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Abstract

The dependence of capillary zone electrophoresis separations on the charge state of analyte is
useful for the analysis of many post-translational modifications in proteins. In this work, we
coupled CZE to an Orbitrap Fusion Lumos Tribrid platform with advanced peak determination
algorithm for phosphoproteomics analysis. A linear polyacrylamide coated capillary with very low
electroosmotic flow was used for the separation. The optimal injection volume is between 100 nL
and 150 nL of phosphopeptides dissolved in 30 mM ammonium bicarbonate (pH 8.2) buffer,
which produces a dynamic pH junction sample injection. Larger injection volumes resulted in
serious peak broadening and decreased numbers of phosphopeptide identifications. The optimized
system identified 4405 phosphopeptides from 220 ng of enriched phosphopeptides from mouse
brain, which represents the state-of-the-art result for single shot CZE-ESI-MS/MS based
phosphoproteome analysis. We found that the migration time for phosphopeptides are much longer
than nonphosphopeptides and increased along with the number of the phosphorylation sites on the
peptides, as expected for the additional negative charges associated with the phosphate groups. We
also investigated the phosphorylation site motifs; a number of motifs appeared in CZE-ESI-
MS/MS data but not in LC-ESI-MS/MS data, which suggested the complementary performance of
the techniques. Data are available via ProteomeXchange with identifier PXD012888.
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Introduction

Proteins are converted to their mature form through post-translational modification (PTM)
processing.l Protein phosphorylation,? which affects metabolism, growth, division,
differentiation, apoptosis, membrane transport, and immunity, is the most common PTM in
signal transduction and is a central mechanism in health and disease.3# Identification of low
abundant phosphoproteins remains challenging.>~’

Mass spectrometry (MS) has emerged as an indispensable technology for global PTM
analysis due to its capacity to localize modifications to a single residue.8-13 Advances in
MS-based phosphoproteomics have made possible the identification of tens of thousands of
phosphopeptides,14-16 which have provided valuable data on the complex networks and
functions coordinated by phosphorylation.

Currently, reversed phase liquid chromatography-electrospray ionization-tandem mass
spectrometry (RPLC-ESI-MS/MS) dominates MS-based phosphoproteomics due to its
excellent separation performance.1’-21 Nevertheless, there are limitations to this approach.
Very short and polar peptides (e.g., peptides with several phosphorylation sites) tend to flush
out of the chromatographic column during sample loading, whereas high hydrophobic
peptides are difficult to elute from the column.

Capillary zone electrophoresis (CZE) is an intriguing alternative technology for
phosphopeptide separation before mass spectrometry. CZE separations are based on the size-
to-charge ratio of the peptide, and these separations are exquisitely sensitive to changes in
the charge of a peptide. Moreover, the migration time of phosphopeptides in CZE can be
accurately predicted which will be helpful for estimating the confidence of phosphopeptide
identifications and overcoming the problem of underestimating the false discovery rates for
phosphopeptides identifications by the traditional target-decoy approach.22:23

Following the development of stable and sensitive CZE-MS interfaces,2425 CZE- ESI-
MS/MS has attracted recent interest for shotgun proteomic analysis.26:27 Much effort has
been made to overcome its poor concentration detection limit,28:29 to increase the separation
window, and to improve throughput.30-32

CZE has also been used for study of the phosphoproteome. Cao et a/. developed on-line
Fe(111) immobilized metal-ion affinity chromatography (IMAC)-CZE-ESI-MS and applied it
to sub-pmol analysis of phosphopeptides.33 This platform was applied to the analysis of
phosphopeptide mixtures and a phosphoprotein digest. This work has been expanded by use
of multiple stage tandem mass spectrometry (MS", n = 2,3) to isolate and fragment target
ions to provide more reliable assignments of phosphorylated residues34. Figeys et al.
described a solid-phase extraction (SPE)-CZE-ESI-MS/MS system for the automated,
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sensitive analysis of minor peptide species in complex samples such as phosphopetides
generated by the proteolytic digestion of endothelial nitric oxide synthase.3> More recently,
Ludwig et al. systematically compared UPLC-ESI-MS/MS and CZE-ESI-MS/MS for
phosphorylated peptide identifications (IDs) using an enriched phosphoproteome from the
MCF-10A cell line.36 UPLC generated more phosphorylated peptide IDs than CZE from 2
ug sample loadings. However, CZEMS/MS consistently and significantly outperformed
UPLC-MS/MS in terms of phosphorylated peptide and total peptide IDs identified from 2—
200 ng sample. By using a dynamic pH junction method, 2,313 phosphorylated peptides
were identified from 1 pg sample with single-shot CZE-ESI-MS/MS in a 100 min analysis.
To improve the identification performance of CZE-ESI-MS/MS, the phosphopeptides
enriched from PC-12 pheochromocytoma cells were first fractionated by using RPLC then
analyzed by CZE-MS.22:37 However, the performance of single-shot CZE-ESI-MS/MS for
phosphoproteomics analysis has so far fallen far below that of the state-of-art RPLC-MS/MS
system, which has identifies over 16,000 phosphopeptides from 1 pg sample in 3 h.16

In this work, we coupled CZE to an Orbitrap Fusion Lumos Tribrid mass spectrometer with
advanced peak determination (APD) algorithm for phosphoproteomics analysis. A linear
polyacrylamide (LPA) coated capillary was prepared by surface-confined aqueous reversible
addition-fragmentation chain transfer (SCARAFT) polymerization method and had very low
electroosmotic flow (EOF), which produced a long separation window.32 The dynamic pH
junction technique was used for sample injection that filled ~7.5 % of the capillary volume
without excessive band broadening to improve concentration detection limits. More recently,
we identified over 27000 peptides with single shot CZE-ESI-MS/MS analysis on this
platform.38

METHODS AND MATERIALS

Reagents and Chemicals.

Formic acid (FA), acetic acid (HAC), trifluoroacetic acid (TFA), acrylamide, 4,4 -azobis(4-
cyanovaleric acid), cyanomethyl [3-(trimethoxysilyl)propyl] trithiocarbonate, ammonium
acetate, bovine pancreas TPCK-treated trypsin, tris(2-carboxyethyl)phosphine (TCEP), and
iodoacetamide (IAA) were purchased from Sigma-Aldrich (St. Louis, USA). Methanol was
purchased from Honeywell Burdick & Jackson (Wicklow, Ireland). Uncoated fused silica
capillary (50 um i.d. x 350 um o0.d.) was purchased from Polymicro Technologies (Phoenix,
AZ). Water was deionized by a Nano Pure system from Thermo Scientific (Marietta, OH).

Preparation of the coated capillaries by surface-confined aqueous reversible-addition
fragmentation transfer (SCARAFT) polymerization method.

Preparation of the linear polyacrylamide(LPA) coated capillary by that SCARAFT method is
similar to our original report.32 The detailed process is described in the Supporting
information.

Phosphopeptides enrichment from mouse brain sample.

The detailed protocol for preparation of mouse brain tryptic digest is presented in the
Supporting information. All animal procedures were performed according to protocols

J Proteome Res. Author manuscript; available in PMC 2020 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 4

approved by the University of Wisconsin Institutional Animal Care and Use Committee. For
phosphopeptide enrichment, the dried whole mouse brain tryptic peptides were dissolved in
80% acetonitrile/6% TFA and enriched for phosphopeptides using titanium(IV) immobilized
metal ion affinity chromatography. In brief, 200 uL of magnetic titanium(IV) beads (ReSyn
Biocsciences) were washed twice with 80% acetonitrile/6% TFA (all washes are 1 mL),
incubated with the sample on a shaker for 30 min, washed again three times with 80%
acetonitrile/6% TFA, once with 80% acetonitrile, once with 0.5 M glycolic acid/80%
acetonitrile, and once again with 80% acetonitrile. Phosphopeptides were eluted with 1%
ammonium hydroxide/50% acetonitrile. Phospho-depleted peptides, for protein analyses,
were saved from the unbound portion following the incubation step.

CZE-ESI-MS/MS analysis.

The CZE system consists of two high-voltage power supplies (Spellman CZE 1000R) and an
electrokinetically pumped electrospray interface. The interface was used to couple the CZE
separation capillary to a mass spectrometer (see below). The electrospray emitter was made
from borosilicate glass capillary (1.0 mm o.d. x 0.75 mm i.d., 10 cm long) pulled with a
Sutter instrument P-1000 flaming/brown micropipette puller; the size of the emitter opening
was 15-20 um. The electrospray sheath flow buffer was 10% (v/v) methanol with 0.5%FA.
A LPA coated capillary (50 pm i.d.x350 pm o.d., 100 cm long) prepared by using
SCARAFT method was used for the CZE separation. The dynamic pH junction is
commonly used for improving the concentration sensitivity of CZE.3940 |n this work,
titanium(1V) IMAC enriched phosphopeptides were dissolved in 30 mM ammonium
bicarbonate (pH 8.2). The background electrolyte was 1 M HAc. This combination produces
a dynamic pH junction following injection. The sample was injected by pressure. 23.8 kV
was appliedat the injection end of the capillary for separation and 1.8 kV on the sheath flow
reservoir for electrospray in positive polarity. Voltage programming was controlled by
LabView software.

Mass Spectrometer Operating Parameters.

Two different mass spectrometers were used in these experiments. Q Exactive HF mass
spectrometer (Thermo Fisher Scientific) was operated in positive mode. A data-dependent
acquisition with top 10 method was used. The S-lens RF level was set at 60, and the heated
capillary was at 300 °C. Full scan resolution was set to 60,000 at m/z 200. Full scan target
was 3.00E+06 with a maximum fill time of 15 ms. Full MS scans were acquired over the
300-1350 m/z range. Target value for fragment scans was set at 1.00E+05 with a maximum
fill time of 110 ms. and intensity threshold was kept at 1.00E+05. Isolation width was set at
1.4 Th. A fixed first mass of 100 was used. Normalized collision energy was set at 28.

For experiments using an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher
Scientific) with instrument control software version 3.0, typical analyses used a 240,000
resolving power survey scan with an AGC of 10° in positive mode, followed by MS/MS of
the most intense precursors for 1 s. The scan range was 300-1350 m/z. The MS/MS analyses
were performed by 0.7 m/z isolation with the quadrupole, normalized HCD collision energy
of 30%, and analysis of fragment ions in the ion trap using the “Rapid” scan speed scanning
from 200 to 1200 m/z. Dynamic exclusion was set to 20 s. Monoisotopic precursor selection
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(MIPS) was set to Peptide. For MS/MS analyses, the maximum injection time was set to 22
ms, with an AGC target of 30,000, and charge states unknown, 1, or >5 were excluded. The
advanced peak determination was either off or on for SPD and APD analyses, respectively.

Database search and data analysis.

Database searching of the raw files was performed in Proteome Discoverer 2.2 (Thermo)
with Sequest HT and MS Amanda 2.0 database search engines.#142 Databases with
taxonomy as mouse were downloaded from Uniprot. Searching the reversed database was
performed to evaluate the false discovery rate. For the data obtained on a Q-Exactive HF
mass spectrometer, precursor tolerance was set to 10 ppm and fragment mass tolerance was
0.05 Da. For data obtained on a Fusion Lumos mass spectrometer, precursor tolerance was
set to 10 ppm and fragment mass tolerance was 0.4 Da. Full tryptic digestion was selected
and allowed up to two missed cleavages. Carbamidomethylation (C) was set as fixed
modifications. Oxidation (M), deamidated (NQ), acetylation (K), and phosphorylation (S, T,
Y) were set as variable modifications. Database search results were evaluated with
Percolator (version 2.04) software. On the peptide level, peptide confidence value as high
was used to filter the peptide identification, and the corresponding false discovery rate on
peptide level was less than 1%. On the protein level, protein grouping was enabled.
PhosphoRS was used for determining phosphorylation site probabilities.43

Raw MS files were also analyzed by MaxQuant (version 1.6.1.0.).#* MS/MS spectra were
searched by the Andromeda search engine against the Uniprot mouse protein database. The
database also included common contaminants. MaxQuant analysis included an initial search
with a precursor mass tolerance of 20 ppm, main search precursor mass tolerance of 6 ppm
and fragment mass tolerance of 20 ppm. The search included: trypsin as enzyme, variable
modifications of oxidation (M), deamidation (NQ) and phospho (STY), and fixed
modification of carbamidomethyl cysteine. Minimal peptide length was set to six amino
acids and the maximum number of missed cleavages was set to two. The false discovery rate
(FDR) was set to 0.01 for both peptide and protein identifications.

Motifs analysis was performed in Motif-X (http://motif-x.med.harvard.edu).45,46 The
parameters were set as: occurrence of 20 and a significance of 0.000001, the mouse fasta
database was used as background.

RESULTS AND DISCUSSION

The effect of the injection volume on the identification numbers.

We investigated the relationship between the injection volumes and the number of identified
phosphopeptides, Figure 1. The numbers of phosphopeptide IDs increased by ~25% when
the sample injection volume was increased from 49 nL (97 ng) to 104 nL (208 ng). However,
the identification numbers decreasing slightly when the injection volumes were further
increased to 208 nL (416 ng) and 402 nL (804) ng. These results were unexpected because
identification numbers usually reached a plateau when the loading amount increased to the
maximum column capacity. The number of identified phosphopeptides was increased from
2168 (N=2, RSD=3.4%) to 3005 (N=2, RSD=0.5%) when the separation time was extended
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from 100 min to 140 min for the run with 402 nL injection. However, the number still less
than 3207(N=2, 0.7%) obtained under the optimal injection volume of 104 nL with 100 min
separation time. We analyzed the peak widths distributions for different sample loading
amounts, the results are shown in Figure S1 in the Supporting information. We found
significant peak broadening when the injection volume was greater than ~150 nL
(corresponding to 300 ng). It is known that the optimal injection volume for CZE is usually
less than 1% of the total capillary volume to maintain its high separation efficiency. Though
the injection volume could be increased by using the dynamic pH junction without
compromise the CZE separation performance, we concluded that the optimal injection
volume is between 100 nL and 150 nL under the dynamic pH junction conditions used in
this work.

Coupling to an Orbitrap Fusion Lumos Tribrid platform with APD algorithm.

To further improve the identification performance, we coupled CZE to an Orbitrap Fusion
Lumos Tribrid platform that employed an APD algorithm. Coon’s group recently described
the APD algorithm that used an iterative approach to improve the annotation of peptides’
charge states at the densely populated m/z regions in LC-MS based shotgun proteomics.16
This feature is especially useful for CZE-MS based proteomics due to the not uniform
distribution of peptides throughout the separation space.*’ We identified 4,405
phosphopeptides and 1,998 protein groups with better than 75% phosphosite localization
probability from 220 ng of enriched phosphopeptides from mouse brain digest by using
single shot CZE-ESI-MS/MS analysis, Figure 2. Scatter plot between replicates was shown
in Figure 3, pearson correlation coefficient of 0.974 is obtained, demonstrating the good
reproducibility and high label-free quantification precision of the CZE-MS method.

Migration time and pKa distribution of the identified phosphopeptides.

We analyzed the migration time distribution of peptides and phosphopeptides with different
numbers of phosphorylation sites, Figure 4. Peptides without phosphorylation sites tend to
migrate faster than phosphorylated peptides, Figure 4(A). Moreover, the migration time of
the phosphorylated peptides increased with the increase of the number of the
phosphorylation sites, Figure 4(B). The results suggest adjustment of EOF to decrease the
migration time of peptides with multiple phosphorylation sites without degrading the
identification performance would be a fruitful strategy to increase the throughput of CZE-
MS for phosphoproteomics analysis.

We also investigated the pKa distribution of the identified peptides and phosphopeptides,
Figure 5. As expected, most of the phosphopeptides have a low pl values. A large proportion
of the Ti(1V) IMAC enriched phosphopeptides originate from acidic kinase substrates.#8:49

Enrichment analysis of identified phosphorylated proteins.

The phosphorylated proteins identified by CZE-MS were used for the Gene Ontology (GO)
biological process, cellular component, molecular function and protein class enrichment
analysis through PANTHER classification system.%0 The identified phosphorylated proteins
are mainly involved in metabolic process, biological regulation and cellular component
organization or biogenesis et al., Figure 6(A). For cellular component, we also identified
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many phosphorylated proteins from organelle and membrane, Figure 6(B). For molecular
function, most of the identified phosphorylated proteins have binding, catalytic and
transporter activity, Figure 6(C). Many kinases were detected in the phosphorylated proteins
identified by CZE-MS. For example, RAF proto-oncogene serine/threonine-protein
kinase(Q99N57) which acts as a regulatory link between the membrane-associated Ras
GTPases and the MAPK/ERK cascade, and this critical regulatory link functions as a switch
determining cell fate decisions including proliferation, differentiation, apoptosis, survival
and oncogenic transformation. Ren et al had demonstrated that the PI3BK/AKT signaling
pathway inhibits ERK signaling via AKT1-dependent phosphorylation of RAF1 on Ser259
in endothelial cells.?!

Motifs analysis of the identified phosphorylation sites and comparison with LC-MS.

In this study, Motif-X was used to extract the overrepresented motifs from the identified
phosphorylation sites using the mouse fasta database as background, Figure S2 in the
Supporting information. We found many proline-directed kinase substrates (with a proline
shown on the +1 position) that are very common in the phosphoproteome.52 Many motifs
with D/E were also found for the identified phosphorylation sites, as expected for
phosphopeptides originating from acidic kinase substrates. Moreover, we found some motifs
from the phosphorylation sites identified by using CZE-MS method didn’t appear in the LC-
MS data. For example, 16 motifs were found with threonine as central foreground residue in
our data, 10 of which were also found in the data from LC-MS method. In addition, six
motifs only appeared in the CZE-MS data (Motif 7, 9, 12, 13, 14, 16 of motifs found with a
phosphorylated threonine in Figure S2). We also compared the identified phosphorylated
proteins by CZE-MS and LC-MS. 961 protein groups were identified by both methods,
while 559 protein groups were only identified by CZE-MS and 4104 protein groups were
only identified by LC-MS. These results suggested that CZE-MS and LC-MS have
complementary performance for phosphoproteome analysis, and data from both methods
appears necessary for deep and more complete phosphoproteome mapping.

Conclusions

The advanced peak determination algorithm for Orbitrap Fusion Lumos Tribrid platform
improves charge state determination, increasing the number of precursors available for data-
dependent analysis. We coupled CZE with this system for phosphoproteomics analysis. CZE
separates peptides based on their charge to size ratio, which forms the basis of an accurate
algorithm for prediction of electrophoretic mobility. However, the distribution of peptides is
not uniform in CZE and there are typically dense regions where large numbers of peptides
appear. The advanced peak algorithm is particularly useful in this case because it is able to
annotate peptides’ charge states in the densely populated m/z regions.

A LPA coated capillary with very low EOF coupled with the dynamic pH junction technique
further improved the CZE separation performance. 4,405 phosphopeptides were identified
from 220 ng of enriched phosphopeptides from mouse brain, which is the state-of-the-art
result for single shot CZE-ESI-MS/MS based phosphoproteome analysis. We analyzed the
migration time distribution of the identified peptides and found that the migration times for
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phosphopeptides were much longer than for unphosphorylated peptides, and increased along
with the number of the phosphorylation sites on the peptides due to the increased negative
charge on the peptide. Moreover, the number of identified phosphopeptides could be further
improved by systematically optimizing the MS parameters for CZE-MS.53 We compared the
phosphorylation site motifs and identified phosphorylated proteins for LC-MS and CZE-MS,
the results demonstrated the complementary performance of CZE-MS and LC-MS
techniques.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The relationship between the injection volume and the number of phosphopeptide

identifications. Experimental conditions: Q Exactive HF mass spectrometer; 50 um i.d. x
350 pm o.d. x 100 cm long LPA coated capillary; 2 mg/mL of enriched phosphopeptides
from mouse brain digest; 1 M HAc separation buffer; 23.8 kV separation voltage; and 1.8
kV spray voltage in positive polarity. Errorbars are standard deviations of the measurements.
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Figure 2.
Single shot CZE-ESI-MS/MS analysis of phosphopeptides. Experimental conditions:

Orbitrap Fusion Lumos Tribrid mass spectrometer; 220 ng enriched phosphopeptides from
mouse brain digest; other conditions are same as in Figure 1.
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Figure 3.
Scatter plot between the replicates of CZE-MS. Experimental conditions are same as in

Figure 2. Data are plotted in a green-yellow-red-blue color map corresponding to the density
of peptides observed for the two runs.
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Migration time distributions. (A) Identified peptides. (B) Phosphopeptides with 2 and 3

phosphorylation sites.
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Figure 5.
pKa distribution of (A) all the identified peptides and (B) the phosphopeptides with 2 and 3

phosphorylation sites.
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Figure 6.
Enrichment analysis of identified phosphorylated proteins by CZE-MS.(A) Biological

process. (B) Cellular component. (C) Molecular function. (D) Protein class.
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