EIEs) of the protein mixture. The m/z used for
extraction of protein peaks are presented in the legend of Figure 1. Figure 1D shows the
EIEs of the mixture of standard proteins from control, FESS and dynamic pH junction
experiments with 500-nL sample injection. We detected BSA in all of the experiments,
however, its signal-to-noise ratio was low due to its large molecular weight. Therefore, we
did not extract the peak of BSA for comparison.

As shown in Figure 1A (control), the intensity of proteins (except lysozyme) reasonably
increased as the injection volume increased from 50 nL to 100 nL. On average, the increase
of intensity of the five proteins was about two times. The intensity of proteins (except cyto.c)
were reasonably consistent when the injection volume increased from 100 nL to 500 nL. On
average, the change of intensity of the five proteins was less than 10%. We noted that the
intensity of cyto.c from 500-nL sample injection was significantly lower than that from 100-
nL sample injection, which was most likely due to the electrospray ionization suppression
from BSA. BSA and cyto.c were partially separated by CZE with 100-nL sample injection,
but they co-migrated out of the separation capillary when the sample injection volume
increased to 500 nL.

As shown in Figure 1B (FESS), on average, the protein intensity increased roughly by two
times when the injection volume increased from 50 nL to 100 nL. We observed reasonably
steady intensity of proteins (except cyto.c) when the sample injection volume increased from
100 nL to 500 nL. On average, the increase of protein intensity was only around 20%. The
data indicated that FESS method could not efficiently concentrate protein molecules when
the sample injection volume was higher than 100 nL, corresponding to 5% of the total
capillary volume. We noted that the intensity of cyto.c declined significantly, which is also
due to the ionization suppression from BSA mentioned in the previous paragraph. We also
noted that the protein intensity from FESS method was, on average, 2-3 times higher than
that from control with the same sample injection volume, which is due to the stacking
performance of FESS. As shown in Figure 1D, the protein intensity from FESS was much
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higher than that from the control. In addition, FESS method yielded much better separation
of proteins than the control, which is also due to its concentration performance. Lysozyme,
cyto.c, myoglobin and CA showed poor separation in control experiments using the 500-nL
sample injection. In contrast, the FESS experiments demonstrated reasonable separation, and
produced much higher separation efficiency than control. For example, the number of
theoretical plates of myoglobin was less than 400 for control and around 6,600 for FESS
with 500-nL sample injection.

As shown in Figure 1C (dynamic pH junction), we observed significant increase in intensity
for all five proteins when the injection volume increased from 50 nL to 100 nL. On average,
the protein intensity increase was about 2 times. We still observed signicant protein intensity
increase when the sample injection volume changed from 100 nL to 500 nL. On average, the
intensity of proteins from 500 nL sample injection were about 2 times higher than that from
100 nL sample injection. The result demonstrated that the dynamic pH junction method
could efficiently concentrate protein molecules with even 500 nL sample injection volume,
which corresponded to 25% of the total capillary volume. On average, the intensity of the
five proteins from dynamic pH junction experiments were comparable to that from FESS
experiments with the same sample injection volume that was 50, 100 or 200 nL. However,
on average, the intensity of those proteins was improved by 80% using dynamic pH junction
method compared with FESS method with 500-nL sample injection. As shown in Figure 1D,
dynamic pH junction method also produced better separation of proteins than FESS method.
Myoglobin and CA could only be partially separated with FESS method (R=1); they could
be baseline separated with dynamic pH junction method (R=1.6). In addition, three forms of
B-casein [6:37] having different masses were well separated with dynamic pH junction
method; they could not be separated from each other with FESS method. The mass of those
three p-casein forms were 23,983 Da (e3), 24,022 Da (e2) and 24,092 Da (el), which were
manually calculated based on the most abundant isotope peaks of those forms at charge +23.
We noted that the calculated mass of those three forms were different from those reported in
reference [6], which were the monoisotopic masses of those three forms exported from MS-
Deconv software.[32] Finally, dynamic pH junction method generated better separation
efficiency than FESS method. For example, the number of theoretical plates of myoglobin
was 6,600 for FESS and 23,000 for dynamic pH junction. Overall, dynamic pH junction
method outperformed the FESS method for characterization of proteins with 500-nL sample
injection, and it was used for the following experiments.

We performed a calibration-curve experiment with the dynamic pH junction based CZE-MS,
Figure S1 in Supporting Information I. The stock solution of the standard protein mixture
was diluted with NH4HCO3 buffers by four different dilution factors that were 2, 6, 18 and
54, respectively. All of the dilute samples were dissolved in 10 mM NH4HCO3 (pH 8.0).
The sample injection volume was 500 nL per CZE-MS run. We chose three proteins
(lysozyme, CA and myoglobin) for the calibration curve and those proteins were detected
and well separated in all the CZE-MS runs. Good linear correlations (r=0.96-0.99) were
observed between protein concentration and protein intensity for all of the three proteins
across nearly 30-times concentration range. The results indicate that the dynamic pH
junction based CZE-MS is quantitative and has the potential for quantitative top-down
proteomics.
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Optimization of the dynamic pH junction based CZE-MS

We chose 10 mM NH4HCO3 (pH 8.0) as the sample buffer for dynamic pH junction based
CZE-MS at the beginning based on references [20] and [38]. Imami et a/. systematically
investigated the effect of the concentration of NH4HCO3 in the sample buffer on the
concentration performance of dynamic pH junction method using a peptide mixture.[2%]
They increased the concentration of NH4;HCO3 from 20 mM to 200 mM, and observed
steady increase of the peptide intensity until 200 mM, which was consistent with an ITP
mechanism. We also recognized a similar phenomenon in our recent work. [20] When we
increased the concentration of NH4HCOj3 in the sample buffer from 5 mM to 20 mM, we
observed increase of peptide intensity. Those results motivated us to try higher concentration
of NH4HCOg3 in the sample buffer. We recognized that when ITP was coupled with CZE-MS
for biomolecule analysis, the salt concentration in the sample buffer was typically 50
mM.[39-41] Therefore, we tested 50 mM NH,HCO3 (pH 8.0) as the sample buffer for
dynamic pH junction based CZE-MS using the mixture of the six standard proteins, Figure 2
and Figure S2 in Supporting Information I. The BGE was 5% (v/v) acetic acid. The stock
solution of the standard protein mixture was diluted with a NH4HCO3 buffer (pH 8.0) by a
factor of 10, and the concentration of NH4HCOj in the dilute sample was 50 mM. The dilute
sample was used for all of the following experiments.

As shown in Figure S2, all of the six proteins (lysozyme, BSA, cyto.c, myoglobin, CA and
[B-casein) in the protein mixture were well separated with 500-nL sample injection and even
1-uL sample injection, which corresponded to 50% of the total capillary volume. Figure 2
shows the corresponding EIEs of the standard protein mixture using 500-nL sample injection
(Figure 2A) and 1-pL sample injection (Figure 2B). The CZE-MS system using 50 mM
NH4HCO3 as the sample buffer produced high separation efficiency for proteins with both
500-nL and 1-pL sample injection. As shown in Figure 2C, the N of proteins ranged from
21,000 (p-casein, peak e2) to 206,000 (lysozyme) for 500-nL sample injection, and ranged
from 30,000 (B-casein, peak e3) to 292,000 (lysozyme) for 1-uL sample injection. On
average, the intensity of proteins from 1-uL sample injection were about 2.5 times higher
than those from 500-nL sample injection based on the EIEs. The results indicated that the
CZE-MS system using 50 mM NH4HCOj3 as the sample buffer could efficiently concentrate
proteins even when 50% of the capillary was filled with the sample.

We also compared the intensity of proteins observed using 10 mM NH4HCO3 and 50 mM
NH4HCO3 as the sample buffers based on the EIEs in Figure 1D and Figure 2A. 50 mM
NH4HCO3 sample buffer generated, on average, comparable intensity of proteins with 5-
times lower protein concentration compared with 10 mM NH4HCO3 sample buffer.
Therefore, we chose 50 mM NH4HCO3 (pH 8.0) as the sample buffer in all of the following
experiments.

Next, we screened different BGEs including 0.1-0.5% (v/v) formic acid and 5-10% (v/v)
acetic acid. The sample injection volume was 500 nL per CZE-MS run. We observed that the
overall performance of 0.1% (v/v) formic acid BGE (pH 2.8) was better than that of 0.3%
and 0.5% (v/v) formic acid (pH 2.3 and 2.1) in terms of protein intensity, Figure S3A in
Supporting Information I. We also observed comparable protein intensity from 0.1% (v/v)
formic acid BGE and acetic acid BGEs (5% and 10% (v/v)), Figure S3B and Figure S3C in
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Supporting Information I. However, 5% and 10% (v/v) acetic acid BGEs (pH ~2.4 and ~2.2)
produced significantly wider separation window than 0.1% (v/v) formic acid BGE for the
standard protein mixture. In addition, the migration time of protein analytes in the capillary
in 5% and 10% (v/v) acetic acid BGEs was significantly longer than that in 0.1% (v/v)
formic acid BGE (e.g., 10 minutes longer for lysozyme). There are two potential reasons for
the phenomenon. First, 5-10% (v/v) acetic acid has much lower pH than 0.1% (v/v) formic
acid (2.4-2.2 vs. 2.8), which further reduces the remaining electroosmotic flow in the LPA-
coated separation capillary. We measured the electroosmotic mobility in the LPA-coated
capillary based on the method reported in literature. [4243] The electroosmotic mobility in
10% (v/v) acetic acid BGE was lower than that in 0.1% (v/v) formic acid BGE (6.8x1078
cm2:V1s71 ps 1.1x1075 em2.V~1.s71). The details about measurement of the
electroosmotic mobility is described in Supporting Information 1. Second, the more acidic
BGEs (5-10% (v/v) acetic acid) typically lead to more severe protein unfolding and an
increase in hydrodynamic radii of the protein analytes, resulting in slower migration of
proteins in the separation capillary.

Based on the results discussed above, we chose 5-10% (v/v) acetic acid and 50 mM
NH4HCO3 (pH 8.0) as the optimized BGE and sample buffer for the following experiments.
We then evaluated the reproducibility of the optimized dynamic pH junction based CZE-MS
system for intact protein analysis using 5% (v/v) acetic acid as the BGE and 500-nL sample
injection. The system produced reproducible separation and detection of proteins during 16-
hours of continuous analysis (11 CZE-MS runs) with the relative standard deviations (RSDs)
of migration time and intensity of proteins less than 7% and 16%, respectively (Table S1 in
Supporting Information I). One LPA coated capillary can typically be used for continuous
analysis of complex samples for at least one week without significant loss of separation
performance based on our experience, suggesting that the LPA coating on the inner wall of
the separation capillary is stable.

Single-shot top-down proteomics with CZE-MS/MS

We further applied the optimized CZE-MS/MS system for top-down proteomics of £.coli.
An E.coli protein sample (2 mg/mL) in 50 mM NH4HCO3 (pH 8.0) was used for the
experiments. 10% (v/v) acetic acid was used as the BGE. A Q-Exactive HF mass
spectrometer was used.

First, we evaluated the effect of sample loading volume on the number of proteoform IDs
and the number of PrSMs, Figure 3A. A top 3 DDA method was used for data acquisition.
CZE-MS/MS with 500 nL sample loading volume produced the highest number of
proteoform 1Ds (407) after filtered with 1% spectrum-level FDR. When the sample loading
volume increased from 100 nL to 500 nL, the number of PrSMs increased, leading to
identification of over 2,100 PrSMs with 500-nL sample injection after filtering with 1%
spectrum-level FDR. The number of PrSMs remained reasonably consistent when the
sample loading volume changed from 500 nL to 1 pL. We further tried to decrease the
voltage applied at the injection end of the separation capillary from 30 kV to 20 kV,
resulting in slower migration of analytes in the capillary and wider separation window. 468
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proteoforms were identified with 20 kV voltage and 500-nL sample injection. The number
of proteoform IDs was 15% higher than that from the 30 kV voltage (468 vs. 407).

We then performed CZE-MS/MS analysis of the £.coli sample in duplicate with 20 kV
voltage and 500-nL sample loading, Figures 3B and 3C. We applied a top 8 DDA method
instead of the top 3 DDA method. We identified 586+38 proteoforms (n=2) and 2,798+97
PrSMs (n=2) with single shot CZE-MS/MS after filtered with 1% spectrum-level FDR. The
lists of identified proteoforms from those duplicate CZE-MS/MS runs are shown in
Supporting Information Il. The corresponding raw files have been deposited to the
ProteomeXchange Consortium via the PRIDE [44] partner repository with the dataset
identifier PXD007273. The number of proteoform IDs is over three times higher than that
reported in the literature using single-shot CZE-MS/MS (586 vs. 140-180).[8.10] Results
clearly demonstrate the capability of CZE-MS/MS for large-scale top-down proteomics. If
0% spectrum-level FDR was used to filter the data, 419+25 proteoforms still could be
identified, which is still over 2 times higher than the data that has been presented in the
literature. We also analyzed the molecular weight distribution of the identified proteoforms
from the single-shot CZE-MS/MS, Figure S4 in Supporting Information I. The molecular
weight of identified proteoforms ranged from around 2,000 Da to about 24,000 Da. About
33% of the identified proteoforms had molecular weight higher than 10 kDa.

We attributed the significant improvement of the number of proteoform IDs from single-shot
CZE-MS/MS to three reasons. First, the large sample loading capacity of the CZE-MS/MS
system (0.5 pL, 1 ug of £.coliproteins) and the optimized dynamic pH junction method
guaranteed the identification of large numbers of proteoforms. Second, the optimized
dynamic pH junction based CZE-MS/MS system produced 90-min separation window for
the E.coli proteome (Figures 3B and 3C), providing enough time for acquisition of tandem
mass spectra. The separation window is about three times wider than those in previous
reports. [8:10] Third, the dynamic pH junction based CZE produced high peak capacity for
separation of the £.coliproteome. Based on the electropherograms in Figure 3B, the peak
capacity of the system was about 280 (using the average peak width at 50% peak height) for
the E.coli proteome sample, which is 2-3 times higher than those in the previous

reports. [8:10]

We further analyzed the identified proteoforms from the £.coli proteome with single-shot
CZE-MS/MS. The nearly 600 proteoforms from single-shot CZE-MS/MS corresponded to
about 200 £.coli genes. On average, we identified about three proteoforms from each gene.
Distribution of the number of proteoform IDs from each gene is shown in Figure 4A. We
identified one proteoform/gene for about 100 £.coli genes, 2-5 proteoforms/gene for about
80 genes, and 6-44 proteoforms/gene for about 20 genes. We identified 44, 30 and 21
proteoforms for E£.coli genes hdeA, acpP and ybgS, respectively. The proteins corresponding
to those three genes are the most abundant proteins in £.coli (top 5%) based on the
information in PaxDb (Protein Abundance Database, http://pax-db.org/). About 80% and
65% of the identified proteoforms from single-shot CZE-MS/MS had significant mass errors
with and without consideration of cysteine carbamidomethylation, respectively. Figure 4B
shows the distribution of detected mass errors of identified proteoforms. In total, we detected
870 mass error events corresponding to different modifications of the proteins including
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cysteine carbamidomethylation (57 Da), oxidation (16 Da) and acetylation (42 Da). In
addition, truncations, N-terminal methionine excision and signal peptide removal of proteins
were also detected. Figures 4C and 4D show sequences and observed fragmentation patterns
of two proteins. The fragmentation covered the termini and middle parts of those two
proteins, leading to identification of over 40 fragment ions. N-terminal truncation was
detected for uncharacterized protein YggL (Figure 4C), while there was N-terminal
methionine excision that was detected for 30S ribosomal protein S17 (Figure 4D).

Conclusions

We presented a CZE-MS/MS system with microliter scale sample loading capacity, 90-min
separation window and high peak capacity (~280) for large-scale top-down proteomics, thus
leading to nearly 600 proteoform IDs from an £.coli proteome using single-shot CZE-
MS/MS. The number of proteoform IDs is over three times higher than that from previous
single-shot CZE-MS/MS studies. The 600 proteoform IDs from single-shot CZE-MS/MS is
roughly equivalent to the data from single-shot RPLC-MS/MS using a 21 T FT-ICR mass
spectrometer.[43] This CZE-MS/MS system established the foundation for large-scale top-
down proteomics using CZE-MS/MS.

RPLC-MS/MS is typically used for large-scale top-down proteomics, and separates proteins
based on their hydrophobicity. CZE separates proteins based on their size-to-charge ratios.
CZE and RPLC can provide orthogonal separation of intact proteins. It has been reported
that CZE-MS approached better characterization of Dam1 complex subunits in terms of
separation efficiency and resolution with 100-times less sample consumption compared to
RPLC-MS.[1 |n addition, CZE can separate protein(s)/protein complexes in native
condition.[46:47] \ery recently, Belov et a/. characterized a ribosomal isolate from £. coli
using CZE-MS/MS in native condition, leading to the identification of 42 ribosomal proteins
and 137 proteoforms in a single experiment.[47] The results demonstrate the potential of
CZE-MS/MS for top-down proteomics of complex proteomes in native conditions.

However, CZE-MS/MS based large-scale top-down proteomics is still at the early stage. The
600 proteoform IDs in this work represents the largest top-down proteomics dataset using
CZE-MS/MS. The number of proteoform IDs from CZE-MS/MS is still far away from the
state of the art of LC-MS/MS based top-down proteomics, which has reached thousands of
proteoform IDs from mammalian cell lines. [45: 48-52] Around 1,000 proteoform IDs from
complex proteome samples has been approached using one-dimension high-resolution
RPLC-MS/MS. [53:54] To improve the scale of CZE-MS/MS based top-down proteomics, we
need to further improve the CZE-MS/MS system in terms of the separation window and
sample loading capacity. One solution is to use longer separation capillary (e.g., 1.5 meters)
and higher separation voltage (e.g., 60 kV or higher). In addition, coupling LC fractionation
(size exclusion chromatography and RPLC) to CZE-MS/MS will enable high capacity
separation of complex proteomes, and will significantly improve the scale of top-down
proteomics.
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Figure 1.

Protein intensity change across different sample injection volumes (50, 100, 200 and 500
nL) for control (A), FESS (B) and dynamic pH junction (C). All the protein intensities were
obtained from extracted ion electropherograms (EIES). The error bars represent the standard
deviations of protein intensity from triplicate CZE-MS analyses. (D) EIEs of the mixture of
standard proteins from CZE-MS under the three different conditions. The sample injection
volume was 500 nL for each condition. The proteins labelled in the electropherograms are
lysozyme (a), cyto.c (b), myoglobin (c), CA (d) and B-casein (). The four proteins
(lysozyme, cyto.c, myoglobin and CA) were extracted with m/z1590.33, 765.33, 808.20,
and 880.55, respectively. For (A)-(C), B-casein was extracted with //z1043.76. For (D),
three different m/z (m/z 1043.76, 1045.45 and 1048.5) corresponding to three different
forms of B-casein separated by CZE using dynamic pH junction method (e3, e2 and el)
were used for extraction. The mass tolerance was 100 ppm. A Q-Exactive HF mass
spectrometer was used for all of the experiments. For CZE, 30 kV was applied at the
injection end for separation.
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Figure 2.

Extracted ion electropherograms (EIES) of the standard protein mixture dissolved in 50 mM
NH4HCO3 (pH 8.0) analyzed by the dynamic pH junction based CZE-MS with 500-nL
sample injection (A) and 1-pL sample injection (B). The number of theoretical plates (N) of
different proteins in (A) and (B) are summarized in (C). The m/z used for protein peak
extraction were the same as those in Figure 1. The mass tolerance was 100 ppm for peak
extraction. The N of each protein was calculated based on the peak width and migration time
of each protein in the EIEs. BSA was not extracted in the figures due to its low signal-to-
noise ratio. A Q-Exactive HF mass spectrometer was used for all of the experiments. For

CZE separation, 30 kV was applied at the injection end.
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Figure 3.

Data about top-down proteomics of £.coli using CZE-MS/MS. (A) Effect of £.colisample
loading volume on the number of proteoform IDs and the number of proteoform-spectrum
matches (PrSMs). For the CZE-MS experiments, 30 kV was applied at the injection end for
separation. (B) Electropherograms of the £.coli protein sample analyzed by CZE-MS/MS in
duplicate runs. For the CZE-MS experiments, 20 kV was applied at the injection end for
separation. (C) The zoom-in electropherogram of the £.coli protein sample from the 15t run
CZE-MS/MS in (B). A Q-Exactive HF mass spectrometer was used for all of the
experiments.
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(A) Distribution of the number of identified proteoforms from each £.coli gene. (B)
Distribution of the detected mass errors from the identified proteoforms. (C) and (D):
Sequences of two identified proteins with carbamidomethylation sites (cysteines) marked in
red and the fragmentation patterns observed. The single-shot £.co/i data in Figure 3B was

used for these analyses.
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