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ABSTRACT: Top-down proteomics is an emerging analytical strategy
to characterize combinatorial protein post-translational modifications
(PTMs). However, sample complexity and small mass differences
between chemically closely related proteoforms often limit the
resolution attainable by separations employing a single liquid chromato-
graphic (LC) principle. In particular, for ultramodified proteins like
histones, extensive and time-consuming fractionation is needed to
achieve deep proteoform coverage. Herein, we present the first online
nanoflow comprehensive two-dimensional liquid chromatography
(nLCXLC) platform top-down mass spectrometry analysis of histone
proteoforms. The described two-dimensional LC system combines weak
cation exchange chromatography under hydrophilic interaction LC
conditions (i.e., charge- and hydrophilicity-based separation) with
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reversed phase liquid chromatography (i.e., hydrophobicity-based separation). The two independent chemical selectivities were
run at nanoflows (300 nL/min) and coupled online with high-resolution mass spectrometry employing ultraviolet
photodissociation (UVPD-HRMS). The nLCXLC workflow increased the number of intact protein masses observable relative
to one-dimensional approaches and allowed characterization of hundreds of proteoforms starting from limited sample quantities

(~1.5 pg).
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B INTRODUCTION

Histones are highly heterogeneous chromatin proteins with an
isoelectric point of ~11 and a molecular mass of 10—22 kDa.
The histone octamer is composed of two H2A, H2B, H3, and
H4 proteins assembled as one H3—H4 heterotetramer and two
H2A-H2B heterodimers, with roughly 147 bp of DNA
wrapped around it." This protein—DNA complex is the basic
structural unit of chromatin, the nucleosome. Post-translational
modifications (PTMs) of histones have defined roles in
regulating gene transcription.z_4 For instance, increased
acetylation is typically associated with gene activation due to
a more open chromatin structure that makes it accessible to
transcription factors. Another example is methylation, which
can be associated with either transcriptional repression or

activation, depending on the site and degree of methylation.l_3

-4 ACS Publications  © 2018 American Chemical Society

3791

Traditionally, histone samples are studied using antibody-
based enrichment methods.” However, immunoprecipitation
methods are unable to identify novel PTMs, as they require
previous knowledge of the type of modification and a highly
specific antibody for each modification studied. Moreover,
many antibodies are not entirely site specific and can cross-
react with similar modifications on different residues.’

Mass spectrometry (MS) based analyses of histone PTMs
have emerged as an attractive alternative to traditional
antibody-based methods.””'* Bottom-up methods, employing
protein digestion prior to liquid chromatography (LC)-MS
analysis, are established approaches to characterize proteins
and their PTMs. However, a limitation of these strategies is
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their inability to assign a specific modified peptide sequence to
a particular proteoform.'® Histones, in particular, are rich in
lysine and arginine, and bottom-up methods using trypsin
cleave histones into peptides that are too short for effective
LC-MS analysis. Additionally, connectivity between peptides is
lost making it impossible to retrieve exact proteoforms.'”"*
Middle-down methods performed using enzymes with rare
cleavage sites or chemically blocking unmodified lysine can
generate large peptides (about 30—60 amino acid residues).
Analysis of longer peptides enables identification of combina-
torial PTMs and the crosstalk between PTMs.''>'¢ However,
characterization of proteins like histones H2B requires analysis
of the intact protein due to variants that differ by one or a few
amino acids near both the N- and C-termini. Complete
characterization of the combinatorial distribution of histone
proteoforms is only possible via the analysis of intact histones
using top-down proteomic approaches.w_19 Quantitative
analysis of proteoforms of isolated histone H4”" and H2A
and H2B”' have been recently reported demonstrating the
applicability of such workflows to biological studies. However,
despite recent improvements in instrumentation and method-
ology, top-down analyses still face many practical challenges in
sample preparation, separations, MS detection, and infor-
matics.”

For histones, isolation of nuclei from other cellular contents
is usually preferred to obtain sufficiently pure histones for in-
depth PTM profiling. However, the yield of nuclei isolation
and histone extraction can vary significantly across organisms
and cell types, limiting the amount of histone proteins available
for LC-MS analysis. Even for global top-down analyses, sample
prefractionation is typically needed to enable comprehensive
coverage of the various proteoforms. Therefore, advanced LC
methods that offer a streamlined purification and fractionation
process would be highly beneficial.

The two most commonly used separation methods in the
top-down analysis of histones are weak cation exchange-
hydrophilic interaction liquid chromatography (WCX-HILIC)
and reversed phase liquid chromatography (RPLC). The ion
exchange nature of WCX-HILIC makes this separation method
selective toward histone charge variants (e.g., resulting from
lysine acetylation).”” However, WCX-HILIC has low MS
compatibility and limited separation efficiency. RPLC provides
good MS compatibility but has limited proteoform selectivity
and primarily resolves the main histone families (H1, H2A,
H2B, H3, and H4).”*

Here we present an online nanoflow LCXLC method that
enables comprehensive characterization of histone proteo-
forms. The 2DLC setup couples a WCX-HILIC using a
shallow gradient in the first dimension to a fast RPLC in the
second separation dimension. The two liquid phase separations
are coupled using a modulation interface having trap columns
(active modulation, axXm) allowing both separations to run at a
flow rate of 300 nL/min. Our separation setup was coupled to
a Q Exactive HF Orbitrap mass spectrometer modified to
incorporate 193 nm ultraviolet photodissociation
(UVPD).25_27

By combining the WCX-HILIC/aXm/RPLC with UVPD-
HRMS, we were able to identify hundreds of HeLa core
histone proteoforms using a small amount of starting material
(~1.5 pg). These results suggest that 2DLC-MS platforms
could significantly improve our ability to analyze proteoforms
present in biologically relevant samples available in limited
amounts (e.g., derived from laser microdissection).
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B EXPERIMENTAL SECTION

Chemicals and Reagents

Formic acid (FA), ammonium formate, and ammonium
acetate were purchased from Sigma-Aldrich. The solvents
used were Milli-Q grade water (182 m€) and mass
spectrometry grade acetonitrile (ACN). HeLa core histones
were purchased from ActiveMotif (Carlsbad, CA). The sample
was buffer exchanged into water using 3 kDa molecular weight
cutoff filters (EMD Millipore, Billerica, MA) and stored at —70
°C. We prepared a histone sample for WCX-HILIC and
HILIC/aXm/RPLC analysis as a 0.52 pug/uL solution in 50/50
ACN/S mM ammonium acetate (v/v). Samples for RPLC
were prepared in the same concentration but dissolved in 2%
ACN 0.1%FA. All the columns and trap columns used in this
study were packed in-house.

1DLC Analysis (WCX-HILIC and RPLC Analysis)

One dimensional LC analyses (1IDLC) were done using a
Waters M-Class LC operated using MassLynx. The WCX-
HILIC separation method was developed based on workflow
described by Tian et al.”® The chromatographic column used
was a silica based weak cation exchanger (PolyCAT A, S pum
particles, 1000 A pore size; Poly LC, Columbia, MD, USA)
packed in a 150 mm X 75 pm LD. column. The optimized
method used 70/29/1 ACN/water/FA as mobile phase A and
65/27/8 ACN/water/FA (v/v/v) as mobile phase B. The
analyses were done at 300 nL/min using a gradient from 0% B
to 100% B in 100 min, 20 min at 100% B, and with 30 min of
equilibration at 0% after each injection. Injections were done
using a S uL loop in partial injection mode (solvent, 90/10
ACN/10 mM ammonium acetate).

We performed the 1D RPLC separation on a 700 mm long
75 pum ID column packed with C18 silica (Jupiter C18, 3 ym
particles, 300 A pore size, Phenomenex, Torrance, CA, USA).
We used 0.1% FA in water as mobile phase A and 0.1% FA in
ACN as B. The sample was injected using a 20 L loop in full
loop mode and trapped on a C18 trap column (Phenomenex
Aeris XB-C18, 3.6 pm particles, 200 A pore size, S0 mm X 100
um). The sample was desalted on the trap cartridge for 20 min
at 5% solvent B at a flow rate of 2.5 uL/min. Subsequently, the
flow was reduced to 0.3 gL/min and directed to the C18
column. For elution we used a linear gradient starting at 10%
solvent B and increasing to 20% B in S min, and ramped to
50% B at 100 min then to 80% B in 10 min and washing the
column for 20 min at 80% B and then re-equilibrated at 5% B
for 20 min.

Online Comprehensive Two-Dimensional LC
(WCX-HILIC/axm/RPLC, 2DLC)

The two-dimensional separation platform was assembled from
Waters M-Class LC modules (2 gradient-pumps, one used as
gradient pump for the *D column and one for delivering the
dilution flow; autosampler with S uL loop installed), one
Acquity NanoLC pump (gradient pump used for the 'D
column), and a nanoswitching valve from VICI Valco (PN
C72MX-6670D 10-ports two-positions). We chose to use this
valve because of the reduced port to port valve volume
(approximately 30 nL). A schematic diagram of the 2DLC
system is shown in Figure 2. We used two computers running
MassLynx to control the online 2DLC system, one unit (PC1)
controlling the first-dimension pump ('D) and one (PC2)
controlling the autosampler (connected to the 'D column,
WCX-HILIC), second dimension pump (?D), and the
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Table 1. Histone Proteoforms Identified by the Injection of 1.5 ug of HeLa Core Histones into the RPLC, WCX-HILIC, or

WCX-HILIC/axm/RPLC Coupled with UVPD-HRMS*

LC-MS method H2A
1IDLC RPLC—UVPD-MS” 19 (42)
1DLC WCX-HILIC-UVPD-MS? 6 (7)
2DLC WCX-HILIC/aXm/RPLC-UVPD-MS R1¢ 26 (29)
2DLC WCX-HILIC/axm/RPLC-UVPD-MS R2¢ 33 (39)
2DLC WCX-HILIC/axXm/RPLC-UVPD-MS R3¢ 30 (33)

H2B H3 H4 Total unique ID
12 (23) 36 (59) 16 (39) 83 (163)
10 (10) 173 (177) 19 (21) 208 (215)
12 (14) 299 (299) 29 (37) 366 (379)
14 (16) 293 (298) 21 (30) 361 (383)
13 (16) 327 (338) 21 (25) 391 (412)

“The identifications are obtained from searches against histone and contaminants database using Prosight PC (see Experimental Section for
details). The data in parentheses indicate the total number of identifications, including the one from truncated forms (absolute and biomarker data
search). Data filtered for P < 1E™* Protein IDs available in Table S3 of the Supporting Information. %150 min acquisition time. “270 min

acquisition time.

switching valve. The two LC dimensions and MS were
synchronized using contact closure relays.

For the first LC separation, we used the same column
described for the WCX-HILIC separation. The second-
dimension column was packed in a 100 mm X S0 pm ID
column, using reversed phase material (Jupiter C18, 3 ym
particles, 300 A pore size, Phenomenex, Torrance, CA, USA).
Trap columns were prepared in a 50 mm X 100 ym ID
columns using C18 core—shell particles (Aeris C18, 3.6 ym
particles, 200 A pore size, Phenomenex, Torrance, CA, USA).

We used mobile phase Al 70/29/1 ACN/water/FA and
mobile phase B1 65/27/8 ACN/water/FA (v/v/v) for 'D. *D
used mobile phase A2 (0.1% FA in water) and B2 (0.1% FA in
ACN). We applied gradient elution in both dimensions.

A constant flow of 1.6 puL/min of 1% ACN 0.1% TFA
(dilution flow) was pumped via a tee union (VICI-Valco,
C360QTPK2) connecting to the WCX-HILIC column and the
modulation interface.

To complete the elution in the 'D and reduce carry over
between analyses, we programmed the autosampler to perform
full loop injection (S uL plugs) from vials containing mobile
phases with increasing water content (the solvent composi-
tions are reported below) at the end of the 'D gradient.

PC2 triggered both the LC and MS run via the second pump
module (*D) and was responsible for the injection on the
WCX-HILIC column ('D). The ?D separations were
programmed as a sequence of runs. We programmed the
sequence of “D separations with the first method injecting the
sample, followed by 13 injections where no sample nor solvent
was injected (“blank” injection), S analyses (15th, 16th, 17th,
18th and 19th D) where S uL of, respectively, 65/8/27, 60/
8/32, 50/8/42, 25/8/67, 5/8/87 ACN/FA/water were
injected, and a last D method (20th) where no sample nor
solvent was injected. The total analysis time per run was 275
min.

Mass Spectrometry and Ultraviolet Photodissociation

Both the 1DLC configurations (WCX-HILIC and RPLC) as
well as the WCX-HILIC/aXm/RPLC setup were coupled via a
nanoelectrospray (ESI) source to a Q Exactive HF mass
spectrometer (ThermoFisher Scientific Inc.) modified in a
similar fashion as previously described to enable UVPD in the
HCD cell.* The ESI voltage was set at 1.6 kV, with the inlet
capillary temperature at 270 °C and S-RF lens at 70%. All the
experiments were performed at a nominal resolving power of
120000 (m/z = 200) for MS1 and 60000 for MS/MS
experiments. MS and MS/MS automatic gain control (AGC)
target values were set at 3e6 (50 ms as maximum injection
time) and SeS (200 ms), respectively. The number of
microscans for MS1 and MS/MS was 3 and 6, respectively.

The MS data were acquired as profile data, for 500 < m/z <
2000. Data dependent top S acquisitions (AGC minimum 2e4,
intensity threshold leS) were performed with a 2 Th isolation
window followed by UVPD using a single 1 m] pulse. Dynamic
exclusion was implemented with an exclusion duration of 60 s.
MS/MS was only performed on species with charge states
greater than four.

Data Analysis

Data analysis was performed using ProSightPC 4.0 (Thermo-
Fisher Inc.) and Informed Proteomics (https:// §ithub.com/
PNNL-Comp-Mass-Spec/Informed-Proteomics).”® Prosight
PC 4.0 was used to generate the results reported in Tables 1
and 2, and Informed Proteomics was used as a visualization

Table 2. Unique Histone Proteoforms Identified Using
ProSight Absolute Mass Search against the Human
Proteome”

Total Unique IDs
with C > 3
(total IDs)

67 (155)

LC-MS method C<3 3ZC<45 C»>45

1DLC RPLC-UVPD- 147 S1 16
MS

1DLC WCX-HILIC— 108 29 8
UVPD-MS

2DLC WCX-HILIC/ 158 61 28
axXm/RPLC-
UVPD-MS R1

2DLC WCX-HILIC/ 17§ 62 30
aXm/RPLC-
UVPD-MS R2

2DLCWCX-HILIC/ 173 61 31
aXm/RPLC-
UVPD-MS R3

37 (128)

87 (173)
92 (189)
92 (190)

“Identifications are sorted according to their C score. The total
number of identified proteoforms is given in parentheses. Data filtered
for P < 1E™* Protein IDs available in Table S4 of the Supporting
Information.

and confirmatory tool to annotate the IDs (examples of protein
identifications are collected in Supporting Materials S6 and
S7).

Two search modes of ProSight PC were used: absolute mass
search to identify full-length proteins and biomarker search to
identify protein fragments. Absolute mass search restricts the
search space to proteins matching the mass of the precursor,
whereas, in biomarker search, the search space is extended to
protein sequence fragments matching the mass of the
precursor. The data analysis was about 2 days per data set
when performing absolute mass and biomarker searches in
Prosight PC.

DOI: 10.1021/acs.jproteome.8b00458
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Alternatively, we created a database containing all histone
proteins and common protein contaminants found in our
samples (62 proteins). The restricted protein list was created
from searches using Prosight PC performing absolute mass
searches against the complete Human proteome using 1D
(RPLC and WCX) and 2DLC-HRMS data allowing for S
PTMs and 10 ppm mass accuracy for matching parent ions and
fragment ions (reported in Table S2 of the Supporting
Information). The database was created allowing for a
maximum of 13 PTMs per protein.

Table 1 lists proteins identified using Prosight PC 4.0 for
searches against the confined database and applying UVPD
fragmentation settings for top-down MS2. RAW files were
processed using the Xtract algorithm and Top Down (MS2)
default settings. The analysis was performed in Absolute mass
mode with a mass tolerance of 10 ppm for precursor and 10
ppm for fragments using the Am mode (this function allows
identification of proteoforms with PTMs not included in the
annotated proteoform database). The unmatched spectra were
further searched in Biomarker discovery mode, using the same
mass tolerance settings. Histone identifications were filtered
using the best hit per experiment function and a P < 1 X 107
cutoff. Analysis of a single data set with this approach took 2
days on a personal computer with an Intel Core i7-3820 CPU
processor at 3.6 GHz with 32 GB of RAM. Additionally, we
searched all data sets against the “histone&contaminants
database” using the Informed-Proteomics workflow:** ProMex
software was used for intact mass deconvolution, MSPath-
Finder was used as the search engine, and LcMsSpectator as
data visualization tool. The feature maps reported in various
figures were obtained using LcMsSpectator. The deconvolu-
tion and search settings were similar to the one in Prosight PC.
MSPath-Finder does not use previous knowledge regarding the
PTM site and type of modification (e.g, from uniprot.org).
Our searches allowed for a maximum of 5 PTMs per protein
and mono-, di-, and trimethylation, acetylation, and phosphor-
ylation.

The results reported in Table 2 were generated from
ProsightPC using absolute mass searches against the complete
human proteome, with a mass tolerance of 10 ppm for the
precursor and 10 ppm for fragments, allowing up to 13 PTMs
(but removing the Am search mode) and filtered using the P <
1 X 107 cutoff and according to C score results.”"

The mass spectrometry data have been deposited to the
PRIDE Archive (http://www.ebi.ac.uk/pride/archive/) via the
PRIDE partner repository with the data set identifier
PXDO008978.

B RESULTS AND DISCUSSION

Top Down Analysis of Histones by 1DLC-MS

Weak cation exchange LC (WCX) separations using poly-
(aspartic acid) functionalized silica materials and mobile
phases rich in ACN (e.g, 70% ACN) have been used to
study the distribution of intact’>****** and “partially digested”
(middle down) proteoforms of histones.'®**™*® The combi-
nation of ion exchange and hydrophilic interactions makes
these separations selective toward PTMs that modify the
charge of the protein (e.g, lysine acetylation). However, in
order to ensure the complete elution of these basic proteins,
typical separation methods are performed using high acid (e.g.,
8% to 10% FA) or salt (e.g, 1 M NaClO,) concentration,
hindering in some cases the direct coupling of WCX-HILIC
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with MS. Coupling to MS is possible using volatile additives.
However, their high concentration can cause ion suppression
and/or ESI instability, requiring frequent cleaning of the ion
source, thus making the WCX-HILIC technique nonideal for
high-throughput analyses.

Despite these drawbacks, WCX-HILIC offers excellent
resolving power for acetylated and methylated species.””***”
Figure la shows total ion chromatogram and deconvoluted
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Figure 1. TIC LC-MS chromatogram (top) and feature map
(deconvoluted mass spectra vs time) LC-MS chromatograms of

IDLC analysis (a) WCX-HILIC run and (b) RPLC MS. The colored
areas indicate the elution zone of the different histone groups.

mass vs retention time (i.e, LC-MS feature map) recon-
structed from the analysis of 1.5 ug of HeLa histones. In our
experiments, gradients similar to the one described by Garcia
et al.'® (using 0.5% FA and 20% of ACN) were not entirely
successful in eluting proteoforms of H3 histones with low
amounts of acetylation and methylation. We therefore applied
the strategy reported by Tian et al.”® where a high
concentration of formic acid enables more eflicient elution of
H3 histones.

The WCX-HILIC separation under the conditions described
provides a continuous elution of histone proteins, where
proteoforms with a higher degree of acetylation (thus higher
mass) elute first, followed by the less modified proteoforms.
Previous studies have described the retention mechanism for
this separation, suggesting the acetylation of arginine or lysine
residues as the main driving force for chemical discrim-
ination.”®*>*® Acetylation decreases the basicity of histones
and thus weakens the electrostatic interaction with the
stationary phase (polyaspartic acid). However, as can be seen
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in Figure la almost no discrimination between histone families
is possible using this separation approach. The LC-MS feature
maps for each histone group are reported in Supporting
Material S3.

Top-down MS studies of histones using RPLC are typically
done employing water to ACN gradients in the presence of an
acidic modifier and can be easily coupled to MS via ESL
Different types of stationary phases have been used to separate
histone families (H1, H2, H3, and H4), including C4, CS,
C8,233%%~* and C18 materials.”*** Figure 1b shows the
LC—MS feature map obtained from the injection of 1.5 pug of
HeLa core histones on a C18 RPLC column. With this
separation, the major histone families are resolved into
different regions based on their hydrophobicity (defined
primarily by amino acid composition and mass). H4 and
H2B elute early, followed by H2A, and finally H3 proteoforms
elute over a broad retention time range.

WCX-HILIC and RPLC methods target different sample
properties”* (i.e., charge vs hydrophobicity), and their coupling
in various arrangements has proven to increase the overall
number of identified species relative to one-dimensional
methods.>¥?%% Although more informative, these analytical
workflows are not common due to potential sample losses
(inherent to offline fractionation) and long analysis time.
Initial research using offline 2DLC workflows used up to 100—
150 ug of purified histones proteins.*’ Miniaturized fractiona-
tion columns reduced the quantity of sample needed for offline
configurations to 7.5 ug.”* Although the sample consumption
can be reduced by fractionating the sample using smaller
column IDs, this does not help to reduce the overall analysis
time. For instance, Tian et al.?® described an offline 2DLC
workflow for fractionation of 7.5 ug of purified histone by
capillary RPLC followed by sequential WCX-HILIC analyses.
Despite reducing the sample quantity, the overall analysis time
was over 900 min. Such a long analysis time limits the
practicality of this workflow for high-throughput applications

The only online 2DLC setup for the analysis of histone
proteoforms described so far is the multiple heart-cut system
reported by Tian et al.*® In this setup, multiple loops were used
to collect 20 fractions from a 300 min WCX-HILIC separation
using nine switching valves, several trap columns, and two
RPLC columns. This configuration demonstrated a significant
increase in the number histone proteoform identifications but
required a large sample quantity (24 yg) and long analysis time
(more than 60 h for a single analysis) which significantly
diminished its applicability. This inspired us to develop a
nanoflow online 2DLC method that would combine the
advantages provided by coupling independent separation
modalities with a small sample requirement and shorter
analysis time.

In comparison to the online 2DLC platform previously
described, our system has several advantages including the use
of a single switching valve (two including the injector) and two
columns running at low flow rates (300 nL/min). Switching
from capillary to nanoLC regimes is nontrivial because in order
to minimize the dead times between each 2D separation the
design of the connections and synchronization of the pump
hardware need to be carefully optimized. Handling smaller
volumes results in less dilution thus allowing for the reduction
of the sample size from the 24 ug reported in ref 23 to 1.5 ug
(roughly 20X). Moreover, the first separation (WCX-HILIC)
runs throughout the entire analysis using a long and shallow
gradient that allows for high resolution fractionation. The
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system is programmed so that all the second dimension
gradients are performed by the time the first dimension is
completed. The setup described by Tian et al.”® collects 20
fractions from a 300 min WCX-HILIC separation, and each is
analyzed using a 180 min RPLC gradient for a total of >60 h
per analysis, while here each fraction was analyzed using a 13
min RPLC analysis resulting in 275 min per 2DLC analysis.

Additionally, we performed UVPD fragmentation to increase
the confidence in histone proteoform identification.'”

Online Nanoflow LCXLC Using Active Modulation (2DLC)

In order to effectively couple two capillary based separations, it
is important to minimize dead volumes in both LC dimensions
and to ensure that the injection volume to the second
dimension is sufficiently small to minimize cycle times and
peak broadening.

For this reason, we substituted empty loops, typically used in
LCXLC modulation interfaces (“passive modulation”), by
capillary trap columns (“active modulation”). We previously
described the principle of this approach in analytical*® and low-
flow"” applications. These studies demonstrate how active
modulation preserves the high LC separation power of online
LCXLC and reduces sample dilution.

The nanoflow LCXLC setup combines a 150 mm X 75 ym
ID WCX column separation at 200 nL/min, using a formic
acid gradient from 70% ACN 1% FA to 68% ACN 8% FA, with
a 100 mm X 50 um ID C18 RPLC column separation at 300
nL/min using a water 0.1% FA to ACN 0.1% FA gradient. The
ACN-rich eluent from the first dimension (strong eluting
solvent in RPLC) is diluted 1:10 with water (1.6 pL/min)
using a T-piece mixer. The eluent is loaded on 50 mm X 100
pum ID RPLC trap columns installed on a 10-port two-position
nano HPLC valve. While a fraction eluting from the 'D is
concentrated on a first trap, the second trap is used to inject a
previously collected fraction onto the second-dimension
column where a fast (10 min gradient time) separation takes
place. The repetition of this process enables the sampling of
several 'D fractions that are then simultaneously analyzed on
the *D. Using a low-dead volume switching valve (port to port
volumes of 30 nL) and custom-made traps (with a mobile
phase volume of about 250 nL) we were able to reduce the
dead volume of the modulation unit to about 300 nL and
complete D separations within a cycle time of 13 min (300
nL/min).

After the 'D gradient reached 100% B, we used the sampler
injector to deliver solutions containing 8% FA and an
increasing % of water to allow for elution of the most
hydrophilic species retained on the 'D column, and thus
ensure complete elution of proteins and other contaminants off
the WCX column. Subsequently, we equilibrated the 'D
column at a higher flow rate to prepare the column for the next
injection. A schematic representation of the valve setup and
gradient programming is depicted in Figure 2. Such an online
nano 2DLC system represents the first of this kind, as the
coupling of two nanoscale separation is a result of careful
optimization of dead volumes, gradient delivery times,
connection, and valve assembly to remove sources of air
bubbles.

The nanoflow LCXLC setup eliminates sample losses
typically associated with offline fractionation. Moreover, the
nanoflow rates and small ID (50 um) of the D column limits
sample dilution during analysis. This allows injection of the
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Figure 2. (a) Schematic representation of the 2DLC-MS/MS setup
(WCX-HILIC/aXm/RPLC UVPD-HRMS). The sample components
are separated using a gradient from 70% ACN 1%FA (Al) to 68%
ACN 8% FA (B1; more details about the gradient programming are
reported in the Experimental Section) on a WCX column,
fractionated (online) using two trap columns (C18) and sequentially
separated using a RPLC column (C18) with a water (Al) to ACN
gradient (A2). During the analysis a dilution flow is delivered to
reduce the elution strength of the mobile phase of the 'D (dilution
flow rate ~ 9x 'D flow rate) and allow the concentration of the
analytes on a trap column (T1). Once the valve is switched, the
analytes are eluted from the trap and separated on the D column. (b)
Diagram reporting the gradient programmed for the 'D (WCX-
HILIC) and *D (RPLC); the green lines mark the injection events on
the 'D column, while the blu and red trace the 'D and *D gradient,
respectively.

~
~

same quantity of protein as used in our RPLC and WCX-
HILIC experiments (1.5 pug) without degrading sensitivity.

Figure 3a shows the 2DLC chromatogram of HeLa core
histones aligned according to the D cycle time. Histone
charge variants are separated by WCX-HILIC while RPLC
separates histone families (H4 and H2B elute at the beginning
of each RPLC analysis, followed by H2A and H3; the TIC of a
single RPLC D run is reported in Figure S5 of the Supporting
Information). Figure 3b overlays the TIC and LC-MS feature
map, indicating the presence of the three histone families in
most of the (*D) RPLC separations.

Figure 4 shows H3 and H4 histone regions of the LC-MS
feature map obtained with WCX-HILIC/aXm/RPLC. The
distribution of masses over the WCX-HILIC retention window
indicates that highly modified species elute early, following the
separation trend that was observed when using WCX-HILIC
alone. MS/MS analysis revealed that 'D histone proteoform
separation is maintained and is mostly driven by the degree of
acetylation; *D further separates 'D fractions into different
histone families.

Online WCX-HILIC/aXm/RPLC offers the advantage of
coupling WCX to MS detection using RPLC mobile phases,
allowing to preservative the separation selectivity of this
technique but removing the high acid concentration used for
elution in WCX (source of ion suppression). In addition,
RPLC resolves histone proteoform fractions into families and
compresses the (wide) peaks from WCX-HILIC (up to 10 min
in some cases) to widths of less than 2 min for each RPLC
analysis. This, in combination with the use of a 50-um ID *D
column, increases the sensitivity of the technique, allowing
detection of lower abundance proteoforms that would not be
detected in a 1D WCX-HILIC MS experiment.

Triplicate analyses of HeLa core histones showed similar
elution profiles as shown Supporting Material S5. The major
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source of variation appears to be the fractionation of the WCX-
HILIC analysis in the first dimension in combination with
potential degradation of the sample during the analysis process,
which results in shifts in the concentrations present in the
RPLC fraction.

To further compare the results obtained from one- and two-
dimensional separations, we extracted deconvoluted mass
features corresponding to the H2A/B, H3, and H4 proteo-
forms (11200 < M, < 11500 for H4, 13650 < M, < 14150 for
H2A/B, 15100 < M, < 15500 for H3) and then combined their
masses into 1 Da bins (the results are plotted in Figure S6 of
the Supporting Information, and the corresponding feature
maps are in Supporting Material S3). This visualization of our
data set removes the discrimination coming from the retention
time and thus the distinction of isobaric compounds but
represents a simple method to compare the MS1 features
detected. From this comparison we observed that more MS
features not detected by 1D WCX or RPLC alone are observed
in 2DLC experiments, especially for H3 histones (H4:66
nLCXLC, 54 WCX-HILIC, 65 RPLC; H2A/B 125 nLCXLC,
59 WCX, 99 RPLC and H3:160 nLCXLC, 67 WCX, 62
RPLC). It is likely that part of the MS features not detected
either by WCX or RPLC are due to proteoform coelution and
consequent ion suppression.

Proteoform ldentification

The workflow used in this study included high resolution MS1
(120 000 at m/z = 200) followed by isolation of the five most
abundant precursor ions for subsequent UVPD fragmentation
(an illustration of the identification process is reported in
Figure S1 of the Supporting Information). Similar to the
approach described by Tian et al,”®** we initially searched
MS/MS data against a database containing histones and major
protein contaminants (the complete list is reported in Table S2
of the Supporting Information). In Table 2 we report the
results for the 1D RPLC, 1D WCX-HILIC and LCXLC WCX-
HILIC/aXm/RPLC analyses using Prosight PC.

A direct comparison of the identification results published
using other offline and online 2DLC approaches (Tian”***) is
not possible, as the data were produced using different
fragmentation approaches on a different mass spectrometer
and data processing. We refer to Greer et al'’ for a
comparison of the results of online RPLC with UVPD
fragmentation with respect to HCD and EThcD.

The number of identifications reported (1D and 2DLC)
may appear lower relative to what has been reported for other
histone top-down studies.”® This is likely due to the tighter
tolerances for precursor and fragment ions (10 ppm vs 1 to 10
Da reported previously”®). Analyses using relaxed parameters
to increase the number of proteoforms identified, but we
preferred using restrictive matching settings to increase the
confidence in the data presented.

Using WCX and WCX-HILIC/aXm/RPLC we predom-
inantly identified intact proteoforms while RPLC predom-
inantly identified truncated proteoforms. The shallow gradient
and long column used in RPLC-MS allow the truncated forms
(lower in abundance) to be resolved from their intact proteins
and elute throughout the analysis. In contrast, in WCX-HILIC
the truncated forms elute only in the initial part of the run and
are less likely to be resolved and identified. The same
phenomena happen in the 2DLC setup; additionally, the fast
gradient used in the second-dimension chromatography
reduces the number of truncated forms that are observable.
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Figure 3. WCX-HILIC/aXm/RPLC UVPD-HRMS analysis of HeLa core histones. (a) Folded 2D chromatogram extracted from the total ion
chromatograms (TICs). 2DLC separation combines the charge resolving power from the WCX separation with the histone family group separation
(H2, H3, H4) afforded by RPLC. (b) TICs (top) of the 2DLC separation and the respective neutral mass spectra (bottom).

RPLC-MS analysis yielded a higher number of H2A and
H2B proteoforms, whereas WCX identified a significantly
larger number of H3 proteoforms. Notably, the 2DLC setup
combines the specificity of both the separations, allowing for
the identification of more proteins for all family groups. These
results can be explained by the configuration of our 2DLC
setup where the 'D (WCX-HILIC) separates protein charge
variants using a long and shallow gradient that is fractionated
at an interval of 13 min; fractions are sequentially injected on
D (RPLC) for protein family separations. The mass
distribution for the identified proteoforms (Figure S6 of the
Supporting Information), as well as the feature maps shown in
Supporting Material S3, indicate that methods based on ion
exchange (WCX-HILIC and 2DLC) are particularly well
suited to resolve H3 forms. For targeted analysis of H2 and/or
H4 using the 2DLC platform, it may be necessary to further
optimize both separation dimensions. However, 1D RPLC
separations, employing long columns and shallow gradients,
would likely provide better separation of H2A and H2B
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proteoforms, which differ slightly in their primary amino acid

42
sequence.

Overall, WCX-HILIC/aXm/RPLC identified more proteo-
forms in comparison to both 1D approaches. The combination
of independent chemically selective separations reduces ion
suppression and provides an increased dynamic range of
measurements proving the usefulness of such a separation
strategy. We speculate that increasing the column length in the
first-dimension column and allowing for a longer analysis time
and higher sample injection amount would further increase the
separation capacity and possibly the data quality obtained.

To further evaluate our results, we performed only absolute
mass ProSight searches against the entire human protein
database. Analyses with a narrow search window for precursor
and fragment ions (10 ppm) were completed in less than 30
min per data set. We used the C score parameter to evaluate
the results. This metric measures the level of characterization
of a proteoform using a Bayesian approach.”’ For instance, a C
score of 3 indicates that two proteoforms in the database can
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Figure 4. Detailed view extracted from Figure 3 showing the neutral
mass region of H3 (a) and H4 (b) histones. Species with a higher
degree of acetylation (Ac) (i.e., with higher molecular mass) have
lower retention in WCX-HILIC. Information on histone identifica-
tions is provided in Supporting Material S6.

equally well explain the observed data (different combination
of PTM), and proteoforms with C scores of 40 or higher are
considered to be unambiguously identified. Table 2 shows the
distribution of the identification with a C score below 3 (IDs
that can be connected with multiple proteoforms), between 3
and 45 (IDs with up to 2 proteoforms), and more than 45
(unique proteoforms).

An absolute mass ProSight search halved the number of
unique histone proteoforms identified relative to searches
using a restricted database (Table 1), suggesting that a large
number of identified proteoforms had not been explicitly
included in the annotated database.

The proteoforms identified included several acetylated, (tri-,
di-, mono-) methylated, and phosphorylated histone groups.
The overlap between identifications (C score >3) obtained
using different separation approaches is depicted in Figure 5.

The results of this analysis show a large overlap between the
identifications from the three techniques employed, with more
than 70% of all the identifications being generated from the
WCX-HILIC/aXm/RPLC analyses. Finally, the overlap
between the proteoforms identified in triplicate analyses (and
processed using the same data analysis workflow) accounted
for about 40% for WCX-HILIC/aXm/RPLC. The main source
of variability between identified proteoforms is the large
diversity of H3 proteoforms. This histone family displays a
large diversity in the type and location of PTMs, and our
results suggest that each analysis may capture only part of this
great complexity. Despite improvements in the separation of
intact histones enabled by 2DLC, several proteoforms share
the same mass coelute. Thus, the quantitative analysis of the
data presented can only be attempted monitoring characteristic
fragment intensities and requires the development of specific
software*® and was not attempted in our study.
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2DLC
WCX/axm/RPLC

1DLC
RPLC

Figure S. Venn diagram of the histone proteoforms identified with C
> 3 using 1IDLC RPLC-MS, 1DLC WCX-HILIC-MS, and 2DLC
WCX-HILIC/axXm/RPLC-MS (3); Protein IDs available in Table S4
of the Supporting Information.

B CONCLUSIONS

The vast heterogeneity of histone proteins makes them
challenging analytes for top-down MS investigations. This
complexity stems from several sources: positional isomers (i.e.,
different PTM site on the same proteoform), small mass
differences between PTMs (e.g., acetylation and trimethyla-
tion), and the presence of unknown/unexpected PTMs (e.g.,
bromination®?).

Our results demonstrate the high potential of an online
nanoflow 2DLC separation for top-down proteomic analyses of
histone proteoforms. The separation strength of the proposed
method lays in the combination of the chemical selectivity of
two orthogonal separation modalities. Herein, the two
methods are coupled online to reduce sample losses typical
for offline fractionation schemes. In addition, nanoflows were
used to reduce sample dilution and enhance MS sensitivity.
Ultimately, the combined advantages of this platform allow for
the extension of the dynamic range of the MS measurement,
increasing the number of confidently identified histone
proteoforms relative to 1DLC-MS.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jproteo-
me.8b004S58.

Gradient programming of the 2DLC (Supporting
Material S1, Table S1), a schematic illustration of the
histone identification workflow (Supporting Material S2,
Figure S1). Additional data on IDLC and 2DLC
separations are reported in the Supporting Material S3.
This include details of the separation families by 1DLC
WCX-HILIC (Figure S2), 1DLC RPLC (Figure S3),
2DLC WCX-HILIC/axm/RPLC (Figure S4), the TIC
of a single modulation of the 2DLC separation (Figure
SS), and the analysis of the distribution of neutral
masses detected for each histone family (Figure S6).
The list of families of proteins identified using WCX-
HILIC/aXm/RPLC UVPD-HRMS (Prosight PC 4.0) is
collected in Supporting Material S4, Table S2. The
results from the triplicate analysis of HeLa Histones
using the WCX-HILIC/aXm/RPLC UVPD-HRMS
platform are in the Supporting Material SS, Figure S7.
In Supporting Materials S6 and S7 are reported
examples of proteoform IDs obtained with our analysis

DOI: 10.1021/acs.jproteome.8b00458
J. Proteome Res. 2018, 17, 3791-3800


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.8b00458
http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.8b00458
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.8b00458/suppl_file/pr8b00458_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.8b00458/suppl_file/pr8b00458_si_001.pdf
http://dx.doi.org/10.1021/acs.jproteome.8b00458

Journal of Proteome Research

workflow using respectively the informed proteomics
and Prosight PC data analysis toolkit. Figure S8 shows a
detail of Figure 2 reporting the monoisotopic mass area
of H3 histones and assignment of H3.2 proteoforms
using the informed proteomics workflow and Figure S9—
S14 examples of H3.2 proteoform IDs. Figure S15 shows
a detail of Figure 2 reporting the monoisotopic mass
area of H4 histones and assignment of H4 proteoforms
using the informed proteomics workflow and Figure
S16—S19 examples of H4 proteoform IDs. Examples of
sequence coverage of protein identifications using
Prosight PC 4.0 are collected in Supporting Material
S7 (PDF)

Excel file reporting the output of the Prosight PC 4.0
searches summarized in Table S3 (list of proteoform
identified by Prosight PC 4.0 using a restricted database)
(XLSX)

Excel file reporting the output of the Prosight PC 4.0
searches summarized in Table S4 (list of proteoforms
identified using Prosight PC 4.0 using the Human
Proteome database and filtered by C score) (XLSX)
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