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Abstract

A comparison of different data-independent fragmentation methods combined with liquid
chromatography (LC) coupled to high resolution Fourier-transform ion cyclotron resonance (FT-
ICR) tandem mass spectrometry (MS) is presented for top-down MS of protein mixtures. Proteins
composing the 20S and 19S proteasome complex and their post-translational modifications were
identified using a 15-Tesla FT-ICR mass spectrometer. The data-independent fragmentation
modes with LC timescales allowed for higher duty cycle measurements that better suit on-line LC-
FT-ICR-MS. Protein top-down dissociation was effected by funnel-skimmer collisionally
activated dissociation (FS-CAD) and CASI (Continuous Accumulation of Selected lons)-CAD.
The N-terminus for 9 out of the 14 20S proteasome proteins were found to be modified, and the
a3 protein was found to be phosphorylated; these results are consistent with previous reports.
Mass measurement accuracy with the LC-FT-ICR system for the 20-30 kDa 20S proteasome
proteins was 1 ppm. The intact mass of the 100 kDa Rpn1 subunit from the 19S proteasome
complex regulatory particle was measured with a deviation of 17 ppm. The CASI-CAD technique
is a complementary tool for intact protein fragmentation and is an effective addition to the
growing inventory of dissociation methods which are compatible with on-line protein separation
coupled to FT-ICR MS.
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1 Introduction

Protein identification by top-down mass spectrometry (MS) and top-down proteomics are
valuable for the analysis of complex samples (e.g., cell lysates) as well as for mixtures of
relatively few proteins, such as endogenous protein complexes. Although more established
bottom-up methodologies have current advantages, such as well-developed protocols [1],
efficient on-line peptide chromatography [2], and mature bioinformatics support [3],
measuring proteins in their intact form and with subsequent fragmentation is still unmatched
in the extent of information it can yield. Protein top-down MS yields the intact mass(es) of
the proteins [4, 5] and the presence of “proteoforms” [6], which cannot be efficiently
identified by conventional bottom-up methods. Even if compared to the bottom-up
identification of post-translational modifications (PTMs) using sample enrichment
techniques, bottom-up methods cannot provide information on the localization of
combinatorial modifications as efficiently as the top-down approach.

Identification of a large set of proteins on the liquid chromatography (LC) separation
timescale by top-down LC-MS/MS was accomplished by Kelleher’s group in 2007 [7].
Since then, separation techniques and mass spectrometric instrumentation have improved for
identifying intact proteins from more complex samples [8, 9]. Significant achievements in
the recent times include the incorporation of electron transfer dissociation (ETD) and
Orbitrap-based higher energy collisional dissociation (HCD) during on-line protein elution
to improve sequence coverage [10, 11].

Currently, in-source (IS) fragmentation (e.g., nozzle-skimmer dissociation, NSD) [12, 13]
and collisionally activated dissociation (CAD) are the predominant methods for performing
top-down protein identification on the LC timescale, due to shorter data averaging time
required and higher efficiency for fragmenting high MW proteins during on-line elution [14,
15]. ETD requires a longer duration to average data from the far larger number of product
ions obtained from the sequence independent fragmentation scheme it utilizes. ETD is
currently limited to proteins under 20 kDa when eluted from a column [11], although Tyshin
has shown impressive ETD-based top-down LC-MS for 150 kDa antibodies [16].

Most high-throughput top-down protein identification platforms use 1S fragmentation and
CAD. IS fragmentation is performed without precursor ion selection [12] and can be
programmed to switch between high and low energies during on-line protein elution [17]. In
contrast, CAD can be performed post-isolation of a precursor ion in a data-dependent
manner. The CAD product ion data obtained from different precursor charge states of the
same protein are merged during post-processing for sequence database searching [18]. In
general, fragmenting several precursor ion charge states is preferred [19], as product ions
obtained from different charge states can vary, so utilizing different charged precursors can
increase sequence coverage [20, 21]. Therefore, a higher duty-cycle MS workflow that
utilizes data-independent fragmentation of multiple charge states simultaneously would
appear to be an effective means for protein identification by top-down MS.

We have developed a top-down MS method for the examination of endogenous protein
complexes that involves nanoL.C separation followed by on-line high resolution Fourier
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transform ion cyclotron resonance (FT-ICR) MS. Two different data-independent
fragmentation techniques were employed to dissociate multiple intact protein charge states
simultaneously. Funnel-skimmer dissociation (FS-CAD) in the higher pressure region of the
atmosphere-vacuum interface is equivalent to the more widely known NSD, and has been
successfully used by Agar’s group to fragment proteins up to 669 kDa in infusion
experiments [22].

We compare FS-CAD to Continuous Accumulation of Selected lons (CASI)-CAD for
protein identification. CASI, which is performed in the high vacuum region of the mass
spectrometer, has been used in the small-molecule field for its ability to selectively enrich
molecules in complex matrices, especially during MS-based tissue imaging [23, 24]. Due to
the high background when tissue imaging is used to probe for the presence of drugs and its
metabolites, the isolation and accumulation of the compound enriches it from the other
molecules and yields an accurate mass that often eliminates the need for performing MS/MS
for validation [25, 26]. The original method for selectively accumulating ions in an external
quadrupole prior to transferring them to the ICR cell was developed by Marshall and
coworkers in the late 1990s [27]. They used this method for selectively zooming across an
entire nyzrange to obtain high resolution data for identifying compounds in crude oil
samples [28]. Since then, this technique has been utilized to increase the signal-to-noise ratio
by accumulating ions from selectively-scanned regions of the mass spectrum. Tipton et al.
have used this ‘zoom-mapping’ approach for on-line top-down protein identification by
selecting ions from two sequential 80-100 nVz windows for high-resolution mass
measurement of precursor ions followed by a wide-range myz scan for measuring the
fragment ions generated by NSD. This resulted in baseline resolution and identification of
proteins up to 72 kDa [15].

Here, we present CASI-CAD for top-down protein identification. This technique involves
the simultaneous accumulation and dissociation of 67 precursor charge states during an on-
line LC-MS analysis. Multiple charge states of each intact protein were isolated within an
m/zwindow (typically m/z 800-1200) in an external quadrupole, transferred to a collision
cell for accumulation and fragmentation, and the product ions were transferred downstream
to the ICR cell for mass measurement.

Human 19S and 20S proteasomes were used as model complexes to test this top-down MS
method. They form an integral part of the ubiquitin-proteasomal system that is responsible
for degrading the majority of intracellular proteins [29]. The 20S complex (~700 kDa), also
known as the core particle, consists of two alpha and two beta rings, which are stacked to
form a hollow barrel-shaped structure (Fig. 1). This complex contains the active sites
responsible for proteolysis [30]. In eukaryotes, each alpha ring is made up of 7 different
alpha proteins and each beta ring is made up of 7 different beta proteins in eukaryotes. The
19S complex (~900 kDa), also called the regulatory particle, contains more than 19 different
subunits ranging from 8 to 106 kDa, controls protein import, and contains ATPase subunits
which power the complex for protein degradation [31].

Prokaryotic and eukaryotic 20S complexes have been analyzed previously by both top-down
[32, 33] and bottom-up approaches [34], and the N-terminus and the post-translational
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modifications (PTMs) of the subunits have already been characterized [35, 36]. The intact
masses of the human 20S subunits have been deciphered by two-dimensional (2D) gel
electrophoretic separation followed by eluting the intact proteins from the gel for further
analysis with FT-ICR MS [33]. The 19S complex subunits have also been characterized to
some extent by bottom-up methods [37], but the intact masses of these proteins have not yet
been measured. In this work, we used FS-CAD (Fig. 1A) and CASI-CAD (Fig. 1B)
techniques on a FT-ICR MS to identify proteins in the 20S complex. We have also measured
the intact masses of the proteins in the 19S complex, including a 100 kDa protein. In
addition to these two dissociation methods, we have explored the use of the CASI principle
to enrich for fragment ions after dissociation in the funnel-skimmer region (Fig. 1C).

2 Materials and methods

2.1 Chemicals and sample preparation

LC-MS grade solvents were purchased from the following vendors: water and isopropanol
from Baker-VWR (Radnor, PA, USA), and acetonitrile (ACN) from EMD (Billerica, MA,
USA). High purity formic acid (FA) and trifluoroacetic acid (TFA) were from Thermo
Scientific Pierce (Waltham, MA, USA). Human 20S and 19S proteasome complexes were
purchased from Boston Biochem (Cambridge, MA, USA). Prior to loading on the HPLC
column, the proteasome samples were denatured by diluting in 95/5/0.1 H,O/ACN/FA.
Stock solutions of bovine ubiquitin (Sigma-Aldrich, St. Louis, MO, USA) were prepared at
1 mg/mL in MS-grade water, and were then diluted to 500 fmol/uL in 50/49.9/0.1
H,O/ACN/FA (v/viv) and used for calibrating the mass spectrometer.

2.2 HPLC and MS

Chromatography was performed using a Dionex Ultimate 3000 Rapid Separation LC system
(Thermo Scientific, Waltham, MA, USA), which consists of a binary high-pressure gradient
pump and a ternary low-pressure loading pump. The 20S proteasome complex (100 fmol)
was injected onto a Dionex PepSwift reversed-phase monolithic trapping column (200 pm x
5 cm) and washed for 10 min with 99.95% H,0/0.05% TFA at 5 uL/min flow rate using the
loading pump. This was followed by gradient elution onto the Dionex PepSwift reversed-
phase monolithic analytical column (100 pm x 25 cm). Solvent A was 99.9% H,0/0.1% FA
and solvent B was 99.9% ACN/0.1% FA. The flow rate was 1 uL/min, and the following
gradient was used: isocratic hold at 10% B for 10 min followed by three steps of linear
increases to 25% B at 15 min, 50% B at 49 min, and 80% B at 54 min, followed by an
isocratic hold at 80% B for 5 min, and finally equilibrated at 10% B for 10 min. Both the
analytical and trapping columns were held at 60°C throughout the run to assist in protein
separation. For separating the proteins in the 19S complex, solvent B in the gradient pump
was changed to 90/10/0.1 ACNY/ isopropanol (IPA)/FA, and the gradient program used was
the same as above.

The Dionex nanoL.C system was connected in-line with the solariX hybrid Qg-15 Tesla FT-
ICR mass spectrometer using the CaptiveSpray electrospray source (Bruker Daltonics,
Billerica, MA, USA). This source consists of a non-tapered 20 pm i.d. silica tip that
produces a stable spray with minimized clogging. The MS source parameters were
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optimized for the LC flow rate of 1 pL/min: 2.5 L/min drying gas flow at a temperature of
180°C, —1.5 kV capillary voltage. The capillary exit and deflector plate were at 250 V and
230 V, respectively. For intact mass measurement of the 20S subunits, funnel 1 and skimmer
1 were held at 140 V and 30 V, respectively. The skimmer 1 potential was increased to 60 V
for measuring the larger MW subunits in the 19S complex to better dissociate the salt/buffer
protein adducts. To fragment proteins in the funnel-skimmer region, the skimmer 1 potential
was increased to 100 V. The potential of funnel 2, which is downstream to skimmer 1,
remained at 6 V in all of the experiments. The data were acquired in the broadband detection
mode, using 1 mega-word data points, over the m/z 150-3000 range. The total duration of a
MS scan event was 0.63 sec, which includes a transient length of 0.34 sec. The number of
scans averaged for one spectrum was set to one.

For performing CASI-CAD fragmentation, the ions between m/z 800-1200 were selected in
the quadrupole by setting the Q1 mass to m/z 1000 and using an isolation width of m/z 400.
lons were accumulated for 0.2 sec in the collision cell and an optimized collision energy of
14.5 V was applied to induce fragmentation.

The instrument was calibrated externally by infusing 500 fmol/uL of ubiquitin at a flow rate
of 1 uL/min using a syringe pump through the CaptiveSpray source. The most abundant
peaks from the 13+ to 6+ charge states of ubiquitin were used for calibration and a mass
accuracy of 0.1-0.3 ppm was routinely obtained for the ubiquitin peaks.

2.3 Data analysis

The total ion chromatograms (TICs) obtained from LC-MS and LC-MS/MS runs were
smoothed using the Gaussian smoothing algorithm (0.8 sec width for 1 cycle) in
DataAnalysis 4.0 (Bruker Daltonics). Mass spectra were obtained by manually integrating
the apex of each peak in the TIC. Charge state distributions of the intact proteins and
fragment ions from the tandem MS experiments were deconvoluted using the Sophisticated
Numerical Annotation Procedure (SNAP) Il algorithm within DataAnalysis 4.0, which
determines the monoisotopic MH+ for both intact and fragment ions. The mass lists
obtained were exported and converted to neutral masses by subtracting the mass of a proton
(1.007276 Da). Because both FS-CAD and CASI-CAD are data-independent fragmentation
methods, the MS/MS data files do not contain precursor ions; hence, the mass of the protein
being fragmented was manually added to each file as the precursor mass. ProSight 2.0 was
used to search the human top-down complex database, which is built from UniProt release
2012_06 and can be downloaded in ProSight warehouse format file from the following site:
ftp://prosightpc.northwestern.edu/2012_06/Eukaryotes/Homo%20sapiens/

This database contains 1,496,086 basic sequences and supports top-down searches with
known N-terminal modifications, PTMs, alternative splice forms, and endogenous cleavage
events. The Absolute Mass type of search, which matches the observed precursor mass to the
theoretical mass within the specified mass window, followed by comparing the theoretical
fragments from all the proteins within the tolerance limit to the observed fragments, was
used to search the database. The following parameters were used during the search:
precursor mass tolerance of + 2 Da (to account for mass discrepancies from biological
events, e.g., amidation or deamidation, and/or errors during deconvolution), fragment mass

Proteomics. Author manuscript; available in PMC 2015 May 01.


ftp://prosightpc.northwestern.edu/2012_06/Eukaryotes/Homo%20sapiens/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lakshmanan et al. Page 6

tolerance of + 10 ppm, and N-terminal acetylation and phosphorylation as potential
modifications.

3 Results and discussion
3.1 LC-MS of 20S proteasome using nanoLC-FT-ICR MS

The 20S complex (70 ng or 100 fmol total) was loaded onto a reversed-phase monolithic
(polymeric (PS-DVB) material [38—40]) column and the protein subunits were eluted
between 27-42 min, as illustrated in the TIC (Fig. 2, bottom panel). In the top panel of Fig.
2, a simulated “gel”-view of the same elution window as in the TIC is shown, with the x-
and y-axes representing elution time and m/z, respectively. The protein(s) eluting in each
peak in the TIC is represented by a set(s) of bands in the gel-view that corresponds to the
charge state distribution of the protein. The intact ESI mass spectra of four 20S subunits
eluting in the TIC is displayed in Supplemental Fig. 1. A resolving power of 45,000-50,000
was routinely obtained for all of the proteins with the data points averaged from 15-20
seconds peak widths at the apex of the peak on the LC timescale.

The chromatographic peak full-width at half maximum (FWHM) values were found to be
within 15-30 seconds for all protein peaks, except for peaks 1 and 9, which have peak
widths of 1 min and comprise proteins approaching 30 kDa. Increasing peak widths with
increasing protein size is a general trend, with peak widths in the range of 1-2 min for
proteins of 35-50 kDa with PLRP columns [15, 41]. For intact protein analysis, when
compared to PLRP and silica based columns, monolithic columns generally give rise to
smaller peak widths and shorter retention times [42], so rigorous comparisons can be done to
evaluate the efficiency of these columns for intact protein LC-MS analysis. In our hands, the
reproducibility of the peak elution time was found to be within + 20 sec, for both intra- and
inter-day runs.

3.2 LC-MS/MS using data-independent fragmentation methods

To identify proteins from the 20S complex, two different data-independent fragmentation
methods, FS-CAD and CASI-CAD, were used.

3.2.1 Protein identification using FS-CAD—FS-CAD occurs in the region between
the first and second ion funnel and provides higher transfer efficiencies for large, multiply-
charged ions (Fig. 3). Protein fragmentation in the funnel-skimmer region was facilitated by
increasing the declustering potential voltage of skimmer 1 in the source region. A skimmer 1
voltage of 100 V corresponding to a ASF (skimmer 1 — funnel 2 voltage) of 94 V yielded the
highest sequence coverage for the proteins measured and was used to fragment the 20S
subunits during on-line elution. (A skimmer 1 voltage of 30 V was used for the intact mass
measurements.) A product ion mass list generated for each subunit by averaging the data
points from each peak in the TIC was used for database searching. The experimental MW,
the number of fragment ions matched (both b- and y-ions), the expectation value (e value)
obtained from ProSight, and the nature of the N-terminus, as determined from the fragment
ion data for all of the proteins in the 20S complex, are tabulated in Table 1. Thirteen out of
the 14 20S subunit proteins were identified with product ion mass accuracies within 10 ppm.
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For the intact protein mass measurements, the errors in the measured mass were much
lower, within an average deviation of only 1 ppm during the LC-MS runs (Supplemental
Table 1).

The FS-CAD mass spectrum of a 29 kDa protein is illustrated in Fig. 4. FS-CAD of this
protein yielded a product ion-rich spectrum (Fig. 4A) with several 6—7 amino acid length
sequence tags (Fig. 4B). Database searching identified this protein as the a4 subunit of the
20S complex, with an e value of 4.94E-47. (Low e values represent better matches and are
less likely to be false positives.) Of the total 135 fragment ions obtained, 50 (32 b-ions and
18 y-ions) were matched (Fig. 4C), representing 48 of the possible 259 distinct inter-residue
amide bond cleavages in the a4 protein by FS-CAD. This translates to 19% sequence
coverage based on the 37% of the total fragments matched by the search. The relatively low
sequence coverage and number of fragment ions matched may be due to the presence of a
large number of internal fragments that were not interpreted. Agar’s group found
preferential cleavage through proline and aspartic acid channels, and internal fragments
which accounted for approximately half of the total fragment ions obtained during FS-CAD
[43]. Current top-down MS search engines are limited in their ability to search for internal
fragments (formed by two backbone amide bond cleavages in the protein and lack
information about either termini). Future improvement in the database searching tools to
utilize internal product ions after generating a list of potential protein hits would be very
valuable for increasing sequence coverage.

3.2.2 Protein identification using CASI-CAD—CASI-CAD, which has not yet been
explored extensively for proteins, was performed by choosing an appropriate myzrange in
the external quadrupole. All the ions within this range were accumulated for a specified time
interval in the collision cell and fragmented by CAD (Fig. 3). For example, for the analysis
of bovine ubiquitin, only ions between ca. m/z 800-1200 were selected in the external
quadrupole, which predominantly isolates the 10+ to 8+ charge states and the selected ions
were then transferred to the collision cell and fragmented by CAD (Supplemental Fig. 2).
(The m/z800-1200 window was chosen to optimize conditions for the analysis of the
proteasome subunits (vide infra).)

CASI-CAD is a data-independent method,; it eliminates the need for spending instrument
time on precursor selection. For top-down LC-MS, this increases the duty cycle of the
experiment and results in higher product ion signal-to-noise compared to data-dependent
acquisitions because it eliminates the need to separately select, for example, the three most
abundant precursor charge states for product ion generation within the timescale of the
chromatographic peak.

The ESI charge state distributions for the 20-30 kDa proteins in the 20S proteasome
complex lie within m/z 700-2000. To yield a product ion-rich spectrum [44], a m/z 800-
1200 window was selected that included the intermediate (and abundant) charge states, and
this isolated 6-12 precursors, varying from 38+ to 17+ charges, depending on the protein.

The ion accumulation time in the collision cell was set to 0.2 sec for the CASI-CAD
experiments. Increasing the accumulation time to 0.3 sec did not yield higher sequence
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coverage; the number of product ions exported for database searching, the number of
product ions matched, and the product ion intensities were nearly the same as for 0.2 sec
(Supplemental Fig. 3 and inset table and Supplemental Fig. 4). Generally, shorter ion
accumulation times increased the duty cycle for MS/MS measurements during the LC peak
elution time.

The MS/MS data obtained from CASI-CAD experiments were processed and searched with
the same parameters as FS-CAD and the results from these identifications are summarized in
Table 1. As for the FS-CAD mediated protein identification, CASI-CAD also identified 13
out of the total 14 subunits with product ion mass accuracies of under 10 ppm. An example
of CASI-CAD fragmentation of the a4 subunit is displayed in Fig. 5A, showing the
fragment ions obtained after dissociating the intact protein ions between m/z 800-1200 that
were enriched. A zoomed-in view is displayed in Fig. 5B to show the bgsl0* — bggl0*
sequence tag. The overall sequence coverage obtained for the a4 subunit is shown in Fig.
5C. The 37 subunit was the only protein not identified by either fragmentation techniques; it
co-eluted with the 5 subunit and did not yield any measurable product ions.

CASI-CAD generated larger numbers of matching fragments for three proteins (a1, a2, and
{36 subunits; highlighted in green in Table 1) when compared to FS-CAD (highlighted in red
in Table 1). The al subunit was found to co-elute with a7 and 6 co-eluted with 4.
Similarly, a2 co-eluted with a6 but was identified with 48 product ions by CASI-CAD,
whereas FS-CAD led to only 38 identifiable product ions. Moreover, examination of data for
those proteins that were identified equally well by both methods indicates that these two
methods are complementary. CASI-CAD therefore could be used as an additional tool to
enrich for fragment ions from poorly-fragmenting proteins and from co-eluting proteins.
Although protein fragmentation by both methods are based on CAD, the internal energy of
the multiply charged protein ions at various stages in the mass spectrometer may be
different, and so equivalent FS-CAD declustering potentials and CASI-CAD collision
energies need to be compared in order to evaluate the relative efficiencies of each technique
for generating high sequence coverage.

3.3 N-terminal characterization and PTM analyses

Data from both fragmentation methods showed that the N-terminus of all 7 a-subunits and 2
of the B-subunits were acetylated (Table 1). No protein modifications were identified on 5 of
the B-subunits. From its measured intact molecular mass, the a3 subunit appeared to be
phosphorylated (Table 1 and Supplemental Table 1). However, its poor fragmentation
efficiency in either method did not allow further pinpointing of the phosphorylation site. The
UniProt database suggests that Tyrygg, Serpap, Or Serpag could be phosphorylated, and
therefore, the y102_108 product ions measured for the a3 subunit were not helpful. Targeted
studies on the characterization of the 20S proteasome complex using bottom-up [36] and
top-down [33] methods have shown only Serp4g to be phosphorylated, but large-scale
phosphopeptide profiling by ETD-MS/MS [45] and immunoaffinity-based profiling using
tyrosine-specific antibodies [46] have shown Seros, and Tyrygq, respectively, to be
phosphorylated as well. This variation could be due to different biological origins of the
proteins [47].
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MaxEnt decovolution of the a3 protein shows the presence of the unmodified form at 5
times lower abundance than the singly phosphorylated form (Fig. 6). This is consistent with
an earlier 2D gel electrophoresis-based proteomics study of the 20S complex showing a
much darker-stained 2D gel spot for the singly phosphorylated form of a3 (pSery4g) relative
to the non-phosphorylated form [33, 48]. The presence of the phosphorylated form of this
protein at a higher abundance compared to the unmodified form of this protein and also
compared to the other phosphorylated subunits in the proteasome complex has been
observed by other groups as well [49] and it has been suggested that this phosphorylation
stabilizes the association of the 19S regulatory complex to the 20S catalytic core complex to
form the 26S functional proteasome [50].

3.4 FS-CAD followed by CASI ion enrichment

In addition to using FS-CAD and CASI-CAD, we tested also the combination of FS-CAD
with CASI to selectively enrich for product ions generated by FS-CAD. This was
implemented by fragmenting the intact proteins by FS-CAD followed by accumulating the
product ions within a selected nVz-range in the quadrupole before the ICR measurements.
When the 20S proteasome subunits eluted from the LC column, skimmer 1 voltage was
increased to 100 V to induce FS-CAD and the product ions within the m/z800-1200
window were enriched in the quadrupole, but the collision energy was not applied, which
would otherwise initiate further fragmentation. An ion accumulation time of 0.2 sec in the
quadrupole was used for this method. Applying the CASI technique after FS-CAD resulted
in selective enrichment of only those fragment ions that were within the m/z 800-1200
range, as opposed to scanning the entire mass window after the FS-CAD.

We found that using FS-CAD/CASI generated more matching product ions than FS-CAD
alone. For example, for the a4 subunit, 50 b- and y-ions were measured by FS-CAD, while
the FS-CAD/CASI method identified this protein with a total of 62 b- and y-ions
(Supplemental Fig. 5). Enriching the fragments by using the CASI technique increases the
total number of ions exported for the search and the e values obtained are lower for the
CASI enriched data, indicating a more confident identification, with a larger number of
fragment ions being matched. Similar improved results were obtained for 7 other proteins in
the 20S complex (highlighted in blue in Table 1).

3.5 LC-MS of 19S proteasome subunits

The 19S complex is composed of at least 19 different canonical subunits of theoretical MW's
ranging from 8-106 kDa and is relatively more dynamic than the 20S complex. LC-MS of
the 19S complex was performed by changing the composition of solvent B to 90/10/0.1
ACN/IPA/FA to aid the recovery of the high-MW 19S subunits. Although IPA is effective at
eluting high MW species from the HPLC column, higher amounts of IPA (such as 20%),
resulted in higher back pressure and unstable spray, so 10% IPA was used for the 19S
protein separations.

With 1 pmol of the 19S complex loaded onto the monolithic column, the intact masses of the
19S subunits were measured, including a 100 kDa subunit (Fig. 7). Rpnl and Rpn2 are the
two subunits in the 19S complex with theoretical MWSs exceeding 100 kDa and these have

Proteomics. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lakshmanan et al.

Page 10

been suggested to act as docking sites for proteins conjugated with ubiquitin for degradation,
to coordinate deubiquitination, and to facilitate movement of the unfolded protein to the
catalytic core [51]. Intact mass measurement by LC-MS yielded an average MW of
100.2392 kDa, which is 17 ppm from the theoretical value of 100.2409 kDa that was
calculated for the Rpn1 subunit with an N-terminal acetylation modification (as identified by
bottom-up studies [36]). Although tandem MS data would be required to unambiguously
identify the protein, low-ppm mass errors for high mass proteins would be an added benefit
and would help to identify homologous proteins.

4 Concluding remarks

This FS-CAD/CASI-CAD strategy for top-down protein identification strategy utilizing on-
line LC-FT-ICR MS can be applied to samples of medium complexity, such as identifying
proteins in endogenous protein complexes. Generally, the factors that limit the number of
proteins identified by on-line protein identification methods are the peak capacity of the LC
column and the duty cycle of the instrument. The latter is especially an important issue for
FT-ICR MS. Use of a data-independent fragmentation method reduced the acquisition time
of a single scan event to 0.6 sec, which should be beneficial to FT-ICRs (and perhaps
Orbitraps) that require 2—4 times as much time to acquire high resolution data [10, 52]. By
decreasing the time per scan, high speed and sensitive separation techniques such as
capillary electrophoresis with high resolution FT-ICR MS could be possible.

All protein subunits of the 19S and 20S complexes were measured with 1 ppm deviation
using the ultra-high resolution of the FT-ICR instrument. This should also be a significant
advantage for the analysis of complex cell lysates and the measurement of larger proteins. It
becomes more difficult to differentiate biological changes (such as an amidation or
deamidation) for larger proteins, so higher resolving power and mass accuracy should also
lead to more assignments of larger internal-cleavage product ions. With further development
of efficient fragmentation methods compatible with the LC timescale, higher resolution
intact protein separation techniques compatible with on-line MS, and increased mass
accuracy for high MW proteins, top-down protein identification will become a popular
choice for the analysis of samples of higher complexity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of the top-down protein identification strategy using nanoLC FT-ICR MS. The

human 20S proteasome complex was separated into its components using a monolithic
column followed by intact mass measurement and protein fragmentation using either (A)
FS-CAD, (B) CASI-CAD, or (C) selectively enriching the fragments generated by FS-CAD
using CASI. The intact protein and product ion masses were then searched against the
sequence database for protein identification.
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Figure 2.
TIC from the LC-MS of the 20S proteasome proteins. All 14 subunits elute within 27-42

min (peaks 1-11, bottom panel). A simulated gel-view of the proteins eluting in each peak is
depicted in the top panel for the corresponding elution window shown in the TIC. With the
intact and product ion masses, the proteins were identified by database searching and the
peaks were labeled with the corresponding protein(s) being eluted (bottom-panel). a and 5
subunits are labeled in red and green respectively. Peak 7, labeled with an *, was found to
contain oxidized form of 2 subunit.
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Figure 3.
Schematic of Bruker 15-Tesla FT-ICR MS. The declustering voltage of skimmer 1 was

increased to facilitate FS-CAD. During CASI-CAD, a window of m/z 800-1200 was chosen
by the external quadrupole and all the ions within this range (shown in red) were transferred
to the collision cell where it accumulated for a specified time interval and dissociated by
CAD.
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Figure4.

FS-CAD of the a4 20S proteasome subunit. (A) Full n/z range mass spectrum obtained after
FS-CAD, with the inset showing the decharged isotopic distribution of a4 protein. (B)
Magnified region of the mass spectrum showing the sequence tag identified from mapping
the product ions. (C) Amino acid sequence of the a4 protein with the b- (red) and y- (green)
product ions mapped by database searching. The sequence tag obtained by mapping the

fragments in (B) is highlighted by the blue box.
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Figureb5.

CASI-CAD of a4 20S proteasome subunit. (A) Mass spectrum obtained after CASI-CAD,
with the inset showing the decharged isotopic distribution of a4 protein. (B) Zoomed-in
mass spectrum showing a sequence tag identified from mapping the product ions. (C)
Amino acid sequence of the a4 protein with the b- (red) and y- (green) product ions mapped
by database searching. The sequence tag obtained by mapping the fragments in (B) is

highlighted in the blue box.
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Figure6.
MaxEnt deconvoluted zero-charge mass spectrum of the a3 subunit with the singly

phosphorylated form present at 5 times greater relative abundance to the non-phosphorylated
form.
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Figure7.

Intact mass spectrum of the 100 kDa Rpn1 h19S proteasome subunit averaged from the LC-
MS peak (TIC shown in inset).
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