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Abstract. The ability to detect peptides and proteins in single cells is vital for
understanding cell heterogeneity in the nervous system. Capillary electrophoresis
(CE) nanoelectrospray ionization (nanoESI) provides high-resolution mass spec-
trometry (HRMS) with trace-level sensitivity, but compressed separation during CE
challenges protein identification by tandem HRMS with limited MS/MS duty cycle.
Here, we supplemented ultrasensitiveCE-nanoESI-HRMSwith reversed-phase (RP)
fractionation to enhance identifications from protein digest amounts that approximate
to a fewmammalian neurons. An ~1 to 20 μg neuronal protein digest was fractionated
on a RP column (ZipTip), and 1 ng to 500 pg of peptides were analyzed by a custom-
built CE-HRMS system. Compared with the control (no fractionation), RP fraction-

ation improved CE separation (theoretical plates ~274,000 versus 412,000 maximum, resp.), which enhanced
detection sensitivity (2.5-fold higher signal-to-noise ratio), minimized co-isolation spectral interferences during
MS/MS, and increased the temporal rate of peptide identification by up to ~57%. From 1 ng of protein digest (<5
neurons), CEwith RP fractionation identified 737 protein groups (1,753 peptides), or ~480 protein groups (~1,650
peptides) on average per analysis. The approach was scalable to 500 pg of protein digest (~a single neuron),
identifying 225 protein groups (623 peptides) in technical triplicates, or 141 protein groups on average per
analysis. Among identified proteins, 101 proteins were products of genes that are known to be transcriptionally
active in single neurons during early development of the brain, including those involved in synaptic transmission
and plasticity and cytoskeletal organization.
Keywords: Capillary electrophoresis, Mass spectrometry, Fractionation, Bottom-up proteomics, Neurons, Hip-
pocampus, Mouse, Central nervous system
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Introduction

T he ability to measure gene expression in a small popula-
tion of cells is critical for understanding molecular

players of neuronal differentiation in the developing brain.

Empowered by liquid chromatography and late-generation
high-resolution mass spectrometry (HRMS), shotgun
(bottom-up) proteomics now enables differentiation of neuro-
nal cell types by quantifying the expression of ~13,000 protein
groups from primary cell cultures [1]. To detect the encoded
proteome in deeper coverage, ~10–100 μg of proteins are
typically harvested from few to tens of millions of cells before
analyzing ~100 ng to ~5 μg of protein digest per experiment by
nano-flow (ultra) high-performance liquid chromatography
(nanoLC) HRMS. Extension of proteomics to small popula-
tions of neurons would complement single-cell transcriptomics
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data [2–4], thus raising a potential to better understand molec-
ular changes as neurons acquire functional phenotypes. With-
out technologies capable of amplifying the whole proteome,
however, significant improvements are needed in the sensitiv-
ity of HRMS to detect proteins from sub-nanograms of total
protein amounts expressed in neurons [5].

Separation is essential to deepen proteomic coverage by
HRMS; separation simplifies molecular complexity along the
temporal dimension, thus increasing the total number of tandem
mass spectra that can be acquired to identify peptides regardless
of limitations in MS/MS duty cycle (e.g., ~10–20 Hz). For
example, the recent deep proteome maps of human tissues [6]
and cell types in the brain [1] were made possible by cumula-
tively identifying ~300,000 peptides that were separated in
multiple measurements with each employing 6-h-long gradient
by nanoLC. Another way to improve identifications is by inte-
grating technologies that employ orthogonal mechanisms of
separation [7–9]. For example, the broadly successful multidi-
mensional protein identification technology (MudPIT) is based
on the on-line hyphenation of strong cation exchange and
reversed-phase (RP) chromatographies into a single nanoLC
platform [7]. Alternatively, the sample may be fractionated via
ion exchange or RP chromatography followed by offline RP
nanoLC under similar or different pH conditions prior to detec-
tion byHRMS [10–13].While nanoLC serves as themainstream
separation approach for peptides, this technology typically re-
quires ~1,000-fold higher protein digest amounts per measure-
ment than the available protein content in single neurons. Recent
developments in nanoLC tailored detection to substantially
smaller protein amounts, such as the identification of ~3,700
proteins from 500 breast cancer cells (MCF-7), or 50 ng of total
proteins using porous open-layer tubular columns (PLOT) [14]
and ~6,000 proteins from ~500 ng digest of HeLa culture using
an automated low-flow fractionator instrument [15]. Continuous
advances in sample handling present a potential to approach
protein amounts in single neurons using nanoLC.

Capillary electrophoresis (CE) is an alternative technology
for limited samples. CE can achieve outstanding separation
efficiency to resolve molecules in complex samples, offers
various strategies of online preconcentration to enhance
signal-to-noise ratio, and ensures compatibility with limited
sample volumes (e.g., <1–10 nL) (reviewed in references
[16–19]). We and others demonstrated CE electrospray ioniza-
tion (ESI) HRMS to offer significant sensitivity gains for
limited amounts of protein digests via bottom-up [20–22] or
top-down [23, 24] workflows compared with nanoLC. Repre-
sentative examples comprise the targeted detection of hemo-
globins in single erythrocytes [25, 26] and attomoles of car-
bonic anhydrase from a few erythrocytes [27, 28] as well as the
discovery detection of ~200 protein groups from 5 ng of
Pyrococcus furiosus digest [29], ~100 protein groups from
~16 pg ofEscherichia coli digest [30], and ~109 protein groups
from 100 HeLa cells (~30 ng protein) [31]. By performing
capillary zone electrophoresis, our custom-designed microan-
alytical CE-ESI-MS platform identified ~800 protein groups
from 20 ng of protein digest from single identified cells in the

16-cell Xenopus laevis (frog) embryo, corresponding to ~0.1%
of the total protein content of the cell [20, 22]. Most recently,
we developed a nano-flow CE-ESI-MS interface capable of
260 zmol (156,000 copies) lower limit of detection. Using this
technology, 217 protein groups were detected from 1 ng of
protein digest from cultured mouse neurons, essentially ap-
proaching the total protein content of 1–5 neurons [5]. Remark-
ably, protein identifications in these CE-HRMS experiments
by us and others relied on the fragmentation of peptide signals
migrating across ~20–30 min, which is considerably shorter
(compressed) compared with hours of separation typical of
nanoLC. Owing to current limitations in MS/MS duty cycle,
compressed separation is expected to hinder peptide detection,
thus hampering the identification of proteins.

There is a significant interest in advancing peptide and
protein identifications by microscale CE-ESI-MS [32]. In a
similar fashion to nanoLC, multidimensional separation can
reduce sample complexity prior to CE-ESI-MS. For example,
~3,430 proteins were identified after fractionating 1.5 mg of
yeast protein digest into 182 aliquots using RP-nanoLC follow-
ed by CE-ESI-HRMS of each fraction [33]. Similar strategies
recently identified 4,134 proteins by fractionating 600 μg of
protein digest from ~50 Xenopus laevis eggs [34] and ~1,600
proteins by fractionating 50 μg of protein digest from the mouse
brain [35]. Other strategies tailored sample handling to lower
amounts of protein digests by streamlining fractionation on-line
with CE analysis. For example, solid-phase microextraction
(SPME) with CE-ESI-MS identified ~370 protein groups from
5 ng of digest from Pyrococcus furiosus [29], whereas strong
cation exchange of 50 ng protein digest detected 799 protein
groups from Escherichia coli [36] and ~1,000 protein groups
from a whole Xenopus laevis zygote [37]. Alternatively, elec-
trophoretic peak capacity can be enhanced by lengthening the
separation time, albeit at the risk of diffusion-limited peak
broadening deteriorating sensitivity. By minimizing/
eliminating the electroosmotic flow using neutral-coated capil-
laries, a recent study identified ~250 proteins from 50 ng of
protein digest frommouse brain, whichwas improved to ~1,600
protein identification by enabling the analysis of 50 μg of digest
with 500 nL loading of sample directly on the separation
capillary, remarkably on par with nanoLC MS [35]. However,
to advance identifications in trace amounts of protein digests by
fast CE, the rate of peptide separation and the duty cycles of
MS/MS should ideally be matched.

In this study, we evaluated the identification and quantifi-
cation of peptides by capillary zone electrophoresis HRMS to
measure proteins from digest amounts that approximate to ~1–
5 neurons cultured from the mouse forebrain. Our microana-
lytical approach combined off-line RP fractionation with a
custom-built CE-nanoESI-HRMS platform capable of ultra-
sensitive detection (260 zmol). Integration of these orthogonal
separation mechanisms simplified compressed electrophoretic
separation, improving separation performance and detection
sensitivity. After processing 1–20 μg of protein digest from a
neuron culture, the strategy identified 737 proteins in technical
triplicates (~480 proteins/analysis on average) from ~1 ng of
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protein digest, approximating the total protein content from a
few neurons. Furthermore, we demonstrated that this approach
was scalable to identifying 225 protein groups in technical
triplicates (141 proteins/analysis on average) from ~500 pg of
digest, approaching single neuron protein content. Microscale
RP fractionation with CE-HRMS raises sufficient sensitivity
toward peptidomics and proteomics in single neurons to help
elucidate molecular mechanisms responsible for the formation
and maintenance of neuron-to-neuron heterogeneity in the
brain.

Methods
Materials and Reagents

All materials were purchased at reagent grade or higher unless
noted otherwise. Dithiothreitol (DTT), iodoacetamide (IAD),
hydroxy methylaminomethane (Tris-base), Tris-hydrochloric
acid (Tris-HCl), Tris-phosphate buffer solution, potassium
chloride, and sodium hydroxide were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Papain dissociation systemwas
from Worthington Biochemical Corporation (Lakewood, NJ,
USA). Sodium dodecyl sulfate (SDS) was from Amresco (So-
lon, OH, USA). Ethylenediamine tetraacetic acid (EDTA), LC-
MS grade acetonitrile (ACN), MS-grade trypsin protease,
methanol (MeOH), formic acid (FA), acetic acid, and water
(Optima) were from Fisher Scientific (Fair Lawn, NJ, USA).
Pierce C18 Zip Tips (P/N 87784) were from Thermo Fisher
Scientific (Waltham, MA, USA). Reagent-grade ammonium
bicarbonate was from Avantor (Center Valley, PA, USA).
Fused silica capillaries (20/90 μm inner/outer diameter (i.d./
o.d.) for CE separation and 75/350 μm i.d./o.d. for sheath
supply) were from Polymicro Technologies (Phoenix, AZ,
USA) and used without modification. Stainless steel tapered-
tip metal emitters (100/320 μm i.d./o.d.) were from New Ob-
jective (Woburn, MA, USA). Poly-L-ornithine, Hank’s bal-
anced salt solution (HBSS), phosphate-buffered saline
solution (PBS), minimum essential medium (MEM),
neurobasal medium, glucose, penicillin-streptomycin,
and fetal bovine serum were from Gibco (Grand Island,
NY, USA). B27, N-2, Glutamax, and pyruvate supple-
ments were from Thermo Fisher Scientific (Waltham,
MA, USA). All standards were prepared in 500 μL or
2 mL LoBind protein microtubes from Eppendorf
(Hauppauge, NY, USA).

Buffers and Solutions

Following protocols described elsewhere [38], the B-
neuronal plating medium^ was prepared to contain
MEM with 0.6% (w/v) D-glucose, 10% (v/v) horse se-
rum, 1% glutamine, and 1% penicillin-streptomycin. The
Bneuronal maintenance media^ was neurobasal supple-
mented with 2% B27, 1% N-2, 1% Glutamax, 1% pen-
icillin-streptomycin, and 1% pyruvate. All media were
filtered through a 0.2 μm porous mesh prior to usage.

The cell Blysis buffer^ contained 5 mM EDTA, 20 mM
Tris-HCl, 35 mM NaCl, and 1% (v/v) SDS. The CE-
nanoESI Bsheath solution^ contained 50% (v/v) MeOH
with 0.1% (v/v) FA.

Neuron Culture

All procedures regarding the maintenance and handling ofmice
(Mus musculus) were approved by the George Washington
University Institutional Animal Care and Use Committee
(IACUC No. A274). Timed pregnant C57BL/6 dams were
obtained from Charles River Laboratories (Wilmington, MA,
USA). Primary cultures of mouse hippocampal neurons were
prepared as described previously [38]. Briefly, hippocampal
neurons were isolated from mouse embryos at Embryonic Day
16 and dissociated using papain solution for 30 min at 37 °C
according to manufacturer recommendations (Worthington),
followed by trituration and mixing with a plastic pipette in
neuronal plating medium. Hippocampal cells were filtered with
a 70 μm nylon mesh cell strainer (Falcon) and plated at 1 × 105

cell/cm2 on a 24-well plate previously coated with poly-L-
ornithine (1 mg/mL) in plating medium. After 1 h, the medium
was replaced with neurobasal maintenance medium and cul-
tured for 14 d in vitro. Afterward, the cultured neurons were
rinsed with ice-cold PBS to remove residual growth media,
scraped, and the content of 2 wells was suspended in 150 μL
PBS (Thermo Fisher Scientific). Cells were pelleted by centri-
fugation at 800 × g for 5 min at 4 °C, and stored at −80 °C until
further processing for analysis by CE-HRMS.

To approximate the extractable total protein amount from an
average single neuron in the culture, we combined cell
counting and total protein assay. A 10 μL portion of the PBS-
suspended cultured neurons were mixed with 10 μL of 0.4%
trypan blue (Life Technologies, Washington, DC, USA), and
stained cells were analyzed in a microfluidic cell counter (mod-
el Countess, Invitrogen, Carlsbad, CA, USA). The results
revealed a 6.4 × 105 cells/mL cell density, and ~90% of the
cells were quantifiably viable. This suspension contained 0.35
mg/mL protein based on the bicinchoninic acid assay (BCA,
Thermo Scientific), which approximated to ~500 pg of total
protein extractable from a neuron on average.

Bottom-Up Proteomic Workflow

The hippocampal neurons were processed following a standard
bottom-up proteomic workflow [39]. In this study, the cultured
neurons were lysed in 200 μL of lysis buffer with subsequent
ultrasonication for 15 min in an ice-cold water bath to facilitate
protein extraction. The resulting sample was reduced (4 μL of
1 M DTT, 30 min at 60 °C) and alkylated (8 μL of 1 M IAD,
15 min in the dark) before quenching the reaction (4 μL of 1 M
DTT). To remove cell debris, the sample was centrifuged at
14,000 × g for 10 min at 4 °C, and the supernatant was
transferred into a new 2 mL LoBind microcentrifuge tube.
Next, proteins were purified by overnight precipitation in 1
mL chilled acetone (−20 °C), followed by centrifugation at
14,000 × g for 10 min at 4 °C. The resulting pellet was washed
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with chilled acetone (–20 °C), dried at room temperature, and
reconstituted in 100 μL of ammonium bicarbonate (50 mM).
Protein concentration was estimated based on BCA. A total of
~20 or 100 μg of protein amount were digested by trypsin at a
1:50 protein:enzyme ratio (0.4 μL or 2.0 μL of 1 μg/μL trypsin,
respectively) for ~6 h at 37 °C. The resulting peptides were
vacuum-dried and stored at –20 °C until analysis.

Reversed-Phase Peptide Separation

The dried peptides were reconstituted in 0.1% (v/v) FA to a 1
μg/μL peptide concentration, confirmed by the Colorimetric
Peptide Assay (Thermo Scientific). An aliquot containing
20 μg (for method development) or 1 μg (for scalability test)
peptides were fractionated on C18 ZipTip cartridges (100 μL or
10 µL format, Pierce, Thermo Scientific) following manufac-
turer instructions. Peptides were sequentially eluted using 10%,
20%, and 30% acetonitrile in water containing 0.1% FA. Each
resulting fraction was dried and reconstituted in 20 μL (method
development) or 2 μL (scalability test) of 75% (v/v) acetonitrile
containing 0.05% (v/v) acetic acid (Bsample^) before analysis
by CE-HRMS.

CE-nanoESI-HRMS

Peptides were detected in a custom-built microanalytical CE-
nanoESI-HRMS platform that we recently characterized (see
reference [5]). In this study, capillary zone electrophoresis was
performed on 1 nL of digest sample in a 90-cm capillary at
~250 V/cm field strength. Peptides were ionized in a CE-
nanoESI interface operated in the cone-jet spraying mode for
efficient ion generation using 50% MeOH (0.1% FA) at 300
nL/min flow rate as sheath liquid and 2.7 kV as electrospray
potential. Peptide ions were mass-analyzed using a hybrid
quadrupole Orbitrap mass spectrometer equipped with
a higher-energy collision dissociation (HCD) cell (Q Exactive
Plus, Thermo Scientific). Separating peptide features were
surveyed between m/z 350 and 1,800 at 35,000 FWHM reso-
lution (MS1) using the following settings: maximum IT, 50 ms;
chromatography peak width (FWHM), 13 s; exclusion mass
tolerance, 10.0 ppm; peptide matches, on; ion signals excluded
below +2 charge state; ion signal intensity threshold, 1.5 × 103

counts; apex trigger, turned off. Ions that matched these criteria
were selected for fragmentation in the HCD cell with the
following settings: maximum IT, 60 ms; m/z isolation window
for MS2, 1.0 Th; normalized collision energy, 28; MS2 resolu-
tion, 17,500 FWHM; TopN, 15; loop count, 15. Fragmented
ions were dynamically excluded with 5 ppm accuracy for 9 s
before being reconsidered for fragmentation.

Data Analysis

Raw mass spectrometric data were analyzed in MaxQuant ver.
1.5.7.4 (Max Planck Institute of Biochemistry) executing the
Andromeda 1.5.6.0 search engine [40, 41] against the
SwissProt mouse proteome database (downloaded from
UniProt on November 11th, 2015) containing 16,792 entries.

The search parameters were: digestion, tryptic; missed cleav-
ages, maximum 2; minimum number of unique peptides, 1;
fixed modification, carbamidomethylation of cysteines; vari-
able modification, oxidation of methionines; main search pep-
tide tolerance and MS/MS match tolerance, ±4.5 ppm and ±10
ppm, respectively; isotope match tolerance, 2 ppm; decoy
mode, revert; label-free quantitation, enabled; fractionation,
Bno^ for control (unfractionated samples) and Byes, three
fractions^ for fractionated samples. Proteins were identified
with a false discovery rate (FDR) <1% against a reversed-
sequence decoy database. For each identified peptide, the ex-
tent of co-isolation spectral interference was quantified in Pro-
teome Discoverer 2.1 (Thermo Scientific, Waltham, MA.
USA) using SEQUEST HT as the search engine against the
mouse proteome with identical data processing settings as in
MaxQuant. Following reporting guidelines in UniProt, we
report proteins as groups based on the parsimony principle
unless the MS-MS/MS data provide sufficient evidence to
identify isoforms with known biological significance in
SwissProt. Common contaminants were manually removed
from the reported list of proteins. Label-free quantification
(LFQ) intensities were calculated using the MaxLFQ
algorithm [42] in MaxQuant with LFQ minimum ratio
count set to 1 and fast LFQ disabled. For statistical
analysis, p-value of less than 0.05 (Student’s t-test) was
used to indicate statistical significance. Errors are report-
ed as standard deviation (SD).

Safety Considerations

Fused silica capillaries and tapered-tip metal emitters, which
pose needle-stick hazard, should be handled with care. Stan-
dard safety protocols were followed during the handling of
chemicals. All electrically conductive parts of the CE-
nanoESI systemwere grounded or isolated to prevent electrical
shock hazard.

Results and Discussion
Sensitivity Needs for Limited Neuron Populations

The goal of this study was to advance protein identification
from protein digest amounts that approximate to a few mam-
malian neurons to a single neuron. We and others recently
demonstrated that CE-HRMS offers sensitivity benefits for
limited amounts of peptides and proteins (see reviews [16–
19]). For example, custom-built microanalytical CE has
allowed us to identify ~800 proteins from ~20 ng of protein
digest from single Xenopus laevis embryonic cells [20, 22] and
217 proteins from ~1 ng of protein digest from a cortical neuron
culture of mouse [5]. These identifications relied on the detec-
tion of 829 [20, 22] and 525 [5] peptides, respectively, migrat-
ing over a 20–25 min window. In these experiments, com-
pressed separation challenged the fragmentation of peptides
with a limited MS/MS duty cycle, which in turn hindered
protein identifications. To improve protein detection for limited
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populations of neurons, including single cells, using CE-
HRMS, methodological or technological developments need
to balance sample complexity, separation peak capacity, and/or
the duty cycle of tandem mass spectrometry.

We proposed that multidimensional separation sufficiently
simplifies molecular sample complexity for tandemmass spec-
trometry to enhance peptide detection from trace amounts of
protein digests afforded from limited neuronal populations.
Our working strategy adopted the principle that integration of
orthogonal separation mechanisms improves the net peak ca-
pacity of the system. For example, RP fractionation of 600 μg
of digest from fertilized X. laevis eggs by RP-LC with analysis
of 1.5 μg digest by CE-ESI-MS recently identified ~4,100
protein groups [34]. However, to extend these measurements
to significantly smaller numbers of neurons in this work, sub-
stantially smaller starting amounts of proteins and resulting
protein digests must be processed. Indeed, by combining cell
counting and total protein assay in a neuron culture (see
Methods), we approximated an average neuron to yield
~500 pg of total protein extract. RP sorbent C18 columns
present an attractive alternative to nanoLC for processing min-
iscule amounts of protein digest because this platform is scal-
able (e.g., protein binding up to 8 μg in 10 μL volume),
operates sufficiently fast for manual sampling (10−15 min),
and can be integrated off- or on-line with CE.

Improved Trace-Sensitive Peptide Detection

We evaluated the combination of RP fractionation and CE-
nanoESI-HRMS for detecting proteins in trace amounts of
protein digests. Schematics of the study are presented in Fig-
ure 1. After culturing primary hippocampal neurons from
mouse, the cells were lysed in 1% SDS lysis buffer, and ~20–

100 μg of proteins were processed via a bottom-up proteomic
workflow (see Methods). A protein digest containing 20 μg of
peptides was step-wise fractionated on a RP column (ZipTip)
using 10%, 20%, and 30% (v/v) ACN containing 0.1% FA (see
Figure 1). As no peptides were detectable upon additional
elution with 40% ACN, 30% ACN was considered sufficient
to recover peptides from the RP column. Eluted peptides were
dried and reconstituted in 20 μL of 75% (v/v) ACN containing
0.05% (v/v) acetic acid, selected to perform on-column enrich-
ment via field-amplified sample stacking for capillary zone
electrophoresis in this work. An identical amount of protein
digest served as Bcontrol^ (without RP fractionation). To ana-
lyze digest amounts that approximate extractable proteins from
<5 neurons (see Methods), we analyzed 1 ng of total peptides
from the control and among the fractions. Last, we designed
experiments to test scalability by RP fractionating 1 μg digest
(approximating ~2,000 neurons) and measuring ~500 pg pro-
tein digest, essentially approximating protein amounts from a
single neuron.

Without RP fractionation, peptide identification was
constrained by compressed separation in the control
(Figure 2). The rate of MS/MS events rapidly increased as
migration unfolded with most tandem mass spectra resulting
between 20–30 min and 33–37 min (see BMS/MS events^). A
portion of these MS/MS events resulted in successful peptide
spectral matches (PSM) against the mouse proteome (see
BPSMs^). Most PSMs were acquired over a ~10-min window,
revealing significantly shorter, or compressed, separation by
capillary zone electrophoresis than is typical of nanoLC. Al-
though the MS/MS duty cycle was not exhausted at any point
of the separation, the rate of peptide identification was limited
at ~100 PSMs/min at the apex of the electropherogram (22−28
min, see arrows); only ~45% of the acquired tandem mass

Figure 1. Experimental strategy for improving protein identifi-
cations from protein digest amounts approximating to 1–5
neurons. A ~20 μg of protein digest from cultured neurons
was reversed-phase fractionated (ZipTip), and ~1 ng of total
peptide mixture was analyzed by CE-nanoESI-HRMS.
Unfractionated digest served as control. This approach was
scalable for fractionating 1 μg protein digest (~2,000 neurons)
before analyzing 500 pg of peptide mixture, essentially ap-
proaching the protein content of a single mammalian neuron

Figure 2. Peptide detection by CE-nanoESI-HRMS. Distribu-
tion of separation time and hydrophobicity indices calculated
for peptides that were detected in the control (unfractionated)
digest revealed a zone of compressed separation, which in turn
lowered the success rate of MS/MS events leading to peptide
identifications. Each data point marks a different identified
peptide
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spectra were successfully matched to PSMs in this region
(Figure 2. top panel). Furthermore, the primary high-
resolution MS-MS/MS data revealed notable spectral interfer-
ence during fragmentation as a result of ion(s) that were co-
isolated with the peptide precursor ion with a standard ±0.5 Th
window. Co-isolation interference was quantifiable (>0%, see
Methods) for ~65% of PSMs at the most compressed portion of
the electropherogram (22–28 min) compared with ~50% of
PSMs acquired with interference outside this compressed zone
(14–22 min and 28–40 min). Combined, these data suggested
possible improvements in protein identification by minimizing
spectral interference during peptide separation.

RP fractionation offered one such direction toward simpli-
fied peptide complexity. We calculated the hydrophobicity
index of each identified peptide using the Sequence Specific
Retention Calculator (ver. 3.x–2010) [43]. As shown in Fig-
ure 2, calculated indices suggested broad hydrophobic charac-
teristics for the identified peptides. Additionally, the hydropho-
bicity indices were poorly correlated with migration time (R2 =
0.34, see Figure 2). This result confirmed orthogonality be-
tween hydrophobic retention on an RP column and electropho-
retic migration using our custom-built CE-HRMS system.
Therefore, we expected the integration of RP fractionation
and electrophoretic separation to enhance the separation peak
capacity of our custom-built CE-nanoESI-HRMS system.

We applied multidimensional separation for trace amounts
of neuronal protein digests. We analyzed a total of 1 ng of
peptides with fractionation and without (control) (Figure 3a);
1/3 ng of total peptides were measured from each of the three
fractions (10%, 20%, or 30% ACN), confirmed by a total
peptide assay (see Methods). The distribution mean of peptide
hydrophobicity indices increased with eluent strength across
the fractions (see left panel), thus validating the mechanism of
retention as hydrophobic interaction with the stationary phase
of the ZipTip column. In contrast, the distribution mean of
migration times was indistinguishable between the control
and the fractions (see right panel), revealing no detectable
effects on electrophoretic mobility by RP fractionation. It fol-
lows that RP fractionation prior to CE minimized molecular
complexity during capillary zone electrophoresis HRMS.

Next, we characterized peptide identifications upon RP
fractionation. Figure 3b monitors peptide identifications as
migration unfolded. Cumulative identifications rapidly in-
creased over the most compressed zone of separation. The
identification rate, quantified as number of non-redundant pep-
tides identified per unit time, was improved in the BNet
Fraction^ compared with the control (see left inset). The
greatest improvement occurred during the most compressed
portion of the electropherogram (see center), where the peptide
identification rate was enhanced by 57%. The fragmentation
data from these additional MS/MS transitions allowed a signif-
icantly greater portion of detected molecular features (MF) to
be identified as PSMs in the Net Fraction compared with the
control (see PSM/MF in right inset). Notably, ~90% of these
PSMs were acquired with full C-trap fill time (60 ms) in the
fractions or the control, revealing ion flux-limited conditions

for the quadrupole Orbitrap mass spectrometer. Most recently,
independent studies using nanoLC-HRMS found longer fill
times (250 ms) advantageous for shotgun proteomics of limited
protein digests (e.g., 1–10 ng) [44], suggesting that similar
instrumental settings may also further peptide identifications
during trace-sensitive CE-nanoESI-HRMS. While the number
of identified peptides from the control (624 peptides) exceeded
those from each of the fraction in our study (338, 227, 507
peptides in fractions 1, 2, and 3, resp.), the combined fractions
with cumulative technical measurements identified substantial-
ly more peptides despite consuming an equal amount of total
protein digest for analysis: 1,753 peptides were identified in
union between the fractions (BNet Fraction^) versus 1,238
peptides in the control. Therefore, RP fractionation helped
identify a greater number of peptides by CE-HRMS.

We also assessed the performance of peptide quantification
upon fractionation (Figure 4). To account for biological varia-
tions between cell cultures, we repeated the analysis of 1 ng
total protein digest using different neuron cultures (n = 3) upon
fractionating 20 μg of protein digest from each replicate as
described earlier (see also Figure 1). The results of technical

Figure 3. Multidimensional separation for enhancing peptide
identifications. (a) Peptides were successfully separated on a
C18 phase based on hydrophobicity differences (left panel), but
not migration time (right panel). Key: *p < 0.05; ns, not signifi-
cant. Each data point corresponds to a different identified pep-
tide. (b) Cumulative peptide identifications rapidly increased
during compressed CE separation; the combined fractions
(BNet^) outperformed the control (left inset). Fractionation sim-
plified peptide complexity, allowing for a greater portion of
molecular features (MF) to be identified as peptide spectral
match (PSM) (see PSM/MF, right inset)
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replicates and cumulative identifications are presented in
Figure 4a. Compared with the control, fractionation resulted
in a 25% increase in peptide identification (left panel). We
ascribe the observed sensitivity improvements to a combina-
tion of factors. Electrophoretic separation was notably im-
proved in the fractions compared with the control. Using the
90-cm capillary, the mean theoretical plate number increased
from ~274,000 in the control to ~373,000 in Fraction 1,
~412,000 in Fraction 2, and ~314,000 in Fraction 3 with these
differences being significant (p = 2.8 × 10–3, 1.2 × 10–6, and 2.2
× 10–2, respectively). Additionally, the HRMS data revealed
fractionation to effectively remove abundant salts and polar
compounds from the culture media. Consequently, by lower
salt concentration decreasing the conductivity of the sample, it
is possible that field-amplified sample stacking was also im-
proved in the fractionated samples. Furthermore, lower salt
concentration in the fractionated samples is expected to have
promoted ion generation by minimizing ionization interfer-
ences in the CE-nanoESI source. Indeed, signal-to-noise
(S/N) ratios were improved by ~2-to-2.5-fold for several ran-
domly selected peptides that migrated in the most compressed
zone of the electropherogram, such as EIQTAVR with S/N =
127 ± 8 in Fraction #1 versus 50 ± 5 in the control,
AVAVVVDPIQSVKwith S/N = 143 ± 7 in Fraction #2 versus
60 ± 2 in the control, and SYELPDGQVITIGNER with S/N =
328 ± 8 in Fraction #3 versus 134 ± 3 in the control in the same
experiment. Last, fractionation also minimized chemical com-
plexity, thus likely allowing better utilization of the constrained

MS/MS duty cycle to fragment trace-level peptide signals,
which are otherwise deprioritized or triaged during data-
dependent acquisition due to lower S/N.

Improved Trace-sensitive Protein Detection

Higher-sensitivity peptide detection upon fractionation, in turn,
improved the identification of proteins. As shown in Figure 4b,
31% more proteins were identifiable on average per technical
replicate in the Net Fraction than the control with this differ-
ence being significant (p = 6.9 × 10–4). Cumulatively, triplicate
analyses amounted to 737 protein groups identified in the Net
Fraction versus 577 protein groups in the control. The distri-
bution of LFQ intensities calculated for commonly detected
proteins (see Methods) had indistinguishable means (see bot-
tom panel), suggesting no quantifiable differences in the pro-
tein digest amounts that were recovered by fractionation or
analyzed by CE-nanoESI-HRMS. Remarkably, proteins that
were exclusively quantified by fractionation were found to
populate the lower domain of the quantitative dynamic range
(see right panel) with this difference being significant (p = 7.4 ×
10–21). A list of identified and quantified proteins and their
calculated LFQ intensity are tabulated in Supplementary Ta-
ble 1. Combined, these results established higher qualitative
and quantitative sensitivity to detect and identify peptides/
proteins by supplementing CE-HRMS with RP fractionation,
particularly for molecules of lower abundance.

Last, we tested the scalability of the approach to process
protein digest amounts from a limited population of neurons
and a single neuron. We RP-fractionated ~1 μg of peptides
from the neuronal protein digest, confirmed by a total peptide
assay, which approximates to proteins from ~2,000 neurons.
Each fraction was dried and reconstituted in 2 μL of sample
solvent in a microtube (see Methods). A total of 500 pg of
peptide was analyzed by CE-HRMS between the fractions,
corresponding to the content of a mammalian neuron. From
equal amounts of total digest analyzed, triplicate analysis en-
abled 225 protein groups to be identified with fractionation
compared to 141 protein groups from the control (Figure 5). A

Figure 4. Metrics of peptide and protein detection from 1 ng of
protein digest. (a) Three-step reversed-phase fractionation with
CE-nanoESI-HRMS identified more peptides (see BNet^), sig-
nificantly improving protein identification than the control (left
panel). Comparison of peptides identified in each fraction on the
basis of three independent experiments (right panel). (b) Protein
identifications against the mouse proteome (left panel). The
mean label-free quantification (LFQ) intensity was indistinguish-
able for proteins between the fractionated and control samples
(right panel). Proteins that were exclusively quantified by frac-
tionation (BExcl.^) had significantly lower LFQ intensities, sug-
gesting a sensitivity gain by fractionation. Error bars, standard
deviation. Statistical significance, *p < 0.05

Figure 5. Case study of analyzing 500 pg of protein digest
amount, approximating a single neuron. Products of many
genes used as classical neuronal markers were identified by
RP fractionation CE-nanoESI-HRMS. Representative examples
are shown (left panel). Fractionation helped quantify proteins of
lower-abundance (see red data points marking proteins, right
panel). *Proteins from 1 ng digest are included
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list of identified and quantified proteins is shown in Supple-
mentary Table 2. Considering a 20-fold sample reduction dur-
ing fractionation and a 2-fold sample reduction during detec-
tion (40-fold net reduction) in the workflow compared with the
previous portion of this study, these identification numbers are
encouraging toward trace-sensitive analysis of single neurons.

The identified proteins were enriched in products of many
important neuronal genes. Our proteomics data identified 100
proteingroups translated from100differentgenes thatquantitative
single-cell transcriptomicsindependentlyfoundtobedifferentially
expressedduringearlyneurogenesis [45].A list of theseproteins is
tabulated in Supplementary Table 3.We identified a combination
of proteins involved in neuronal differentiation and function,
reflecting the developmental stage of the cultured neurons, which
at 14 days in vitro have partially completed differentiation but are
still extendingprocesses and forming synapses [46, 47].We found
a high relative abundance of neuronal cytoskeletal protein such as
Tubulin beta 3 chain (Tubb3), a well-establishedmarker of differ-
entiated neurons [48], andTubulin alpha-3 chain (Tuba3a),which
is involvedinneuronalmigration(Figure5, rightpanel).Mutations
of the TUBA3A gene in humans lead to lissencephaly, brain
malformations causedbyabnormal organizationof thehippocam-
pus and cortex [49]. Proteins linked to neuronal migration were
identified, mostly belonging to the middle-to-lower domain of
protein abundance in our dataset, including proteins critical for
neurite differentiation and cytoskeletal dynamics: neural cell ad-
hesion molecule 1 (Ncam1) [50, 51], microtubule associated pro-
tein 1B (Map1b) [52], and the serine-threonine kinase
doublecortin-like and CAM kinase-like 1 (Dclk1) [53, 54]. Inter-
estingly, Dclk1 and the microtubule-associated protein,
doublecortin (Dcx), which is another classic neuronal mark-
er, were only identified with the fractionation approach.
Mutations or deletion in DCX also cause lissencephaly in
humans [55], and Dclk1 is highly expressed in regions with
active neurogenesis and critical for neuronal survival [54].
Other interesting family members associated with develop-
mental processes are the isoforms collapsin-response-
mediator proteins (CRMPs), CRMP-1 (Crmp) and CRMP-
5 (Dpysl5), which are highly expressed in the developing
brain and play a role in neurogenesis, axonal guidance, and
neuronal physiology [56, 57].

A second set of the identified proteins are key for mature
neuronal function and have been linked to cognition and neu-
rodegenerative disorders, such as the neuronal sodium/
potassium-transporting ATPase α3 subunits (Atp1a3). Muta-
tions in ATP1A3 have been found in individuals with rapid-
onset dystonia-parkinsonism [58]. The calcium/calmodulin-
dependent protein kinase type II subunit alpha (Camk2a) [59]
and microtubule-associated protein tau (Mapt) have been
linked to Alzheimer’s disease. Finally, we identified proteins
at the core of synaptic function regulation [60–62], such as
synaptosomal-associated protein 25 (Snap25), syntaxin-1B
(Stx1b), synaptotagmin-1 (Syt1), synaptophysin (Syp), and
synapsin-2 (Syn2). In addition to Syn2 and Syp, lower-
abundance protein like vesicle-associated membrane protein
2, also known as synaptobrevin-2 (Vamp2), was only identified

by fractionation, likely amounting to the simplification of the
sample complexity to identify proteins in the lower domain of
the dynamic range of protein concentrations (see Figure 5, right
panel).

Overall, these results showed that measurement of 500 pg to
1 ng of total peptides after fractionating 20 to 1 μg of protein
digest is sensitive enough to identify neuronal markers associ-
ated with the development or disease of hippocampal neurons.
Our findings also reveal sensitivity gains by fractionation to
enable the detection and quantification of a greater number of
proteins, including many of lower abundance (Figure 5), from
trace amounts of protein digests. The agreement between data
from ultrasensitive proteomics from this study and single-cell
transcriptomics can help query molecular mechanisms during
early neuronal differentiation.

Conclusions
Single-neuron measurements raise a powerful potential to bet-
ter understand molecular processes as neurons develop in the
brain. However, protein amounts contained by single neurons
are 1,000- to 10,000-fold smaller (~500 pg/cell) than are typ-
ically detectable by standard nanoLC-HRMS. Here, we dem-
onstrated that RP fractionation of 20 to 1 μg of protein digest in
a ZipTip column improved the detection and quantification of
proteins and peptides from 1 ng to 500 pg protein digests using
CE-nanoESI-HRMS. This approach attains sufficient sensitiv-
ity toward characterizing protein digest amounts that single
mammalian neurons are approximated to yield. We ascribe
these improvements in sensitivity and quantification to a com-
bination of factors, including reduced sample complexity, im-
proved separation performance during CE, enhanced ionization
efficiency during nanoESI, and higher peak capacity benefiting
peptide fragmentation with a limited MS/MS duty cycle. As an
example, we demonstrated the identification of 480 proteins/
experiment from 1 ng protein digest (737 proteins by technical
triplicates) and 141 proteins per experiment from 500 pg pro-
tein digest (225 proteins by technical triplicates), essentially
approximating proteins extractable from ~1 to 5 neurons. How-
ever, to extend these measurements directly to small popula-
tions of neurons or single neurons, continuous advances are
needed at nearly all stages of the proteomic workflow, begin-
ning with the handling of cells, followed by the efficient
extraction and processing of their limited protein content,
before trace-sensitive characterization of proteins and
peptides. The presented work lays down encouraging
detection sensitivity by microanalytical RP fractionation
with CE-nanoESI-HRMS to open a gate to study mech-
anisms of gene translation in limited populations of neu-
rons to single neurons in the brain.
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