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a b s t r a c t

Ribosomes are abundant, large RNA-protein complexes that are the sites of all protein synthesis in cells.
Defects in ribosomal proteins (RPs), including proteoforms arising from genetic variations, alternative
splicing of RNA transcripts, post-translational modifications and alterations of protein expression level,
have been linked to a diverse range of diseases, including cancer and aging. Comprehensive character-
ization of ribosomal proteoforms is challenging but important for the discovery of potential disease
biomarkers or protein targets. In the present work, using E. coli 70S RPs as an example, we first developed
a top-down proteomics approach on a Waters Synapt G2 Si mass spectrometry (MS) system, and then
applied it to the HeLa 80S ribosome. The results were complemented by a bottom-up approach. In total,
50 out of 55 RPs were identified using the top-down approach. Among these, more than 30 RPs were
found to have their N-terminal methionine removed. Additional modifications such as methylation,
acetylation, and hydroxylation were also observed, and the modification sites were identified by bottom-
up MS. In a HeLa 80S ribosomal sample, we identified 98 ribosomal proteoforms, among which multiple
truncated 80S ribosomal proteoforms were observed, the type of information which is often overlooked
by bottom-up experiments. Although their relevance to diseases is not yet known, the integration of top-
down and bottom-up proteomics approaches paves the way for the discovery of proteoform-specific
disease biomarkers or targets.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The ribosome is a highly complex and dynamic macromolec-
ular machine, a central regulatory hub in cells for protein quality
control, orchestration of mRNA decay and stress signaling [1e3].
As the site of protein synthesis in the cell, it is made up of ribo-
somal proteins (RPs) and ribosomal RNA (rRNA). The translation of
messenger RNA (mRNA) into a protein and the folding of the
resulting protein into an active form are prerequisites for virtually
every cellular process [4]. mRNA codons are decoded by the
respective aminoacyl-tRNAs (aa-tRNAs) in the small subunit. The
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large subunit is responsible for the peptide bond formation [5].
Each ribosome contains 50�80 RPs, and about 2/3 of these are
conserved among all kingdoms of life, while others are specific for
bacteria, archaea, or eucaryotes [6]. Most RPs maintain their
proper structures as specific parts of the ribosome through asso-
ciation with rRNA and neighboring RPs, and a few of them directly
participate in the work of particular ribosomal functional sites [5].
Defects in ribosome biogenesis, translation, and the functions of
individual proteins, including mutations in proteins, alternative
splicing, post-translational modifications (PTMs), and alteration of
protein expression level, have been linked to a diverse range of
diseases, such as cancer and aging [7,8]. For example, a variety of
mutations in RPs S7, S17, S19, S24, L5, L11, and L35A due to
nonsense and missense mutations, small insertions and deletions,
splice site defects and large deletions, and rearrangements have
been found in Diamond-Blackfan anemia [9,10]. L5 and
University. This is an open access article under the CC BY-NC-ND license (http://

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lihlin6@mail.sysu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2022.11.003&domain=pdf
www.sciencedirect.com/science/journal/20951779
www.elsevier.com/locate/jpa
https://doi.org/10.1016/j.jpha.2022.11.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jpha.2022.11.003
https://doi.org/10.1016/j.jpha.2022.11.003


Y. Zhang, Q. Cai, Y. Luo et al. Journal of Pharmaceutical Analysis 13 (2023) 63e72
L11 mutations or deletions have also been identified in human
malignancies [11]. Alternative splicing of eukaryotic transcripts is
a mechanism that enables cells to generate vast protein diversity
from a limited number of genes. Previous surveys of alternative
splicing events engaged by the ribosome have shown that at least
75% of human exon-skipping events detected in transcripts were
also detected in ribosome profiling data; thus a major fraction of
splice variants is translated [12]. The abnormal splicing events
contribute to tumor progression as oncogenic drivers and/or
bystander factors [13]. Additionally, it has been suggested that
PTMs such as phosphorylation and ubiquitylation have functional
consequences for translational control and are linked to human
disease [14]. Aberrant expression of RP genes has also been re-
ported and is largely due to the changes in pre-mRNA splicing
efficiency and mRNA stability [15].

Genetic variants, alternative splicing, and PTMs are the pre-
dominant factors causing proteoforms, which contribute greatly to
the largely unmapped complexity of the human proteome. The
term ‘proteoform’ describes all of the different molecular forms in
which the protein product of a single gene can be found, including
changes due to genetic variations, alternatively spliced RNA tran-
scripts, and PTMs [16]. It is estimated that the ~20,000 coding
genes generate more than a million different proteoforms [17]. The
function of proteins can be strongly modulated by mutations,
alternative splicing, and PTMs, such as phosphorylation, acetyla-
tion, methylation, and other >400 known PTMs in biology [18].
One classical case is histone: histone modifications as well as
histone variants function as “docking sites” and a network for the
recruitment of protein factors to facilitate the chromatin remod-
eling and thus the regulation of gene expression [19]. As proteo-
forms are tightly linked to the functioning of cells and tissues that
underlie complex phenotypes, their identification and quantifica-
tion are critically important as a source of insights into the
fundamental workings of biological systems, thereby promoting
the identification of diagnostic markers and therapeutic targets.
Thus, proteoform characterization, namely identifying precise
molecular forms of proteins, has been considered as the next
proteome currency [18].

Mass spectrometry (MS)-based proteomics has become an
indispensable approach to the quantitative profiling of proteins as
well as their interactions and modifications [20]. Bottom-up is the
most commonly used approach due to its technical accessibility,
robustness, sensitivity, and high-throughput. In bottom-up prote-
omics, proteins are extracted and digested by sequence-specific
enzymes such as trypsin, and then these peptides are separated
by liquid chromatography (LC) and analyzed by tandem MS [20].
With the rapid improvement of MS measurement speed, this
technology has become widely used in biomedical fields [21], and
even approached coverage of the whole proteome [22]. However, a
key challenge associated with bottom-up proteomics is that it is not
generally possible to identify proteoforms, as different proteoforms
often share most of their peptides with one another [18,23].
Consequently, proteoforms are therefore overlooked in bottom-up
proteomics [16,24]. In addition, artifacts can be introduced during
sample preparation by enzymatic or chemical modification or
degradation, including oxidation and chain cleavage. As a result,
proteoforms can be proteolytically truncated, thereby forming new
proteoforms with a loss of correlative power and relationship to
their function [17]. As an alternative, the ‘top-down’ proteomic
approach, in which the entire proteoform is analyzed by LC-MS/MS
without prior digestion to peptides [25] can be used. In 2011, Tran
et al. [26] reported the proteome-wide discovery of proteoforms
with the top-down approach. Using a new four-dimensional sep-
aration system, they identified 1,043 gene products from human
cells that are dispersed into more than 3,000 protein species
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created by PTM, RNA splicing, and proteolysis. Over the last decade,
top-down proteomics has developed rapidly with the continuous
advances in the technology, making it possible to identify intact
proteins from complex clinical samples [27]. Ideally, the complete
amino acid sequence and localized PTMs are obtained. But for
especially large (>30 kDa) proteins or those harboring many PTMs,
there are often ambiguities in the complete description of related
proteoforms [28]. Proteoforms of low abundance can be overlooked
[29] and some factors such as protein solubility, proteome
complexity, and proteoform function should be considered before
beginning the experiment [30].

Here, by taking advantage of top-down MS for proteoform
characterization and bottom-up MS for PTM localization and high
sensitivity, we first developed and integrated the two approaches
for in-depth characterization of E. coli 70S RPs on a Waters Synapt
G2 Si MS system (Milford, MA, USA), which enabled the identifi-
cation of 50 out of 55 70S RPs using the top-down approach. Among
these, more than 30 RPs were found to have the N-terminal
methionine removed. Additional modifications such asmethylation,
acetylation, or hydroxylation were also observed, and the modifi-
cation sites were located by bottom-up MS. We then applied this
approach to the characterization of HeLa 80S RPs. We identified a
total of 98 ribosomal proteoforms out of 77 ribosomal genes. Among
these, 79 ribosomal proteoforms of 57 genes were identified using
the top-down approach, while the bottom-up approach allowed the
identification of 74 or 77 RPs. Intriguingly, we observed multiple
truncated ribosomal proteoforms in HeLa sample, information that
is often overlooked in bottom-up experiments. Although their
relevance to disease is not known, the integration of the top-down
and bottom-up proteomics approaches paves the way for the dis-
covery of proteoform-specific disease biomarkers or targets.

2. Experimental

2.1. Reagents and chemicals

Glacial acetic acid (AcOH) and hydrochloric acid (HCl) were
purchased from the Guangzhou Chemical Reagent Factory
(Guangzhou, China). Magnesium chloride (MgCl2), lithium chloride
(LiCl), urea, dithiothreitol (DTT), iodoacetamide (IAA), and trypsin
from porcine pancreas (Type IX-S, lyophilized powder,
13,000�20,000 BAEE units/mg protein) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). LC-MS grade acetonitrile (ACN)
and formic acid (HCOOH) were purchased from Thermo Fisher
Scientific Inc. (Waltham, MA, USA). Purified water was obtained
using a Milli-Q system (Millipore, Bedford, MA, USA). E. coli 70S
ribosomes were purchased from New England Biolabs (Ipswich,
MA, USA).

2.2. Cell culture

HeLa cells were cultured in Dulbecco's modified Eagle's medium
containing 10% fetal bovine serum and incubated overnight at
37 �C, under 5% CO2. HeLa cells were cultured in a 10-cm cell culture
dish and resuspended in 1 mL of serum-containingmedium using a
0.25% trypsin digestion solution (Servicebio, Wuhan, China), Cell
numbers were counted by Cellometer Mini automatic cell counting
instrument (Nexcelom Bioscience, Lawrence, MA, USA).

2.3. Purification of ribosomal particles

HeLa 80S ribosomes were isolated from HeLa cells by a ribosome
extraction kit (Bestbio, Shanghai, China). In brief, ~3.75 � 108 HeLa
cellswere centrifuged (500�1,000 g, 5min, 4 �C) to removemedium.
The collected cells were washed twice with pre-cooled phosphate
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buffer saline. Then 3mL of pre-cooled reagent Awas added. The cells
were left on ice for 10 min and then loaded onto a Dounce homog-
enizer for disruption. This mixture was centrifuged for 5 min at
1,000 g. The supernatant was centrifuged for 10 min at 20,000 g and
then for 4 h at 120,000 g. 2.5 mL of reagent B was added in the pellet
and followed by centrifugation for 4 h at 120,000 g. The ribosome
pellets were dissolved in resuspension buffer (reagent C).

2.4. Preparation of RPs

RPs and ribosome associated proteins were separated from the
rRNA by glacial AcOH precipitation according to Hardy et al. [31]. To
one volume of vigorously shaken ribosomal particles, 1/10 volume
of 1 M MgCl2 was added. Immediately afterwards, 2 volume of
glacial AcOH was added. This mixture was shaken at 4 �C for
60 min, followed by centrifugation for 10 min at 20,000 g. The
supernatant was moved to a new vial and the pellet was washed
with 67% glacial AcOH and re-centrifuged. The combined two su-
pernatants contained the RP.

RPs and ribosome associated proteins were separated from the
rRNA by LiCl-urea precipitation according to El-Baba et al. [32]. One
volume of LiCl-urea buffer (8 M urea, 6 M LiCl, 25 mM Tris-HCl (pH
7.5), 100 mM KCl, 20 mM MgCl2, and 2 mM DTT) was added to a
solution of dissociated ribosomes. This mixture was left at 2�4 �C
overnight, followed by centrifugation for 10 min at 16,000 g. The
supernatant containing the 30S proteins was removed from the
RNA pellet. Protein concentrations were estimated by nanodrop
2000 spectrophotometer (Thermo Fisher Scientific Inc.). Protein
A280 application was selected here and ammonium acetate was
used for blank correction. Two microliter of the sample was
pipetted onto the bottom pedestal and measured three times.

2.5. Sample preparation for bottom-up LC-MS/MS analysis

Protein solutions (~5�10 mg) were dissolved in 8 M of urea (in
100 of mM ammonium bicarbonate, pH 7.5). Disulfide bonds were
reduced using 5 mM of DTT at 37 �C for 2 h. Reduced cysteines were
then alkylated using 10 of mM IAA at room temperature for 40 min
in the dark. The solutionwas diluted to 1 M of ureawith 100 mM of
ammonium bicarbonate (pH 7.5) before the addition of trypsin
(1:50,m/m) for overnight digestion at 37 �C. Peptides were desalted
using a C18 solid phase extraction disk (3M Company, St. Paul, MN,
USA) and dried on a vacuum concentrator. Desalted peptides were
resolubilized in 0.1% (V/V) HCOOH in water.

2.6. Preparation of RPs for top-down LC-MS/MS

Protein solutions were concentrated and desalted using Ami-
con® 0.5 mL Ultra Centrifugal Filter with a 3 kDa MWCO (Millipore,
Billerica, MA, USA). Samples were dilutedwith 200mMammonium
acetate, and centrifuged three times at 14,000 g for 20 min.

2.7. Bottom-up LC-MS/MS analysis

Desalted peptides were loaded on a reverse-phase C18 column
(75 mm � 20 cm, 1.9 mm, 120 Å) using an EASY-nLC 1200 system
(Thermo Fisher Scientific Inc.). The LC-MS/MS run time was set to
60 min with flow rate of 300 nL/min. Mobile phases A (water:0.1%
HCOOH, V/V) and B (ACN:0.1% HCOOH, V/V) were used for gradient
elution: 5%e25% B for 28min, 25%e40% B for 15min, and 40%e100%
B for 5 min. Samples were analyzed on Q ExactiveTM Plus Orbitrap
mass spectrometer (Thermo Fisher Scientific Inc.). The mass spec-
trometer was operated in the positive ion mode and the spectra
were acquired in the data-dependent acquisition mode. Full MS
scans were acquired with 70,000 resolution and a scan mass range
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of m/z 355�2000. An Automatic Gain Control (AGC) target was set
to 3e6 with a maximum injection time of 20 ms. A data-dependent
MS/MS (dd-MS/MS) scan was acquired with 17,500 resolution. The
AGC target was set to 5e4 with the maximum injection time defined
as 50 ms. The data-dependent method was set to isolation and
fragmentation of the 20 most intense peaks defined in the full MS
scan. Parameters for isolation or fragmentation of selected ion peaks
were set as follows: isolation width, 1.8 Th and higher energy
collisional dissociation (HCD) normalized collision energy, 27%.

2.8. Top-down LC-MS/MS analysis

Chromatographic separation of intact protein samples was
conducted on a Waters Acquity ultra-performance liquid chroma-
tography I-Class system equipped with ethylene bridged hybrid C4
column (1 mm � 100 mm, 1.7 mm). About 0.5e2 mg of material was
loaded on the column heated to 80 �C. LC-MS/MS runtime was set
to 70 min with a flow rate of 0.1 mL/min. Gradient elution was
performed using mobile phases A (water:0.1% HCOOH, V/V) and B
(ACN:0.1% formic acid, V/V): 5%e42% B for 60 min, and 42%e95% B
for an additional 4 min.

All top-down MS experiments were performed on a Waters
Synapt G2 Si high definition mass spectrometer instrument. The
instrument was run in positive polarity and in resolutionmode. The
capillary voltagewas set to 3 kV, and the sampling cone voltagewas
set to 40 V. Source temperature and desolvation temperature were
set to 150 and 550 �C, respectively. Mass spectra were acquired at
the m/z range of 200�2000 using fast data-dependent acquisition
(DDA). The data-dependent method was set to isolation and frag-
mentation of the two most intense peaks. MS was calibrated using
sodium formate, and Leu-enkephalin (Waters, Milford, MA, USA)
was used for internal lock mass calibration.

2.9. Data analysis

Top-down MS-based proteoform identification and character-
ization (TopPIC) softwarewasapplied to search the top-downLC-MS/
MS data of E. coli andHeLa RPs. Briefly, the RAW fileswere converted
into mzML files using the msconvert tool. The mzML files were then
processed by the top-down MS feature detection tool for spectral
deconvolution. The resulted msalign files were then processed by
TopPIC for database searching. The target-decoy approach was
employed to evaluate the false discovery rate (FDR) of proteoform
spectrum match (PrSM) and proteoform IDs. The database search
results were filtered with a 1% PrSM-level FDR and a 1% proteoform-
level FDR. All results were then double checked manually.

PFind (version 3.1.5) was applied for bottom-up LC-MS/MS raw
data. The following parameters were used for open search: pre-
cursor ion mass tolerance, ±20 ppm; fragment tolerance, ±20 ppm.
Enzymatic specificity was set to trypsin KR_C, semi-specific. Tryptic
searches included maximum two missed cleavages. FDR was set to
1% at peptide and protein levels. The database containing se-
quences for E. coli 70S RPs and HeLa 80S RPs were downloaded
from UniProt.

3. Results and discussion

3.1. Optimization of instrument parameters for top-down
proteomics

Instrument parameters for top-down MS studies were first
carried out using a Waters Synapt G2 Si MS system. Fast DDA was
selected, and parameters related to MS/MS acquisition including
scan time and collision energy ramp were optimized for better
identification. As shown in Fig. 1A, the number of RPs identified



Fig. 1. Parameters optimized for top-down proteomics using quadrupole time-of-flight (Q-TOF) mass spectrometry. (A) Scan time vs. number of protein identification. (B) and (C)
Number of proteins identified under different collision energy conditions. LME: low mass collision ramp energy; HME: high mass collision ramp energy.
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increased with the increase of scan time. However, the scan time
had to be balanced with LC peak width, the top n number of MS/MS
acquisition, and MS/MS spectrum quality. Taken the ions centered
atm/z 1014 for an example, the signal-to-noise levels with different
scan time were compared. As shown in Fig. S1, the larger the
number of MS/MS scans, the better the MS/MS spectrum quality
was acquired. However, excessively long time would compromise
the MS/MS acquired for multiple parent ions; therefore, a 5 s scan
time was chosen for this study to obtain the highest number of
identification as well as a significantly improved signal-to-noise
level. The effect of collision energy for fragmentation was then
explored. The molecular weights of RPs in E. coli were in the range
of 4.3e30 kDa, and their peaks were found to be primarily
concentrated between m/z 650�800 Da, which was perhaps due to
their enriched positive charges. It has been previously reported that
the percentage of positive residues in RPs is about twice that of the
average protein, with 18.7% Lys and Arg residues for E. coli RPs [33].
Therefore, this region of the collision energy ramp was closely
monitored. Fig. 1B shows a diagram of four different collision en-
ergy ramps applied in this experiment. The best fragmentation was
achieved by maintaining the energy between 20 and 27 eV (Fig. 1C,
high mass collision ramp energy (HME)1/low mass collision ramp
energy 2e4 and HME 2) with a total identification of 38 proteo-
forms counted based onMS/MS data, while protein peaks with poor
MS/MS spectrum quality or without MS/MS spectrum were not
counted here but considered for total identificationwith bottom-up
data integrated. The further increase of the collision energy led to
diminished identification due to over fragmentation. Given the
quality of the spectra offered by MS/MS fragmentation, the top two
most intensive ions were selected for MS/MS fragmentation.
3.2. Comparison of bottom-up and top-down proteomics for the
analysis of E. coli ribosomes

The 50S ribosomal subunit consists of 34 RPs (numbered L1�L36,
where L8 is an artifact, and L7 and L12 are essentially identical, the
only difference being that L7 is acetylated at its N-terminus whereas
L12 is not) [34]. The 30S subunit consists of 21 RPs (S1eS21), and
there is no difference between S20 from the small and L26 from the
large subunit. In Fig. 2, we provide an overview of the top-down and
bottom-up results of E.coli ribosome samples. Fig. 2A shows overlaid
base peak chromatograms of three technical replicates from E. coli
RPs under the top-downworkflow. To achieve reliable identification
of RPs by top-down MS, reproducibility had been confirmed under
optimized conditions. Figs. 2B and C shows the species and numbers
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of identified RPs detected using both top-down and bottom-up
proteomics approaches. A total of 50 RPs were identified using
top-down approach, 53 RPs were determined in the bottom-up
study, and 48 RPs were identified by both approaches (Fig. 2C and
Table S1). 50S RP L35 (7.29 kDa) and L36 (4.36 kDa), both small
proteins in the E. coli ribosome, were detected in top-down but not
in the bottom-up study. This might be due to the fact that L35 has 14
Lysþ 6 Arg out of 65 residues and L36 contains 12 Lysþ Arg out of 38
residues, and peptides generated by trypsin digestion are therefore
too small to be retained during reverse phase separation. In addition,
intact L14, S1, S6, S7, and S10 were not found in top-down prote-
omics. Possible reasons are that these proteins are of low abundance
or they are co-eluted with other proteins and suppressed during
ionization. Although the bottom-up strategy detected and identified
more proteins, there are still some conspicuous shortcomings
associated with this method. First, a previous study of the statistics
has shown that when using trypsin, 56% of all generated peptides are
�6 residues and are thus too small to be identified by MS [35].
Therefore, the situation would be even worse for RPs with a much
larger percentage of positive residues [33]. The limited sequence
information inferred from small peptides is more often insufficient
to assign proteins to clusters, especially to identify proteoforms, as in
the case of L7/L12 (seemore details in the following section). Second,
some PTMs may not be detected because many of the tryptic pep-
tides are too small to bind successfully to the stationary phases
typically used in proteomics [36]. For instance, we identified
methylation at Ala2 in 50S RP L33 using top-down, which is
consistent with previous studies [37]; however, the relevant
sequence was not fully covered in our bottom-up data (Fig. S2).
Finally, we observed multiple oxidation sites (Table S2) in the
bottom-up data but not in the top-down study, which is consistent
with previous observations that artificial modifications can be
introduced during sample preparation [38]. These artificial modifi-
cations not only complicate the data analysis, causing controversial
conclusions, but also occupy a significant amount of MS instrument
time and retard normal peptide identification. Overall, these results
highlight the importance of multilevel proteomics for accurate
characterization of the heterogeneity of proteomic samples, such as
E. coli RPs.
3.3. Top-down characterization of PTMs and truncations in E. coli
RPs

Several PTMs were observed and are listed in Table S1. The
most common PTM involved the loss of the N-terminal



Fig. 2. Top-down and bottom-up proteomics characterization of E. coli ribosome. (A) Overlaid base peak chromatograms of three technical replicates from E. coli ribosome. (B) The
number of proteins identified in 30S and 50S using top-down and bottom-up approach, respectively. (C) Venn diagram showing the overlap of top-down and bottom-up
identification.
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methionine (�131.04 Da). Of the 50 RPs identified by top-down
approach, 34 had the N-terminal methionine removed. The N-
terminal methionine can be co-translationally cleaved by the
enzyme methionine aminopeptidase, and this most usually occurs
when the amino acid on the second position (P’) has a short side
chain [39]. In addition, subunits L3, L7/12, L33, and S11 were found
to be monomethylated, and acetylation of subunit L7, trimethy-
lation of L11, and methyl-thiolation (D89) of S12 were also
observed (Tables S1 and S2), which is consistent with previous
results [40e42]. In the 50S ribosome, L3 forms a cluster with
proteins L14 and L19 and methylation of E. coli RP L3 has been
previously suggested to play a role in ribosomal assembly [43]. L11
has been previously observed to undergo N-terminal methionine
cleavage and three trimethylations at the newly formed N-ter-
minus and two internal lysines [44]. In the E. coli ribosome sample,
we observed a primary intact mass peak of ~14,870 Da, corre-
sponding to a loss of N-terminal methionine and the addition of
nine methylations. As shown in Figs. 3A and B, L7 (acetylated) and
L12 (none acetylated) were both observed and well separated in
the top-down proteomics MS. The expanded views of L7 and L12
peaks showed that both of L7 and L12 had a methylated proteo-
form (Fig. 3C). Top-down sequencing located the acetylation at the
N-terminus of L7 and the methylation site of L12 amoneresidues
63�83. Bottom-up data further pinpointed the methylation to
position 82 (Fig. 3D�F). Nevertheless, information about L7/L12
proteoforms cannot be differentiated in the bottom-up MS
(Fig. S3). Proteins L7/L12 from 50S ribosomal subunits of E. coli
form a well-defined domain and are involved in interactions with
translation factors during protein biosynthesis [34], which are
required for peptide chain termination [45,46]. The removal of L7/
L12 reduces the rate of protein synthesis and its accuracy by an
order of magnitude [47]. An increase of amounts of mono-
methylated L7/12 in cells grown at lower temperatures was also
noted [48]. Beyond that, oxygenase-catalyzed protein
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hydroxylation regulates transcription in animals, and hydroxyl-
ation of the 50S RP L16 at Arg81 has been previously reported [49].

Molecular integrity is one of the most important factors which
ensure the biological function of the proteins. Loss of molecular
integrity, especially truncation due to alternative splicing or pro-
teolysis, has become a major issue [50]. Two truncated proteoforms
of 50S RP L24 (Fig. 4A) and 30S RP S2 were observed. Taking L24 for
an example, top-down sequencing yielded a backbone cleavage
efficiency of nearly 50% for L24, and located the truncation to a site
between Gln54 and Pro55 (Figs. 4B�E). However, in Fig. 4, the
truncated L24 proteoform and the intact L24 proteoform appeared
to be co-eluted, which raised the concern that theymight be caused
by on-column due to acid induced hydrolysis or in source degra-
dation. On-column degradation has been previously reported for
antibody analyses, the main hydrolysis sites, including Asp-Xaa,
Gly-Xaa, and Asn-Xaa, have been summarized by Vlasak et al.
[51]. However, the truncated site of L24 (Gln-Pro) does not match
the reported sites; it, therefore, largely rules out the cause of on-
column degradation. In addition, Asp-Pro is the recognized facial
in-source cleavage site [52]. Although Asp-Pro can be frequently
found in RP sequences, no cleavage was observed for this site, and
thus the truncated L24 proteoform is most probably biologically
relevant.

It is well known that the treatment of ribosomal subunits with
monovalent cations such as Liþ at a high concentration leads to
dissociation of the RPs [53]. To exclude the potential cause of
truncation during the sample preparation step of RP extraction, we
changed the glacial AcOH method to LiCl-urea precipitation, and
found that the truncated proteoforms remained (Figs. S4 and S5).
This result suggests that these truncated proteoforms are most
probably biologically relevant. In E. coli, transcription and trans-
lation are coupled and ribosomes can directly contact RNA poly-
merase. The contacts are formed between the RNA exit site of the
RNA polymerase and RPs S2, S3, or S4 on the ribosome. S2 has been



Fig. 3. Top-down and bottom-up characterization of L12 and L7. (A) Base peak chromatograms of L12 and L7. (B) Corresponding mass spectrometry (MS) spectra of L7 and L12. (C)
Expanded MS spectra of L12 and L7. Sequence maps of (D) L7 and (E) L12 proteoforms, respectively. (F) MS/MS spectrum of peptide at m/z 677.8559.
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suggested to act as an anchor for the polymerase during coupling of
transcription and translation [54]; such an effect might potentially
be affected by the truncation of S2 (193�241).

3.4. Top-down and bottom-up characterization of HeLa 80S
ribosomal proteoforms

After the development of the top-down proteomics method
using an E. coli ribosome sample, we tested our method using a
HeLa 80S ribosome. The eukaryotic 80S ribosome consists of a small
40S subunit and a large 60S subunit. The small 40S subunit com-
prises 33 S-proteins, whereas the large 60S subunit consists of 47 L-
proteins [55]. In total, we identified 98 ribosomal proteoforms out
of 77 ribosomal genes. Among these, 79 ribosomal proteoforms of
57 genes were identified using top-down approach, while bottom-
up approach allowed the identification of 74 or 77 RPs (Tables S3
and S4, Fig. S6). In contrast to the most common modification of
methionine cleavage in the E. coli ribosome, methionine cleavage
accompanied by N-terminal acetylation is a prevalent protein
modification in eukaryotes (Fig. 5A). In addition, dimethylation for
40S RP S10 and S25, hydroxyproline for 40S RP S23, and hydrox-
yhistidine for 60S RP L8 were observed by the top-down, but not by
the bottom-up approach. It is intriguing that the majority of the
proteoforms observed in top-down were in truncated forms. In
total, we observed truncated RP proteoforms for 40S including S11,
S19, and S28, and 19 RP proteoforms for large 60S including L4, L7a,
L13, L13a, L19, L21, L26, L28, L34, L35, L36, and L37a, with L28
having the maximum number of 4 (Fig. 5 and Table S3). Recently,
van deWaterbeemd et al. [56] reported a combination of top-down,
bottom-up, and native MS for the dissection of the ribosome
complex in four distinct ribosomal particles. Apart from the
observation of ribosomal proteoforms due to PTMs and truncations,
assembly and stoichiometry of individual RPs were also revealed.
Protein-truncating proteoforms can originate from nonsense
single-nucleotide variants, frameshift insertions or deletions, large
structural variants, or alternative splicing, which often causes loss
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of protein function though it is also possible to observe gain-of-
function effects [57,58].

RPs are the key components in the basic assembly of ribosomes,
which not only promotes the folding of rRNAs to form a functional
three-dimensional structure during rRNA processing, but also sta-
bilizes the final spatial conformation of the ribosome and collabo-
rates with rRNA to catalyze the process of protein synthesis [59].
For example, RP L19 is involved in the major rearrangements in
structure during the transition from a pre- to a post-translocation
state of the ribosome [55]. RP L19 is a long protein helix that pro-
trudes from the 60S subunit and crosses over to the 40S subunit.
The C-terminal helix of L19 is linked in the pre-translocation state,
but it dynamically changes its conformation upon subunit rotation
and becomes linear in the post-translocation state (Fig. 5B). This
conformational transition results in the formation of salt bridges
between the positively charged Arg172 and Arg176 side chains of
protein L19 and the phosphate moieties of 18S rRNA nucleotides
G909 and G910 [55]. We also observed a truncated L19 proteoform
without the C-terminal part (amino acids (AAs) 2�16) (Fig. S7).

Apart from their core role in the cell translation and protein
synthesis, RPs have also been found to have extra-ribosomal
functions involved in cell proliferation, differentiation, apoptosis,
DNA repair, modulation of cell migration and invasion, and other
cellular processes [11,60e65]. Many of the RPs that we observed in
truncated form (Fig. 5C) have been previously linked to the devel-
opment and progression of hematological, metabolic, and cardio-
vascular diseases, and cancer [7,66]. For example, the RP L19 gene is
highly overexpressed in prostate cancer cell lines and has been
considered as a potential target for therapeutic intervention [67].
We also observed two truncated proteoforms of RP L26 (Figs. S8
and S9) and four truncated proteoforms of RP L28
(Figs. S10�S13), which have been suggested as potential thera-
peutic markers/targets for pancreatic cancer [68,69]. RP L28 is the
one with the largest number of truncated proteoforms in our study,
including AAs 36�87, AAs 68�137, AAs 2�11, and AAs 2�35 (Figs.
S10�S13). Several truncated proteoforms of L28 have also been



Fig. 4. Top-down mass spectrometry (MS) spectra and sequence coverage of 50S ribosomal protein (RP) L24 and truncated L24 (amino acids (AAs) 55�104): (A) MS spectrum. (B)
and (D) Sequence map and MS/MS spectrum of 50S RP L24. (C) and (E) Sequence map and MS/MS spectrum of truncated 50S RP L24 (AAs 55�104).
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reported previously [70], although correlation between their level
of expression and the severity of disease has yet to be found. Labriet
et al. [71] found that germline variability and tumor expression
level of RP gene L28 are associated with survival of metastatic
colorectal cancer patients. Additionally, abnormal expressions of an
array of RPs including L13, L13a, L19, L26, L28, L34, L35a, L36, S8,
S11, S19, and S20 have been reported for cancers such as hepato-
cellular carcinoma, colon and neoplastic colorectal cancer, and
pancreatic cancer tissues and cells [7,8,61,62].

Furthermore, in the bottom-up experiments, many more pro-
teins were detected than in the top-down approach, including
proteins associated with the ribosome as well as those nonspecif-
ically attached (Table S4). Such significant contrast can come from
several sources. One is due to the inherent sensitivity of the
bottom-up approach compared to that of top-down, and peptides
are more easily sprayed, transferred, and fragmented than intact
proteins. Secondly, nanoLC system was used for bottom-up while
microflow LC system was used for top-down. Thirdly, the experi-
ments were performed on two different platforms, i.e., an orbitrap
mass spectrometer used for bottom-up and a quadrupole time-of-
flight (Q-TOF) for top-down. When the condition permits, per-
forming top-down on an orbitrap can achieve better identification
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due to its higher resolving power and better fragmentation effi-
ciency of HCD. Last but not least, apart from the RPs identified by
top-down and shown in Table S3, there are a percentage of protein
peaks that have not yet been successfully assigned due to factors
such as poor signal-to-noise ratio, poor MS/MS spectrum quality,
absence of an MS/MS spectrum due to low top n acquisition
number of MS/MS or low peak intensity, limited fragmentation of
large proteins, and limited instrument resolving power for correct
charge state assignment or overlapping peak separation. However,
this is also positive and leaves room for improvement. For example,
with the continuous advances of instrument design, apart from the
well-known high resolution mass spectrometers for top-down
experiments, such as orbitrap and Fourier transform ion cyclotron
resonance, some TOF instruments with mass resolving power
>100,000 have been reported [72,73] and can potentially offer a
more affordable top-down platform. In addition, the integration of
new fragmentation devices such as an electromagnetostatic elec-
tron capture dissociation cell for electron-based fragmentation can
further enhance gas-phase fragmentation of proteoforms [74].
Recently, Mehaffey et al. [75] implemented a multistage MS/MS
approach to identify unique proteoforms from E. coli RPs, including
22 protein-metal complexes and 10 protein-protein complexes.



Fig. 5. HeLa 80S ribosome structure and ribosomal proteoforms identified using a top-down proteomics approach. (A) HeLa 80S ribosomal proteoforms identified using a top-down
proteomics approach. (B) 60S RP L19 structure under pre- and post-translocation. (C) Observed ribosomal proteoforms are highlighted on the structure of 80S ribosome. PTM: post-
translational modification; DiMe: dimethylation; Ac: acetylation; Hydroxy: hydroxylation; Me: methylation; Met: methionine.

Y. Zhang, Q. Cai, Y. Luo et al. Journal of Pharmaceutical Analysis 13 (2023) 63e72
Additionally, mapping metal-bound holo fragment ions resulting
from ultraviolet photodissociation of protein-metal complexes of-
fers insights into the metal-binding sites.

Finally, the integration of top-down and bottom-up approaches
can be greatly critical for analyzing challenging systems, such as the
identification of low abundance phosphorylated proteoforms. Us-
ing this approach, Brown et al. [76] successfully mapped five novel
sites of phosphorylation and confirmed the sixth site of potassium
channel (Kir) 2.1, an integral membrane protein critical for the
maintenance of the resting membrane potential and phase-3
repolarization of the cardiac action potential in the heart. While
for in-depth analyses of phosphorylated proteoforms or modified
proteoforms, enrichment is often essential [77]. Beyond that, the
integration of top-down and bottom-up data can be a rate-limiting
step. In our study, we applied PFind for bottom-up proteomic data
and TopPIC for top-down proteomic data, respectively, and inte-
grated them manually. To improve the throughput of data inte-
gration and visualization, Schaffer et al. [78] augmented the
software program Proteoform Suite by Smith and co-workers [79]
and ProteoCombiner by Chamot-Rooke and co-workers [80] to
enable the large-scale integration of bottom-up and top-down
proteomics data and data visualization to improve proteoform
assessment. This software program has greatly improved and
extended the proteomic analysis. We expect that more new tools
will emerge in the future to facilitate large-scale integration of
bottom-up and top-down proteomics data.

4. Conclusions

Accumulating evidence emphasizes that the heterogeneity of RP
expression is usually accompanied by the occurrence and devel-
opment of tumors. Specifically, defects in ribosomal proteoforms
have been linked to a range of diseases. Comprehensive charac-
terization of ribosomal proteoforms is the prerequisite for the
discovery of potential disease biomarkers or protein targets. In the
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present work, we developed top-down proteomics approach to in-
depth characterization of ribosomal proteoforms using a Waters
Synapt G2 Si Q-TOF MS system, and then further integrated a
bottom-up approach for locating PTM sites. Interestingly, apart
from proteoforms with a various type of PTMs, a number of trun-
cated proteoforms were identified in our study, while bottom-up
experiments alone often failed to spot this type of information.
Although the relevance of these truncated ribosomal proteoforms
requires in-depth digging, it offers an advanced way to pinpoint
disease-specific proteoform biomarkers or targets.
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