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Abstract

Phosphoproteomics requires better separation of phosphopeptides to boost the coverage of the
phosphoproteome. We argue that an alternative separation method that produces orthogonal
phosphopeptide separation to the widely used LC needs to be considered. Capillary zone
electrophoresis (CZE) is one important alternative because CZE and LC are orthogonal for
phosphopeptide separation and because the migration time of peptides in CZE can be accurately
predicted. In this work, we coupled strong cation exchange (SCX)-reversed-phase LC (RPLC) to
CZE-MS/MS for large-scale phosphoproteomics of the colon carcinoma HCT116 cell line. The
CZE-MS/MS-based platform identified 11,555 phosphopeptides. The phosphopeptide dataset is at
least 100% larger than that from previous CZE-MS/MS studies and will be a valuable resource for
building a model for predicting the migration time of phosphopeptides in CZE. Phosphopeptides
migrate significantly slower than corresponding unphosphopeptides under acidic conditions of
CZE separations and in a normal polarity. According to our modeling data, phosphorylation
decreases peptide’s charge roughly by one charge unit, resulting in dramatic decrease in
electrophoretic mobility. Preliminary investigations demonstrate that electrophoretic mobility of
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phosphopeptides containing one phosphoryl group can be predicted with the same accuracy as for
non-modified peptides (R% ~0.99). The CZE-MS/MS and LC-MS/MS were complementary in
large-scale phosphopeptide identifications and produced different phosphosite motifs from the
HCT116 cell line. The data highlight the value of CZE-MS/MS for phosphoproteomics as a
complementary separation approach for not only improving the phosphoproteome coverage but
also providing more insight into the phosphosite motifs.
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Introduction

Protein phosphorylation is a key reversible post-translational modification in nature, and it is
involved in various cellular processes such as transcriptional and translational regulation,
cellular signaling, metabolism, and cell differentiation.[] Global site-specific
characterization of protein phosphorylation allows us to gain insights into the regulatory role
of phosphorylation in fundamental biological processes. Multi-dimensional liquid
chromatography (MDLC)-tandem mass spectrometry (MS/MS) (e.g., strong cation exchange
(SCX)-reversed-phase LC (RPLC)) is routinely used for large-scale phosphoproteomics and
it can identify over 10,000 phosphorylation events per study.[2-10] More than 50,000 distinct
phosphopeptides have been reported from a single human cancer cell line using MDLC-
MS/MS.[3]

Based on statistical estimates, there are over half a million potential phosphorylation sites in
the human proteome.[3:11.12] \We need to boost the peptide separation to reach a deeper
coverage of the human phosphoproteome. Since the proteomics community has made
tremendous efforts in improving MDLC-MS/MS for phosphoproteomics in last 20 years, we
argue that an alternative separation method that is complementary to the LC for
phosphopeptide separation will be very useful for deep phosphoproteomics.

Capillary zone electrophoresis (CZE) is a powerful method for the separation of
biomolecules (e.g., peptides and proteins) and it can have extremely high separation
efficiency.[13-19]1 CZE-MS/MS has attracted great attention for proteomics recently because
of the improvements in the CE-MS interface,[29-23] the sample stacking method, [24-26] and
the high-quality coating on the inner wall of the separation capillary.[27]
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CZE-MS/MS has some unique features for phosphoproteomics. First, CZE-MS/MS and
RPLC-MS/MS can sample different pools of the phosphopeptides in cells due to the
different separation mechanisms of CZE and RPLC (size-to-charge ratio vs.
hydrophobicity).[28:30] The combination of these two methods can boost the
phosphoproteome coverage significantly. Second, CZE can separate the phosphorylated and
unphosphorylated forms of peptides due to their significant difference in charge. This feature
reduces the interference of phosphopeptide identification (ID) from unphosphopeptides.
(28,291 Third, the migration time of peptides in CZE can be predicted easily and accurately.
[31] If we can generate a large phosphopeptide dataset using CZE-MS/MS, we can build a
simple model to predict the migration time of phosphopeptides. This unique feature of CZE-
MS/MS makes it a powerful tool for phosphoproteomics because the predicted migration
time of phosphopeptides can be used to evaluate their ID confidence from a database search
and even guide the database search.

Few papers have been published on using CZE-MS/MS for phosphoproteomics. We
previously coupled CZE to a Q-Exactive mass spectrometer via an electro-kinetically
pumped sheath flow CE-MS interface for phosphoproteomics of a human cell line.[281 2,300
phosphopeptides were identified with single-shot CZE-MS/MS in 100 min, and the data
suggested the high potential of CZE-MS/MS for large-scale phosphoproteomics. Recently,
Faserl et al. investigated the sheathless CE-MS interface-based CZE-MS/MS for large-scale
phosphoproteomics.[29] They identified over 5,000 phosphopeptides by coupling RPLC
fractionation to the CZE-MS/MS. To boost the number of phosphopeptide IDs using the
CZE-MS/MS, the loading capacity and the separation window of CZE need to be improved.
Recently, we developed a novel CZE-MS/MS system with a micro-liter scale sample loading
volume and hours of separation window, opening the door to using CZE-MS/MS for large-
scale proteomics.[32:33] The CZE-MS/MS system employed a 1-meter separation capillary
with a high-quality neutral coating on its inner wall for eliminating the electroosmotic flow,
an optimized dynamic pH junction method for highly efficient online stacking of peptides
and proteins, the improved electro-kinetically pumped sheath flow CE-MS interface [22] and
a Q-Exactive HF mass spectrometer.

We recently coupled SCX-RPLC fractionation to the CZE-MS/MS for deep proteomics of a
mouse brain, leading to extremely high peak capacity for peptide separation and 8,200
protein 1Ds.[34] Motivated by the high peak capacity of the SCX-RPLC-CZE system for
peptide separation, in this work, we applied the SCX-RPLC-CZE-MS/MS system for large-
scale phosphoproteomics of HCT116 colon cancer cells. We had three goals in this work.
First, boost the number of phosphopeptide IDs from a human cell line using CZE-MS/MS.
The large phosphopeptide dataset will be useful for building a model for predicting the
migration time of phosphopeptides. Second, we were interested in investigating how
phosphorylation influences electrophoretic mobility of peptides. Third, we wished to
investigate the difference between our CZE-MS/MS data and the literature LC-MS/MS data
regarding the phosphosite motifs. We speculated that the good complementarity between
CZE-MS/MS and RPLC-MS/MS for peptide IDs might result in significant differences in
phosphosite motifs and found that the data supported our hypothesis.
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Experimental section

Materials and reagents

All reagents were bought from Sigma-Aldrich (St. Louis, MO) unless stated otherwise.
LC/MS grade water, formic acid (FA), methanol, acetonitrile (ACN), HPLC grade acetic
acid (AA) and hydrofluoric acid (HF) were purchased from Fisher Scientific (Pittsburgh,
PA). Acrylamide was obtained from Acros Organics (NJ, USA). Fused silica capillaries (50
um i.d./360 um o.d.) were purchased from Polymicro Technologies (Phoenix, AZ).

Cell Growth Conditions

The human colon carcinoma cell line HCT 116 was obtained from American Type Culture
Collection (ATCC). The cells were grown in RPMI 1640 cell culture medium (Life
Technologies) supplemented with 10% fetal bovine serum (FBS) (Thermo Scientific). The
provider assured authentication of the cell line by cytogenetic analysis. In addition, the cell
line was validated by short tandem repeat (STR) analysis within the last two years.

Sample Preparation and phosphorylated peptide enrichment

A lysis buffer with 8 M urea with 75 mM NaCl, 50 mM Tris-HCI (pH 8.2), 10 mM sodium
pyrophosphate, 1 mM PMSF, 1 mM Na3zVOy, 1 mM NaF, 1 mM B-glycerophosphate, and 1
EDTA-free protease inhibitor cocktail was prepared. HCT116 colon cancer cells were
cultured to 70% confluence followed by cell lysis with the lysis buffer. A small aliquot of
the cell lysate was subjected to the Bicinchoninic acid assay for protein concentration
measurement. Three mg of extracted protein was subjected to denaturation at 37 °C for 1 h,
reduction with 5 mM Dithiothreitol (DTT) at 37 °C for 1 h, and alkylation with 14 mM
iodoacetamide (IAA) for 30 min at room temperature. The alkylation was terminated by
adding 5 mM DTT for 25 min. The sample was then diluted with 25 mM Tris-HCI buffer
(pH 8.2) with 1 mM CaCl,. Trypsin was added to the sample for overnight digestion at

37 °C. Phosphopeptides in the desalted digest were enriched with TiO, beads in a 1:4
peptides to beads ratio based on the references [35] and [36]. After enrichment, the
phosphopeptides were desalted, lyophilized and stored at —80 °C before use. We assumed
70% recovery during tryptic digestion and 10% recovery during phosphopeptide enrichment,
resulting in about 200 ug phosphopeptides in the end.

SCX-RPLC fractionation

An SCX-RPLC online fractionation was performed based on reference [34] with some
minor modifications. Briefly, a 4.6 mm i.d. x 12.5 mm length SCX trap column (Zorbax
300SCX, Agilent Technologies) and a 2.1 mm i.d. x 150 mm length C18 RP column
(Zorbax 300Extend-C18, Agilent Technologies) were connected directly for online 2D-LC
fractionation. An Agilent Infinity 1l HPLC system was used for the experiment. 0.1% formic
acid (FA) in water, 0.1% FA in acetonitrile (ACN), and 890 mM ammonium acetate solution
(pH = 2.88) were used as mobile phase A, B, C for separation, respectively. Mobile phase A
and C were used for stepwise elution of peptides from the SCX column. Mobile phase A and
B were used to generate a linear gradient for RPLC separation of peptides.
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Roughly 200-pg phosphopeptides were dissolved in mobile phase A and then loaded onto
the SCX column with mobile phase A at a flow rate of 0.3 mL/min for 20 min. The
phosphopeptides retained on the SCX column were eluted stepwise by two different
concentrations of ammonium acetate solution: 150 mM and 890 mM. Then, each SCX
eluate was captured on the RPLC column. RPLC gradient separation was performed at a 0.3
mL/min flow rate for 70 min: 0-5 min, 2%B; 5-7 min, 2-8% B; 7-47 min, 8-40% B; 47-49
min, 40-80%; 49-59 min, 80% B; 59-60 min, 80-2% B; 60—70 min, 2%B. 42 fractions
were collected (1 fraction/ min) from 6 to 48 min for each salt step elution and the fractions
were named based on the elution order. From fraction 2 to fraction 41, fractions were
combined by the following rule: fraction N + fraction (N+20). The fraction 1 was combined
with the mixture of fraction 2 and fraction 22, and fraction 42 was combined with the
mixture of fraction 21 and fraction 41. In total, there were 40 fractions (20 fractions/salt step
x 2 salt steps) collected, and they were lyophilized and stored at —80 °C before use.

An ECE-001 CE autosampler (CMP Scientific, Brooklyn, NY) and a Q-Exactive HF mass
spectrometer (Thermo Fisher Scientific) were coupled with the third-generation electro-
kinetically pumped sheath flow CE-MS interface (an EMASS-1I CE-MS interface, CMP
Scientific).[22] A borosilicate glass capillary (1.0 mm o.d., 0.75 mm i.d.) was pulled with a
Sutter P-1000 flaming/brown micropipette puller to make an electrospray emitter. The
opening of the emitter was 20-40 um.

A 95-cm long fused silica capillary (50 pm i.d., 360 um o.d.) was used for CZE separation.
The inner wall of the capillary was coated with linear polyacrylamide (LPA) based on
reference [27]. One end of the LPA coated capillary was etched with hydrofluoric acid based
on reference [16] to reduce the outer diameter to less than 100 um. The background
electrolyte (BGE) for CZE was 5% (v/v) acetic acid (AA) (pH 2.4) and the sheath buffer for
electrospray was 10% (v/v) methanol and 0.2% (v/v) FA in water. The etched end of the
capillary was introduced into the electrospray emitter, and the distance between the etched
end and the orifice of the emitter was ~300 um. The distance between the emitter orifice and
the inlet of the mass spectrometer was ~2 mm. 2.2 kV voltage was applied for electrospray
ionization.

The 40 LC fractions were redissolved in 5 uL of 50 mM ammonium bicarbonate (pH 8) for
CZE-MS/MS. For sample injection, approximately 200 nL or 300 nL of each sample was
injected into the capillary for analysis. Then, 30 kV voltage was applied at the injection end
for 5400 seconds for CZE separation, followed by capillary flushing with the BGE for 900
seconds under a 5-psi pressure. One CZE-MS/MS run was performed for each LC fraction.

A Q-Exactive HF mass spectrometer was used in CZE-MS/MS. A data-dependent
acquisition (DDA) method was employed. The mass resolution was 60,000 (at m/z 200) for
both full MS scans and MS/MS scans. The automatic gain control targets were set to 3E6
and 1E5 for full MS scans and MS/MS scans, respectively. For full MS scans, the maximum
injection time was 50 ms with a scan range of 300 to 1500 m/z. For MS/MS scans, the
maximum injection time was set to 110 ms. Top ten most abundant ions were sequentially
isolated with a 2-m/z isolation window for fragmentation with 28% normalized collision
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energy. The dynamic exclusion was set to 40 s. lons with charges higher than 1 and lower
than 8 were selected for fragmentation.

Data analysis

Proteome Discoverer 2.2 software (Thermo Fisher Scientific) was used for data analysis.
Sequest HT was used for the database search.[37] The human proteome database
(UP000005640, 70,965 protein sequences) containing reviewed and unreviewed proteins
was downloaded from UniProt (http://www.uniprot.org/). All raw files were searched against
both the forward database and a decoy (reverse) database to estimate the false discovery rate
(FDR). [38] Maximum two missed cleavage sites were allowed for peptide identification, and
the peptide length was set to 6 to 144 amino acid residues. The mass tolerances of precursor
and fragments were 20 ppm and 0.05 Da, respectively. Oxidation (methionine) and
phosphorylation (serine, threonine and tyrosine) were set as dynamic modifications.
Acetylation at the protein N-terminal was chosen as a dynamic modification.
Carbamidomethylation (cysteine) was set as a static modification. The peptide 1D was
filtered with confidence as high, corresponding to a 1% FDR. Protein grouping was enabled,
and the strict parsimony principle was applied. The phosphoRS that integrated into the
workflow was used to evaluate the confidence of the phosphosite localization. [3%] Unless
specified otherwise, the numbers of protein and peptide IDs reported in this work were all
from the Proteome Discoverer 2.2 software.

MaxQuant 1.5.5.1 [4%] was also used for the database search to compare phosphopeptide 1Ds
and phosphosite motifs obtained from our CZE-MS/MS data with the literature data. The
Andromeda search engine was used to search the MS/MS spectra.[41] The same human
database used in the Proteome Discoverer search was used. The peptide mass tolerances of
the first search and main search were 20 and 4.5 ppm, respectively. The fragment ion mass
tolerance was 20 ppm. Trypsin was selected as the protease. The variable and static
modifications were the same as the Proteome Discoverer search. The minimum length of a
peptide was set to 7. The FDRs were 1% for both peptide and protein IDs. For
phosphopeptide identifications, the phosphosite localization probability should be better than
0.75.

An online available GRAVY calculator (http://www.qravv-calculator.de/) was used to
calculate the grand average of hydropathy (GRAVY) values of peptides. Online version of
SSRCalc (http://hs2.proteome.ca/SSRCalc/SSRCalcX.html) was used to calculate the
hydrophobicity indexes for peptides. 421 Molecular weights and isoelectric points of
identified peptides were calculated using the “Compute pl/Mw” tool in EXPASYy (http://
web.expasy.org/compute_pi/). Motif-x (http://motif-x.med.harvard.edu/motif-x.html) was
used to extract motifs from the data sets, default settings were used except MS/MS was
chosen as foreground format, and the human proteome was chosen as the organism. [43]
Motif alignment was performed with WebLogo3 (http://weblogo.threeplusone.com/
create.cgi).
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Observed and predicted electrophoretic mobility of peptides

The data from LC fraction 8 was used for the electrophoretic mobility analysis. Only
peptides having no variable modifications except for single phosphorylation were used for
the analysis. Peptides’ observed electrophoretic mobility (U observed) was determined
using migration times (4, min) - time of MS/MS acquisition of the most intense tandem
spectra for each unique peptide identification. We assumed that the electroosmotic flow
(EOF) at 5% (v/v) acetic acid (pH 2.4) in the BGE was very low and mapped #, into
electrophoretic mobility (es) using the equation for their experimental conditions (a 95 cm
long capillary at 280 volts/cm):

Hof observed = 95/(6O*IM*280) (units of cm2 *V—l :ks_ 1)

Sequence-Specific Retention Calculator (SSRCalc) CZE model reported previously was
used to predict the electrophoretic mobility of peptides. [31] While peptide charge and mass
are the main parameters in determining mobility value, we introduced corrections for several
sequence-specific features affecting corrected charge value (Z¢) applied for calculations:

0.411

Hef predicted = 3.069 + 386*(In(1 + 0.35*Zc)/Mc ) + OFFSET(Zc/N)

where 3.069 and 386 are empirical coefficients applied to align modeling output with
experimentally measured values; Zc— peptide charge at pH 2.4, corrected using thirteen
residue and sequence specific coefficients; Mc = (0.66*M + 0.34*\*110.9), corrected mass
to reflect the influence of different amino acid size; Mis the molecular weight of peptides;
is the peptide length; OFFSET is a polynomial empirical function of Z¢/Nto correct
prediction for peptides with extremely high and low mobility values.

Results and discussion

As shown in Figure 1A, 3 mg of HCT-116 cell proteins were digested into peptides with
trypsin, followed by phosphopeptide enrichment using TiO, beads based on references [35]
and [36]. The phosphopeptides were fractionated with online SCX-RPLC into 40 fractions
based on the charge and hydrophobicity of phosphopeptides. Each LC fraction was analyzed
by dynamic pH junction based CZE-MS/MS, [32] and CZE separates peptides based on their
size-to-charge ratios. The SCX, RPLC, and CZE are orthogonal for peptide separation. As
shown in Figure 1B, a 2-min RPLC eluate was further separated by CZE into a 50-min
window. As shown in Figure 1C, the correlation between m/z and migration time of peptides
from the database search is complicated but, in general, peptides with higher m/ztend to
migrate slower in the capillary during the CZE separation.

Large-scale phosphoproteomics of the HCT-116 cell line using SCX-RPLC-CZE-MS/MS

CZE-MS/MS analyses of the 40 SCX-RPLC fractions produced 6,502 protein IDs, 33,301
peptide IDs, and 11,555 phosphopeptides with a peptide-level 1% FDR. The corresponding
raw files have been deposited to the ProteomeXchange Consortium via the PRIDE [44]
partner repository with the dataset identifier PXD012255. Proteome discoverer 2.2 was used
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for the peptide and protein IDs. 10,029 phosphopeptides were identified with phosphosite
localization probability better than 95%. To our knowledge, our phosphopeptide dataset
represents the largest phosphoproteomics data so far using CZE-MS/MS. In the literature,
we reached 2,300 phosphorylated peptide 1Ds with single-shot CZE-MS/MS in 100 min [28]
and Faserl et al. approached over 5,000 phosphorylated peptide IDs using an RPLC-CZE-
MS/MS system in about 60 hours. [2%] In this work, we identified 11,555 phosphopeptides
using the SCX-RPLC-CZE-MS/MS in 67 hours. All three studies employed the Proteome
Discoverer platform for data analysis. Our system improved the number of phosphopeptide
IDs by 100% compared with Faserl’s work with a comparable instrument time. We noted
that the phosphopeptide identification efficiency decreased drastically from the single-shot
CZE-MS/MS data (1400 phosphopeptides/hour) [28] to the RPLC-CZE-MS/MS data (90
phosphopeptides/hour) [29] and our SCX-RPLC-CZE-MS/MS data (170 phosphopeptides/
hour).

We also noted that the specificity of our TiO, enrichment was low (about 35%) regarding the
ratio between phosphopeptide IDs and total peptide IDs. We believe the number of
phosphopeptide IDs can be improved significantly with a better phosphopeptide enrichment
procedure. The large-scale phosphopeptide dataset produced in this work will be useful for
building a simple model for accurate prediction of migration time of phosphopeptides. [311
The accurately predicted migration time of phosphopeptides could be used to evaluate the
confidence of their IDs from a database search and even further guide the database search.
The lists of identified proteins and phosphopeptides are shown in Supporting Information I.

The SCX with two salt step elution (150 mM (salt step 1) and 890 mM (salt step 2)
ammonium acetate solution, pH = 2.88) separated the phosphopeptides well, and only 618
out of the 11,555 phosphopeptides were overlapped between those two salt steps, Figure 2A.
Phosphopeptides in the salt step 2 tend to have higher charge states (Figure 2B), have higher
molecular weight (Figure 2C), and be more basic (Figure 2D) compared with that in the salt
step 1. The number of phosphopeptide 1Ds per LC fraction ranges from 300 to 700 for most
of the fractions, and the distribution is moderately uniform, Figure 2E. In CZE,
phosphopeptides tend to migrate significantly slower than unphosphopeptides in the
separation capillary, Figure 2F. This feature makes CZE-MS/MS useful for
phosphoproteomics because the interference of phosphopeptide IDs from
unphosphopeptides can be reduced.

Investigating the effect of phosphorylation on electrophoretic mobility of peptides

Phosphopeptides tend to migrate significantly slower than their unphosphorylated forms
under acidic conditions used for CZE separations and in a normal polarity. Addition of one
phosphoryl group reduces overall positive charge of peptides by one charge unit, thus
resulting in drastic decrease of electrophoretic mobility.

As shown in Figure 3A and 3B, the phosphorylated forms of peptides
QGGGGGGGSVPGIER and AGELTEDEVER migrate much slower than their
unphosphorylated forms and their migration time difference (A time) is about 20 min. We
noted that the A time should be larger than 20 min because we started to flush the capillary
by applying a 5-psi pressure at 90 min. As shown in Figure 3C, the doubly phosphorylated
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form of the peptide AAKLSEGSQPAEEEEDQETPSR migrates slower than the singly
phosphorylated form due to the one more negative charge. Their A time should be much
larger than 3 min because they were both pushed out of the capillary by the pressure.

We manually analyzed the data from six LC fractions regarding the A time between
unphosphorylated and singly phosphorylated forms of peptides. We obtained 200 pairs of
peptides and their altered migration (A) time in CZE. As shown in Figure 3D, for all the 200
pairs of peptides, the singly phosphorylated forms migrate slower than the corresponding
unphosphorylated forms, which is demonstrated by the positive A time values. For about
70% of the peptide pairs, the A time ranges from 10 to 30 min. We reached two conclusions
here. First, for the majority of peptides studied, the addition of one phosphoryl group onto
the peptide can drastically slow down its migration in the capillary during CZE. Second,
adding one phosphoryl group to different peptides influences their migration to various
extents.

We further investigated the effect of phosphorylation on electrophoretic mobility of peptides
through comparing the observed and predicted mobility values of phosphopeptides and
unphosphopeptides. We used the data from one LC fraction (fraction 8) for this task. The
observed and predicted electrophoretic mobility of peptides were calculated using the
methods described in the “Experimental section”. Application of non-modified SSRCalc
CZE model (without considering the effect of negatively charged phosphoryl groups) was
used to illustrate the effect of phosphorylation, Figure 3E and Figure S1 in supporting
information 11. Mobility of unphosphopeptides follows SSRCalc prediction (R? =0.99), 311
whereas addition of one phosphoryl group decreases mobility dramatically, Figure 3E and
Figure S1. Phosphopeptides carrying two positive charges prior to the modification (+2) and
a small fraction of phosphopeptides with three positive charges (+3) migrated extremely
slow in the capillary and were pushed out by the pressure in the end of the CZE-MS/MS run,
Figure S1. The information on electrophoretic mobility of peptides is listed in supporting
information 1. After removing all the phosphopeptides (+2) and some of the
phosphopeptides (+3) with mobility lower than 6.2x107° cm2*V~1"S71, we obtained
reasonably good linear correlations between observed and predicted electrophoretic mobility
values within each group of phosphopeptides (R2 =0.94), Figure 3E. We noted that the
observed mobilities of peptides were obviously lower than their predicted mobility. We
attributed the phenomenon to the dynamic pH junction sample stacking method used in the
CZE experiments, which slowed down the mobility of peptides in the capillary.

First attempts have been made to adapt SSRCalc CZE model to prediction of
phosphopeptides” mobility values. The corrected charge (Zc) of phosphopeptides has been
modified to improve correlation for entire set of peptides shown in Figure 3E
(phosphopeptides and unphosphopeptides). We found that Zc values had to be adjusted by
-0.91 and by —1.0 for +5/+4 and +3 phosphopeptides, respectively. Figure 3F shows
prediction accuracy (R2 ~0.99) for combined set of peptides, identical to the collection of
unphosphopeptides in Figure 3E. This data indicate that the charge shift is indeed very close
to the expected contribution from one phosphoryl group. The information on electrophoretic
mobility of peptides after charge adjustment is provided in supporting information 1. We
need to note that much larger phosphopeptide datasets with confident assignment of
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modification site is needed for the development of sequence-dependent model for mobility
prediction and for better understanding of how phosphorylation influences electrophoretic
mobility of peptides. Similar to the effect of acidic Asp/Glu residues reported before, [311 we
anticipate that N-terminal positioning of phosphate (or in close proximity to other positively
charged groups) will result in a larger decrease in mobility.

Comparing our phosphoproteome dataset from CZE-MS/MS with an LC-MS/MS dataset in

literature

Recently, Kubiniok et a/. performed deep phosphoproteomics of HCT116 cells using TiO,
enrichment, SCX-RPLC-MS/MS and MaxQuant software for data analysis.[45] We
compared the HCT116 phosphoproteomics datasets from our SCX-RPLC-CZE-MS/MS
with Kubiniok’s SCX-RPLC-MS/MS. In order to make a fair comparison, we reanalyzed
our data with MaxQuant software and filtered the data with the same criteria as Kubiniok et
al. 6,221 phosphopeptides were identified using MaxQuant software, and only 45% of these
phosphopeptides were covered by that identified in the Kubiniok’s work, suggesting good
complementarity between those two platforms for phosphopeptide IDs. The result here
agrees well with the data in the literature that CZE-MS/MS and RPLC-MS/MS are well
complementary for peptide and phosphopeptide 1Ds. [28:29.34] Fyrther analyses of the
physicochemical properties of identified phosphopeptides demonstrated that CZE-MS/MS
tended to identify basic, small and hydrophilic phosphopeptides compared with LC-MS/MS
(Figure S2 in supporting information I1); these data agree with reports in the literature.
[34.46.47] The data highlights that CZE-MS/MS can make a significant contribution to
phosphoproteomics by improving the phosphoproteome coverage.

We further analyzed the phosphopeptides exclusively identified in our work or Kubiniok’s
work regarding the phosphosite motifs using the Motif-x, Figure 4. Interestingly, we
observed significantly different motif logos between those two datasets for both
phosphoserine and phosphothreonine. The corresponding phosphosites from the
phosphopeptides exclusively identified in our work tend to be surrounded by acidic amino
acids (glutamic acid and aspartic acid) after the phosphosites and basic amino acids (lysine
and arginine) before the phosphosites compared to that in Kubiniok’s work, Figure 4. The
data further highlights the value of CZE-MS/MS for phosphoproteomics for not only
improving the phosphoproteome coverage but also providing more insight into the
phosphosite motifs.

Conclusions

An SCX-RPLC-CZE-MS/MS platform was employed for large-scale phosphoproteomics of
the HCT116 cell line with the production of 11,555 phosphopeptide IDs. The dataset
represents the largest phosphoproteome data so far using CZE-MS/MS. We are working on
building a simple model based on the phosphoproteome dataset generated here for accurate
prediction of phosphopeptide migration time in CZE. Our preliminary modeling attempts
demonstrate that, similar to the unmodified tryptic peptides, the electrophoretic mobility of
phosphopeptides can be accurately predicted. We expect that the predicted migration time of

Anal Chem. Author manuscript; available in PMC 2020 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 11

phosphopeptides will be useful to improve the confidence of phosphopeptide 1Ds from the
database search and even guide the database search.

We expect that the number of phosphopeptide IDs from biological samples using CZE-
MS/MS can be significantly boosted via several improvements. First, the phosphopeptide
enrichment procedure can be dramatically improved. In this work, the specificity of
phosphopeptide enrichment was only 35%. Over 80% and even 90% phosphopeptide
enrichment specificity should be approachable with an optimized procedure based on the
data in the literature.[48:4%] Second, the separation system can be improved. Recently, we
developed a high-resolution nanoflow RPLC-CZE-MS/MS system for deep and highly
sensitive bottom-up proteomics with the production of 60,000 peptide IDs with only 5-ug of
peptides as the starting material.[5% We expect significant improvements in both the number
of phosphopeptide 1Ds and sensitivity will be achieved by using the nanoRPLC-CZE-
MS/MS platform.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) The experimental design of the work. (B) Base peak electropherogram of one RPLC

fraction (fraction 8) after CZE-M

S/MS analysis. (C) Mass-to-charge ratio (m/z) vs.

migration time of peptides identified by CZE-MS/MS from the RPLC fraction 8. The
charges of peptides labelled in (C) are their gas-phase charges determined by MS.
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Figure 2.

Summary of the phosphopeptide IDs using the SCX-RPLC-CZE-MS/MS. (A) Overlap of
the identified phosphopeptides from the two salt steps of the SCX. Salt step 1 and 2 used
150 mM and 890 mM ammonium acetate solution (pH = 2.88) for peptide elution,
respectively. (B) The charge distribution of identified phosphopeptides in the two salt steps.
The phosphopeptides’ charges are their gas-phase charges determined by MS. (C)
Cumulative distribution of mass of identified phosphopeptides in the two salt steps. (D)
Cumulative distribution of isoelectric point (pi) of identified phosphopeptides in the two salt
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steps. The pi was calculated based on the peptide sequence. (E) The number of
phosphopeptide IDs across the 40 LC fractions. (F) Cumulative distribution of migration
time of identified phosphopeptides and unphosphopeptides in one LC fraction (fraction 8).
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(A) Extracted ion electropherogram (EIE) of phosphorylated and unphosphorylated forms of
the peptide QGGGGGGGSVPGIER. (B) EIE of phosphorylated and unphosphorylated
forms of the peptide AGELTEDEVER. (C) EIE of singly phosphorylated and doubly
phosphorylated forms of the peptide AAKLSEGSQPAEEEEDQETPSR. (D) Cumulative
distribution of the migration time difference (A time) between unphosphorylated and singly
phosphorylated forms of peptides. The figure was based on the data from six LC fractions.
(E) Correlations between observed and predicted electrophoretic mobility (Uef) of
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unphosphopeptides and phosphopeptides with one phosphoryl group. The non-modified
SSRCalc CZE model3! was used to highlight the effect of phosphorylation. (F) Correlation
between observed and predicted s Of peptides using the modified SSRCalc CZE model. es
x 10° (cm?*V~1*s71) is shown in (E) and (F). The peptides’ charges in (E) and (F) are
shown for non-modified peptide sequences (counting the number of lysine, arginine, and
histidine residues, plus positively charged N-terminus).

Anal Chem. Author manuscript; available in PMC 2020 February 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al.

(A)

1.0

Probability
o
(&)

o
(=}

Page 20

SCX-RPLC-CZE-MS/MS (B) SCX-RPLC-MS/MS

—_—
\P

Probability

-65-4-3-210123456

SCX-RPLC-CZE-MS/MS (

Figure 4.
Summary of the phosphosite motif data from the SCX-RPLC-CZE-MS/MS in this work and

from the SCX-RPLC-MS/MS in reference [45]. Motif-x (http://motif-x.med.harvard.edu/
motif-x.html) was used to extract motifs from the data sets. Motif alignment was performed
with WebLogo3 (http://weblogo.threeplusone.com/create.cgi). Motif logo of the
phosphoserine (A) and phosphothreonine (C) based on the phosphopeptides exclusively
identified in the SCX-RPLC-CZE-MS/MS data. Motif logo of the phosphoserine (B) and
phosphothreonine (D) based on the phosphopeptides exclusively identified in the SCX-
RPLC-MS/MS data.
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