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Abstract
Multiple spotting due to protein speciation might increase a protein’s chance of
being captured in a random selection of 2-DE spots. We tested this expectation in
new (PXD015649) and previously published 2-DE/MS data of porcine and human
tissues. For comparison, we included bottom-up proteomics studies (BU-LC/MS)
of corresponding biological materials. Analyses of altogether ten datasets pro-
posed that amino acid modification fosters multispotting in 2-DE. Thus, the
number of 2-DE spots containing a particular protein more tightly associated
with a peptide diversity measure accounting for amino acid modification than
with an alternative one disregarding it. Furthermore, every 11th amino acid was
a post-translational modification candidate site in 2-DE/MS proteins, whereas in
BU-LC/MS proteins this was merely the case in every 21st amino acid. Alterna-
tive splicing might contribute to multispotting, since genes encoding 2-DE/MS
proteins were found to have on average about 0.3 more transcript variants
than their counterparts from BU-LC/MS studies. Correspondingly, resolution
completeness as estimated from the representation of transcript variant-rich
genes was higher in 2-DE/MS than BU-LC/MS datasets. These findings suggest
that the ability to resolve proteomes down to protein species can lead to enrich-
ment of multispotting proteins in 2-DE/MS. Low sensitivity of stains and MS
instruments appears to enhance this effect.
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1 INTRODUCTION

Two-dimensional gel electrophoresis (2-DE) has proven to
be a powerful tool for resolving proteomes [1, 2]. However,
it also appears that, depending on the details of a protocol,
protein sets from 2-DE/MS can have specific properties.
For example, underrepresentation of membrane proteins
can occur [3], whereas highly abundant proteins might be
overrepresented [4]. Samples from 2-DE/MS may also be
enriched or depleted in proteins showing higher molec-
ular mass [5, 6]. Such shifts in the composition are not
attributable to 2-DE/MS per se [3, 6–8], which offers the
advantage of high resolution down to the content of single
spots instead [6–8]. The question addressed here is if the
occurrence of single proteins in multiple spots might raise
their chance of being collected in 2-DE and determined in
downstream MS.
Leaving aside differential conformation and complex

formation of proteins [9], protein speciation due to post-
translational modifications (PTMs) will be a major factor
causing multiple spotting of proteins in 2-DE [8, 10–14].
In fact, modifications, such as phosphorylation [15, 16],
deamidation [17], oxidization [18], and glycosylation [19,
20], have the potential to drastically raise the number
of protein species which partially will differ in MW
and pI. Alternative splicing (AS) of mRNAs could be
an additional source of multiple spotting [10–13]. The
mechanism is likely to be important for cell and tissue
differentiation [21–25] and strongly increases transcript
diversity [26–28]. In humans, for example, AS produces
more than 140 000 transcript variants [29–31] from about
20 300 [14] or 22 500 (Ensembl Genes 103) protein-coding
genes. Notwithstanding the nonsense-mediated decay of
many transcripts, some of the splice variants will be trans-
lated into alternative protein species [32–36] with specific
migration patterns in 2-DE. Whether by AS or alternative
amino acid modification, the resulting multispotting
should increase the probability of a protein being detected
in shotgun 2-DE/MS in at least one protein species. In the
current study, we test this prediction in new 2-DE/MS data
on the porcine testicular proteome. A meta-analysis of
five datasets from 2-DE/MS and another five comparative
datasets from bottom-up proteomics (BU-LC/MS) follows.
Indeed, effects related to the 2D resolution of proteomes
should not be reflected in the latter type of studies.

2 MATERIALS ANDMETHODS

2.1 Protein sets

We collected five protein sets from 2-DE/MS and
BU-LC/MS studies, each, representing two species of

Laurasiatheria (Mammalia), that is, domestic pig (Sus
scrofa) and anatomical modern human (Homo sapiens)
[37, 38]. The protein sets covered the soma and germline
of single species (e.g., human testis and heart) and cor-
responding biological material of different species (e.g.,
human and porcine testis). In this study, we generated
a new set of testicular proteins from boars by 2-DE/MS
(Supporting information Table S1). The nine other protein
sets were retrieved from tabular surveys of previous
publications as detailed in Table 1 [39–47] and Supporting
information Table S2.

2.2 Porcine testis proteome: 2-DE,
tryptic digestion, and LC-MS/MS analysis

Tissue pieces were cut from the ultra-frozen testicles of
three boars. Thawing at 4◦Cwas followed by solubilization
of the samples at room temperature (RT) in lysis buffer
containing 7 M urea, 2 M thiourea, 4% CHAPS, 1.5% DTT
(w/v), 1% ampholytes (pH 3−10; Bio-Rad), and 10 µL pro-
tease inhibitor cocktail (Sigma-Aldrich). After pelleting of
cell debris by centrifugation (1min atmaximum speed), we
purified the supernatant using the ReadyPrep 2-DCleanup
Kit (Bio-Rad) according to the manufacturer’s protocol.
Proteins were rehydrated in the same buffer as above but
without protease inhibitor cocktail. Upon determination
of protein concentration (Bradford assay; Bio-Rad), 250–
400 µg of total protein was placed on immobilized pH
gradient strips (7 cm IPG ReadyStrip, pH 5–8; Bio-Rad), for
passive rehydration (2 h at RT). Subsequently, strips were
covered with mineral oil for active rehydration for 14 h at
50 V. One-dimensional separation by isoelectric focussing
(IEF) was conducted at 20◦C in a Protean IEF cell (Bio-
Rad) according to a previously published protocol [48]: 2 h
at 200 V, 2 h at 500 V, and 5 or 6 h at 4000 V (increments
with rapid ramp). We equilibrated IPG strips for 25 min in
a buffer containing 6 M urea, 0.375 M Tris (pH 8.8), 30%
glycerol, 2% SDS, and 2% DTT. Following this, the strips
were exposed for 25 min to the same buffer supplemented
with 2.5% iodoacetamide instead of DTT, and 20 µL of 1%
bromophenol blue. Equilibrated strips were placed on 10%
polyacrylamide gels, followed by electrophoresis at 120 or
140 V. We ran three gels (technical replicates) for each of
the three boars (biological replicates). The MW standard
used was Kaleidoscope (Bio-Rad). Following staining with
colloidal Coomassie-Brilliant Blue G250 (Roti-Blue, Roth),
gels were scanned with a GS-800 calibrated densitometer
(Bio-Rad).
We excised arbitrarily selected 2-DE spots using biopsy

punches. Gel slices were vacuum dried, soaked with
digestion buffer supplemented with trypsin (0.01 µg/µL),
and incubated overnight at 37◦C in the same buffer
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KWIATKOWSKI et al. 1205

TABLE 1 References and methods applied for gathering the protein sets analyzed

Species Tissues Methods Instruments References
Pig Testis 2-DE/MS LC-MS/MS This study

BU-LC/MS LC-MS/MS [39]
Human Testis 2-DE/MS MALDI-TOF [40]

BU-LC/MS LC-MS/MS [41]
Human Prefrontal cortex 2-DE/MS MALDI-TOF [42]

BU-LC/MS LC-MS/MS [43]
Human Heart 2-DE/MS MALDI-TOF [44]

BU-LC/MS LC-MS/MS [45]
Human Kidney 2-DE/MS MALDI-TOF [46]

BU-LC/MS LC-MS/MS [47]

Note. BU-LC/MS, bottom-up proteomics; 2-DE/MS, two-dimensional gel electrophoresis followed by proteomic analysis of single spots.

devoid of trypsin (5 mM CaCl2, 25 mM NH4HCO3).
Peptides were extracted the next day by sonication in
solvents with increasing ACN contenteration. Following
vacuum-centrifugation and subsequent reconstitution in
0.1% formic acid (FA), peptides were separated by RPLC
(C18; buffer A: 0.1% FA dissolved in HPLC-H2O; buffer B:
0.1% FA, dissolved in ACN) using a flow rate of 0.4 µL/min
and a gradient of 2–30% in 30 min. Eluting peptides were
introduced via an ESI interface into a Q-TOF mass spec-
trometer (one boar, Q-TOF Ultima, Micromass/Waters,
Manchester, UK) and an ion-trap mass spectrometer (two
other boars, XCT ion-trap, Agilent Technologies, Wald-
bronn, Germany), and analyzed as described elsewhere
[49, 50].
The XCT ion-trap was equipped with an Agilent HPLC-

Chip Cube interface integrated into an 1100 series HPLC
system (Agilent Technologies). The HPLC-chip (Large
capacity chip, Agilent Technologies) was fitted with an
enrichment column (internal volume 160 nL, 5 µm Zor-
bax 300 SB-C18 material), a separation column (150 mm
× 0.075 mm, 5 µm Zorbax 300 SB-C18 material), and
a nanospray emitter. In detail, samples were loaded
(8 µL/sample) on the enrichment column using a flow rate
of 4 µL/min with the mix of the two following mobile
phases at a ratio 98:2 (mobile phase A: 0.2% FA in H2O;
mobile phase B: 100% ACN). Tryptic peptides trapped on
the enrichment column were disseminated on the sepa-
ration column using a flow rate of 0.4 µL/min and a lin-
ear gradient of 2–40% eluent B within 40 min. For IT-MS
analysis, the following parameters were used: MS scan-
ning range from 300 to 2000m/z, electrospray voltage was
set to −1750 V, nitrogen was used as drying gas for des-
olvation at a flow rate of 4 L/min, and 325◦C. Precur-
sor ion mass spectra were acquired in positive ion mode
with automated data-dependent MS/MS of the three most
intense ions of each precursor MS scan. Doubly charged
ions were isolated preferentially. Isolation width was set

to 4 Da and MS/MS fragmentation amplitude to 1.25 V.
Precursor ions were actively excluded for 1 min. Peak lists
for MS/MS database search (*.mgf) were generated using
Data Analysis Software for 6300 Series Ion Trap LC/MS
version 3.4 (Agilent Technologies) by applying default soft-
ware settings, except for the following variations: (i) for
mass spectrum calculation, additional background sub-
traction was performed using peak start and end spectra;
(ii) after extraction of MS/MS data, spectra were deconvo-
luted using default parameters.
For Q-TOF analysis, the MS instrument was coupled to

a CapLC system (Waters, Eschborn, Germany). A total of
1 µL per sample was loaded onto a μ-precolumn cartridge
(C18 pepMap, 300 µm × 5 mm; 5 µm particle size, LC
Packings, Germering, Germany) using a flow rate of
5 µL/min and 5% buffer B (buffer A: 0.1% FA prepared in
5% ACN; buffer B: 0.1% FA prepared in 95% ACN). The
peptides were separated on an analytical column (C18
pepMap100 nano Series, 75 µm × 15 cm; 3 µm particle size,
LC Packings) using a flow rate of 0.25 µL/min and a gradi-
ent from 10 to 95% buffer B in 50 min. The Q-TOF Ultima
MS system was equipped with a nanoflow ESI Z-spray
source. MS analysis was performed in positive ion mode.
The nanospray needle was held at 2000 V and the source
temperature at 40◦C. MS/MS analysis was performed in
DDA mode. MS1 scans were recorded over a m/z range of
400–1600. Multiply charged precursor ions were selected
in the quadrupole using a selection window of 2 Da, frag-
mented in the hexapole collision cell using a collision ramp
from 20 to 35 eV and their fragment ions were recorded
in the TOF mass analyzer over an m/z range of 100–1600.
Fragmented precursor ions were excluded from DDA
analysis for 1 min. Data acquisition was performed using
MassLynx (v 4.0, Waters). MS/MS peak lists (*.pkl) were
generated using ProteinLynx Global Server bioinformatics
tool (PLGS; v 2.2; Waters) and the following parameters:
raw spectra were smoothed (savitzky golay, smooth
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1206 KWIATKOWSKI et al.

window channel: 3, number of smooths: 2), centered
(min peak width at half height: 4, centroid to: 80%), noise
reduction 10%, medium deisotoping with 3% threshold.
The generated pkl-files were converted to mgf-files.
We used ProteomeDiscoverer 2.4 (Thermo Fisher Scien-

tific, San Jose, USA) for peptide and protein identification.
Peak lists (*.mgf) were searched with Sequest HT against
the S. scrofa reference proteome database (UniProt Pro-
teome ID: UP000008227, 49 793 proteins). The searches
were performed with precursor mass tolerance of 30 ppm
(Q-TOF) or 2 Da (IT) and fragment mass tolerance of
0.1 Da (Q-TOF) or 0.5 Da (IT). For identification, the fol-
lowing variable modifications were considered: oxidation
of methionine, deamidation of glutamine and asparagine,
phosphorylation of threonine, serine and tyrosine, acety-
lation of lysine, protein N-terminal acetylation, protein N-
terminal methionine loss, protein N-terminal methionine
loss plus acetylation. A carbamidomethylation of cysteine
residues was considered as a static modification. The Per-
colator function implemented in Sequest was used to cal-
culate posterior error probabilities and q-values for the
identified peptide-spectrum matches. Threshold for cor-
rect peptide identification was set to a q-value of 0.05. The
peptides determined are listed in Supporting information
Table S1. The results were verified exemplarily for some of
the samples in the Mascot search engine. We matched the
proteins derived in the present study and two previous 2-
DE/MS analyses (MALDI-TOF and MALDI-TOF/TOF) of
the porcine testicular proteome [51, 52], to recognize repro-
duced proteins.

2.3 Bioinformatics and statistics

The applications outlined below were run with Ensembl
andUniProt IDs aswell as gene symbols. Thesewere either
copied directly from publications referenced in Table 1 or
had been retrieved beforehand using Ensembl’s Biomart,
UniProt’s ID mapping tool, STRING version 11.0 (https:
//string-db.org/), or ShinyGO version 0.61 which relies on
annotations in EnsemblGenes 96 [53]. For easier handling,
we confined analyses of larger gene and protein lists to
2000 randomly selected IDs per study. Thus, the gene lists
(Supporting information Table S2) that entered the cur-
rent bioinformatics pipeline were smaller than in the ref-
erences fromwhich they were extracted. In addition, some
genes and proteins were notmatched in single approaches.
We considered this unproblematic as it should not have
affected the results.
We started with partial correlation analyses of the

newly generated porcine data. In the case of two proteins,
which had been identified in two protein species, each,
we included the longer ones. First, we examined in the

newly generated data on the porcine testicular proteome
which measure closer associates with the number of 2-
DE spots containing a particular protein, peptide diver-
sity with modifications disregarded (PD), or the extent to
which modifications increased peptide diversity (∆PD).
Both variables and their basic data are reported in Sup-
porting information Table S1. For the inference of PD, we
divided the number of peptides with modifications dis-
regarded (thus, when considering EGWsDSTYGVTK and
EGWSDSTYGVTK as a single peptide) by the amino acid
span of the particular protein species determined. By doing
so, we accounted for the expectation of larger peptide
diversity in longer amino acid sequences. For deriving
∆PD, we subtracted the number of peptides with modifi-
cations disregarded from the peptide number inclusively
modifications (thus, when regarding EGWsDSTYGVTK
and EGWSDSTYGVTK as two peptides), prior to division
by amino acid span. Partial rank correlations were then
carried out between 2-DE spot number on the one hand
and either PD or∆PD on the other hand, using SPSS 23 V5
R. The influence of the uncorrelated third parameter was
always controlled for.
Using ShinyGO, we continued with investigating

whether frequencies in the number of transcript vari-
ants per gene (NTV) differed between the genes encoding
porcine testicular proteins from the current 2-DE/MS anal-
ysis (query set) and the rest of porcine genes (Chi-square
test). We also evaluated whether the NTV frequency dis-
tribution in our query set differed from the genome-wide
expectation. For comparison, ShinyGO was additionally
run on porcine testicular proteins from BU-LC/MS anal-
ysis. An analogous procedure was applied to four pairs of
2-DE/MS and BU-LC/MS studies on human testis, kidney,
liver, and prefrontal cortex (Table 1).
Using Biomart (Ensembl Genes 103), we retrieved NTV

values for single genes in the 2-DE/MS and BU-LC/MS
studies which are reported in Supporting information
Table S3 along with the IDs of the encoded transcript
variants. Based on this, we quantified the difference
between mean NTV (N̄TV) in 2-DE/MS and BU-LC/MS
datasets, separately for each species. We additionally used
the NTV values for derivation of the proportion of tran-
script variant-rich genes, separately for the species and
analysis pipelines. For definition of transcript variant-rich
genes, we arbitrarily set thresholds between the lower 80%
and upper 20% of the NTV ranges in the aforementioned
frequency distributions from ShinyGO analyses. Thus,
porcine genes having >4 and human genes having >11
protein-coding transcript variants were regarded as tran-
script variant-rich. Their numbers were divided by the
total numbers of protein-coding genes in 2-DE/MS and
BU-LC/MS datasets, to obtain proportions of transcript
variant-rich genes. Corresponding values were compared
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KWIATKOWSKI et al. 1207

between 2-DE/MS and BU-LC/MS datasets, but also
between each of these and shares of transcript variant-rich
genes in the entire porcine and human protein-coding
genes, respectively. By doing so, we estimated the level of
resolution attained in MS analyses.
Downstream steps focused on human proteins due to

better data availability. Thus, we collected naturally occur-
ring PTMs from ProteomeScout (http://proteomescout.
wustl.edu/compendia; visited on 03/04/2021) [54]. Their
number divided by amino acid number was taken as a
proxy for the propensity to form protein species due to
PTM (Supporting information Table S4). We refer to this
proxy as to the PTM index (PMI). In addition, transcript
abundances (transcripts per million, TPM) were extracted
for human genes (Supporting information Table S5) from
the gtexGeneV8 database at the European mirror site of
the UCSC Table Browser (http://genome-euro.ucsc.edu/
cgi-bin/hgTables). Levels of PMI and TPM were then con-
trasted between human 2-DE/MS and BU-LC/MS datasets
by the MWU test in SPSS.
For the human data, we further tested for correlations

between the three parameters collected: PMI, TPM, and
NTV. For this purpose, we pooled the proteins from the 2-
DE/MS and BU-LC/MS studies of the human tissues and
kept only those for which all three parameters were avail-
able. Subsequent analyses were again performed as partial
rank correlations in SPSS, thus, controlling for the uncor-
related variable once again.
All tests conducted were two-sided. Alpha error rates (p

values) were converted into false discovery rates (FDRs)
applying the method of Benjamini and Hochberg [55],
accounting for altogether 17 tests (ten Chi-squared tests,
five partial rank correlations, and two MWU tests).
Finally, we performed gene ontology (GO) analyses to

assess the physiological involvements of the proteins in the
two porcine and four human dataset pairs. For this pur-
pose, we called PANTHER GO-Slim Molecular Function
annotations (http://pantherdb.org/, visited on 05/12/2021)
for the IDs reported in current Supporting information
Table S2.

3 RESULTS

Present 2-DE/MS analysis of porcine testis led to the detec-
tion of 248 protein species from 82 2-DE spots (Figure 1;
Supporting information Figures S1-S11). Average coverage
was 24%, with a span of 3 to 93% (Supporting informa-
tion Table S1). Theoretical pI and MW ranged from 4.77
to 11.85 and 14.2 to 116.1 kDa, respectively. Moreover, two
proteins (cathepsin D and pre-mRNA-processing factor 19)
were determined in two protein species, each, which were
derived from alternative transcripts. For 22 of the proteins,

F IGURE 1 Two-dimensional SDS-PAGE gel run with
testicular lysate of boar 1. The gel image corresponds to technical
replicate A in this boar and is representative of three technical
replicates per each of the three boars analyzed (compare Supporting
information Figures S2, S3). Circles highlight 2-DE spots examined
by MS. Their numbering matches with respective entries in
Supporting information Table S1. Raw scans of all technical
replicates are provided as Supporting information
Figures S3-S11

we foundmatches in previous 2-DE/MS studies on porcine
testis (Supporting information Table S1).
A closer look at the data revealed that amino acid modi-

ficationsmight have raised a protein’s chance of being cap-
tured. In fact, 46% of the proteins were determined from
two or more 2-DE spots (Figure 2; Supporting informa-
tion Table S1). Subsequent partial rank correlations under-
scored that variation due to amino acid modifications
could have fostered multispotting in 2-DE of the porcine
testis proteome (Table 2). Thus, the number of 2-DE spots
from which a protein was recovered more tightly asso-
ciated with ∆PD, that is, the extent to which modifica-
tions increased peptide diversity, than with PD, that is,
the diversity of peptides with modifications disregarded.
This was reflected in a more than threefold larger coef-
ficient in partial rank correlation of 2-DE spot number
with ∆PD (rho = 0.429; FDR < 0.001) relative to a corre-
sponding correlationwith PD (rho= 0.128; FDR< 0.05). In
line with this, peptides with alternative modification pat-
terns were repeatedly detected in different 2-DE spots. For
example, TFTDcFNcLPIAAIVDEK and TFTDcFncLPI-
AAIVDEK were recovered from 2-DE spots nos. 23 and
28, respectively (A0A287A6R4 in Supporting information
Table S1).
According to ShinyGO analysis (Ensembl Genes 96), AS

could have played a contributory role in the multispotting
of porcine testicular proteins. Thus, distributions of NTV
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F IGURE 2 Frequency distribution of the number of 2-DE spots, from which a protein was determined, in present 2-DE/MS analysis of
the porcine proteome. Out of the 246 proteins determined, 46% occurred in more than a single 2-DE spot (light bars)

TABLE 2 Results of partial rank correlations

Parameter pair
Controlled
variable NProteins rho FDRa

∆PD vs. N2-DE Spots PD 246 0.429 <0.001
PD vs. N2-DE Spots ∆PD 246 0.128 <0.05
TPM vs. NTV PMI 5365 0.133 <0.001
TPM vs. PMI NTV 5365 0.363 <0.001
NTV vs. PMI TPM 5365 –0.055 <0.001

Note.∆PD, degree bywhich amino acidmodifications increased peptide diver-
sity; N2-DE Spots, number of 2-DE spots from which a protein was recovered;
NTV, number of transcript variants (per coding gene); PD, peptide diversity;
PMI, post-translational modification index; rho, correlation coefficient; TPM,
transcripts per million.
aFalse discovery rates as derived from partial rank correlations.

frequencies significantly differed between the genes cod-
ing for the proteins determined by us and the rest of the
genes in the pig (FDR < 0.001, Chi-square test; Table 3).
Compared to genome-wide frequencies, the distribution
was shifted toward higher NTV values in genes encoding
porcine testicular proteins from present 2-DE/MS analysis
(Figure 3A). In their counterparts coding for pig proteins
from a BU-LC/MS study, the frequency distribution was
also shifted toward higher NTV values, relative to the
genome-wide expectation and the rest of porcine genes
(FDR < 0.001, Chi-square test; Table 3). Nevertheless, the
shift was stronger in the 2-DE/MS than BU-LC/MS sample
(Figure 3). This was verified in Ensembl Genes 103 anno-

tations, according to which genes underlying 2-DE/MS-
determined porcine proteins (N̄TV = 3.253) on average
had 0.265 more transcript variants than the ones encoding
proteins from BU-LC/MS analysis of porcine testis (N̄TV

= 2.988) (Supporting information Table S3). Consistently,
the proportion of transcript variant-rich genes was higher
in the 2-DE/MS than in the BU-LC/MS study, although
this proportion was increased in both experimental
datasets when compared to the genome-wide expectation
(Table 4).
We observed similar patterns in 2-DE/MS and BU-

LC/MS representing human tissues, particularly testis, but
also heart, kidney, and prefrontal cortex. In all correspond-
ing query sets, NTV frequencies differed from the rest of
genes in the human genome (FDR < 0.01, Chi-square test,
each; Table 3). Furthermore, frequency distributions per-
sistentlyweremore strongly shifted toward higherNTV val-
ues in human query sets from 2-DE/MS than BU-LC/MS
studies (Supporting information Figure S12). Correspond-
ingly, a human gene coding for a 2-DE/MS-determined
protein (N̄TV = 5.806) had on average 0.330 more protein-
coding transcript variants than its counterpart encod-
ing a BU-LC/MS protein (N̄TV = 5.476; Supporting infor-
mation Table S3). Also, the representation of transcript
variant-rich genes more strongly exceeded the genome-
wide expectation in human genes coding for 2-DE/MS-
determined proteins than in the ones encoding proteins
from BU-LC/MS studies (Table 4).
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KWIATKOWSKI et al. 1209

TABLE 3 Sample sizes and comparison of per-gene number of transcript variants in query sets with the rest of genes in a given species

Species Biological material Methods Nproteins
a FDRb

Pig Testis 2-DE/MS 230 <0.001
BU-LC/MS 1396 <0.001

Human Prefrontal cortex 2-DE/MS 146 <0.001
BU-LC/MS 2000 <0.001

Human Heart 2-DE/MS 97 <0.001
BU-LC/MS 2000 <0.01

Human Kidney 2-DE/MS 180 <0.001
BU-LC/MS 1953 <0.001

Human Testis 2-DE/MS 433 <0.001
BU-LC/MS 2000 <0.001

Note. BU-LC/MS, bottom-up proteomics based on liquid chromatography coupled to MS; 2-DE-MS, two-dimensional gel electrophoresis followed by MS.
aNumber of protein-coding genes as recognized by ShinyGO v. 0.61.
bFalse discovery rates as derived from Chi-squared tests comparing NTV distributions between query sets and the rest of genes in a given biological species.

F IGURE 3 Frequency distribution of the per-gene number of
transcript variants (NTV) in porcine testicular proteins. (A) The
query set contained 230 genes matched by ShinyGO version 0.61, out
of 246 ones coding for 2-DE/MS-determined proteins. Distributions
of NTV differed between query set (red bars) and the genome-wide
expectation (grey bars). (B) The shift toward higher NTV values was
less pronounced in a query set including 1396 genes that coded for
porcine testicular proteins from a BU-LC/MS reference study [39].
The results shown here are representative of analyses carried out on
altogether five study pairs (Supporting information Figure S12)

Subsequent analyses, which focused on the aforemen-
tioned human protein samples due to better data availabil-
ity, underscored that amino acid modifications might pro-
mote multispotting in 2-DE. In particular, pooled human
proteins from the four 2-DE/MS studies overall exceeded
their BU-LC/MS counterparts in the level of PMI, that

TABLE 4 Proportions of transcript variant-rich genes

Species Data

Proportion of
transcript
variant-rich genes

Domestic pig Whole genome 0.170
2-DE/MS 0.201
BU-LC/MS 0.185

Human Whole genome 0.052
2-DE/MS 0.093
BU-LC/MS 0.087

Note. For abbreviations see legend to Table 5.

TABLE 5 Comparison of variation and abundance parameters
between human proteins from 2-DE/MS and BU-LC/MS and
respective transcripts

Species Parameter Method NProteins FDRa

Human TPM 2-DE/MS 823 <0.001
BU-LC/MS 7824

Human PMI 2-DE/MS 808 <0.001
BU-LC/MS 7358

Note. BU-LC/MS, bottom-up proteomics based on liquid chromatography cou-
pled to MS, 2-DE/MS, two-dimensional gel electrophoresis followed by MS;
PMI, post-translational modification index; TPM, transcripts per million.
aFalse discovery rates as derived fromMWU tests comparing parameter levels
between 2-DE/MS and BU-LC/MS datasets.

is, the number of PTMs per amino acid (FDR < 0.001,
MWU test; Table 5; Supporting information Table S4).
With a mean PMI (PMI) of 0.092, every 11th amino acid
of a 2-DE/MS protein was a PTM candidate. In contrast,
every 21st amino acid in BU-LC/MS proteins might carry
a PTM (PMI = 0.049). In addition, transcripts had an
overall higher abundance (TPM) when encoding 2-DE/MS
rather than BU-LC/MS proteins (FDR < 0.001, MWU test;
Table 5). On average, transcript abundance was 67% higher
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1210 KWIATKOWSKI et al.

F IGURE 4 Representation of molecular functions in porcine (A) and human testicular proteins (B) as determined by 2-DE/MS (left)
and BU-LC/MS. Fewer gene ontology (GO) terms were obtained for 2-DE/MS than BU-LC/MS samples. The emergence of additional GOs in
BU-LC/MS datasets (molecular adaptor activity and molecular transducer activity) was accompanied by smaller shares of GOs relating to
binding and catalytic activity, when compared to 2-DE/MS datasets. The pattern described was reproduced in altogether five study pairs (see
Supporting information Figure S13)

for genes of human 2-DE/MS proteins relative to genes
underlying human BU-LC/MS proteins (Supporting infor-
mation Table S5).
The findings outlined above were paralleled by trends

in partial rank correlation analyses of pooled values from
2-DE/MS and BU-LC/MS studies (FDR < 0.001, each;
Table 2). In particular, TPM significantly correlated with
NTV and PMI in 5365 genes/proteins, for which all three
parameters were available. Thus, the higher the tran-
script abundance was, the more transcript variants a gene
tended to have (rho = 0.133). In addition, higher tran-
script amounts associated with elevated PMI values (rho=
0.363). Last, NTV and PMI were correlated, although with
a negligible coefficient (rho = –0.055).
Complementary functional characterization (PAN-

THER: GO-Slim Molecular Function) revealed five

recurring GOs in porcine and human study sets. These
were GOs relating to binding, catalytic activity, molecular
function regulation, structural molecule activity, and
transporter activity (Figure 4, Supporting information
Figure S13). Involvements in binding and catalytic activ-
ity accounted for at least about 75% of the GO terms.
Beyond these similarities, there were clear differences
between 2-DE/MS and BU-LC/MS datasets. Specifically,
BU-LC/MS sets persistently had more GOs than the
corresponding 2-DE/MS sets. These additional GOs in
BU-LC/MS samples were molecular transducer activity
and molecular adaptor activity. We take the results of the
GO analyses as post-hoc affirmation that the 2-DE/MS and
BU-LC/MS studies were each sufficiently homogeneous to
conduct the comparisons between both groups as outlined
above.
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4 DISCUSSION

The usefulness of 2-DE for separating proteins [1, 2] and
protein species [10–13, 56, 57] is well established. In the
current investigation (Figure 1; Supporting information
Figures S1–S11), 2-DE/MS enabled the detection of 248 pro-
tein species representing 246 proteins (Supporting infor-
mation Table S1), of which 22 were previously discovered
in porcine testis using 2-DE/MS [51, 52]. More importantly,
the present findings add to previous hints that, depending
on the detailed protocol applied, 2-DE/MSmight affect the
composition of protein samples [3–5]. Thus, present results
suggest that shotgun 2-DE/MS could preferentially deter-
mine multispotting proteins. Consistent with such a possi-
bility, a considerable percentage of proteins from porcine
testis were identified from more than a single 2-DE spot
(Supporting information Table S1). The exact percentage
of such multiple determinations (Figure 2; 46%) was in the
range of previous 2-DE/MS-based investigations, including
those on glioblastoma (32%) [10],HeLa cells (50%) [58], and
Mycobacterium tuberculosis (55%) [8]. In this respect, the
present study could be representative of a general trend.
As mentioned before, protein speciation through amino

acid modification and AS can cause multispotting in 2-
DE [56]. Consistently, we found the number of spots from
which a porcine testicular protein was recovered to be
more closely associated with a peptide diversity measure
which accounted for alternative amino acid modification
patterns than with a measure which did not (Table 2). It
should be noted though that, with a maximum of 93%, the
detected peptides only incompletely covered the protein
species determined in the current 2-DE/MS. Potentially,
this reflects their overall larger size compared to protein
species for which 100% sequence coverage was achieved
elsewhere. In fact, complete coverage was attained in pre-
vious 2-DE/MS studies for protein species of up to about
14 kDa [8, 59], whereas such a MW marked the lower
boundary in the present examination of the porcine tes-
ticular proteome. Yet, almost all protein species deter-
mined by us had larger MWs of up to about 115 kDa
(Supporting information Table S1). In addition, the reso-
lution of 2-DE was higher in the reference studies [8, 59]
than in the present one (Figure 1; Supporting informa-
tion Figures S1–11). Furthermore, a combination of cleav-
age reagents is considered to be favorable to attain 100%
sequence coverage [60] while the porcine testis proteome
was merely trypsin-digested in the present investigation.
Either way, we do not expect that complete sequence cov-
erage would change the results of the present correlation
analyses. This is because the current proxies for address-
ing the issue do not depend on complete sequence cover-

age. The same applies to our proxy for assessing the level
of protein speciation due to AS, that is, NTV.
In further support of a prominent role of amino acid

modifications inmultiple spotting, we noticed that human
proteins from 2-DE/MS are more likely to occur in mul-
tiple PTM variants than their counterparts from BU-
LC/MS analyses (PMI in Table 2; Supporting information
Table S4). Thus, every 11th amino acid site was found to
be a PTM candidate in human 2-DE/MS proteins on aver-
age, while it was every 21st site in BU-LC/MS-determined
ones. Compared to this, the contribution of AS to mul-
tispotting is probably small. Indeed, many proteins have
only a single dominant isoform despite the occurrence of
additional transcript variants [31, 33]. This is matched in
the present study by only a slight increase in the NTV (per
coding gene) in the 2-DE/MS samples compared to the BU-
LC/MS samples (Figure 3; Table 3; Supporting informa-
tion Figure S12; Supporting information Table S3). Nev-
ertheless, the increase was traceable (plus ∼0.3) and our
transcript-based proxy giving resolution in electrophore-
sis was also higher in the 2-DE/MS than BU-LC/MS stud-
ies (Table 4). Thus, elevated protein speciation parameters
probably reflect an overrepresentation of protein species-
rich proteins in 2-DE/MS and not their underrepresenta-
tion in BU-LC/MS.
In addition to the occurrence in variants, present

findings (Table 5) suggest that higher protein abundance,
as approximated by TPM, can raise the determination
probability of a protein in 2-DE/MS [4]. However, such an
effect is not an inherent property of 2-DE/MS but reflects
modest sensitivity of a particular pipeline rather. Indeed,
the detection limits of the staining protocols applied in the
2-DE/MS studies included here were in the low nanogram
range ([40, 42, 44, 46], present study). Compared to this,
the sensitivity of MS instruments—which is the limiting
factor in BU-LC/MS—is an order of magnitude higher. For
example, ESI-QTOF spectrometers may detect peptides
down to 10–100 fmol and modern Orbitrap MS instru-
ments can trace peptides in concentrations of 1–10 amol
[11, 61]. It is meanwhile even possible to determine more
than 400 proteins from a single 2-DE spot with modern
MS instruments [10–13]. This is far from what has been
reached in the 2-DE/MS analyses considered here ([40, 42,
44, 46], Supporting information Table S1). Probably for this
reason, fewer GO terms were represented in protein sets
from 2-DE/MS than from BU-LC/MS pipelines included
in the current meta-analysis (Figure 4; Supporting infor-
mation Figure S13). In fact, the additional GOs in the
BU-LC/MS studies referred to molecular adapter activity
and molecular transducer activity and, thus, to processes
which usually are exerted by low-abundance proteins.
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5 CONCLUDING REMARKS

Present findings suggest that random or arbitrary selec-
tion of 2-DE spots can result in an overrepresentation
of multispotting proteins in downstream MS analysis.
The deeper cause for this is probably protein speciation
due to alternative amino acid modification patterns and,
to a lesser extent, AS. Although demonstrated here for
the pig and human, we expect the effect to be valid
beyond the taxonomic group they represent, Laurasiathe-
ria [37, 38]. This is because PTM and AS have proba-
bly evolved, at least in their basic characteristics, prior
to the divergence of Eukaryota [26, 62–67]. The occur-
rence of protein speciation in other taxa, such as Heli-
cobacter pylori, could support this view [3]. However, the
explanatory approach taken here should not depend on
whether multispotting is due to naturally occurring pro-
tein speciation which has evolved once in a common
stem line or severalfold independently in the tree of life.
Rather, artificial amino acid modifications, which can
occur during sample preparation, may also contribute to
multispotting. We have accounted for both possibilities in
present analysis of mass spectra by including natural (e.g.,
STY phosphorylation) and artificial modifications (e.g.,
M oxidation).
Furthermore, we do not claim that preferential deter-

mination of multispotting proteins is reflected in every
2-DE/MS study. In particular, the combination of high-
resolution 2-DE with high-sensitivity LC-MS/MS raises
the prospect that proteomes will be detected entirely, or
at least almost completely [10–13, 58]. This should coun-
teract potential biases in the composition of 2-DE/MS-
determined protein samples. Still, awareness that shot-
gun 2-DE/MS using less sensitive staining protocols and
MS instruments can lead to an overrepresentation of pro-
tein species-rich proteins might prove useful in the future.
Future investigations might also address whether high-
abundance proteins in general tend to be rich in protein
species, much as the present results suggest (Table 2).
Finally, the proportion of transcript variant-rich genes
could turn out to be a useful measure for assessing the
degree of resolution reached. It should be advantageous
here that 100% sequence coverage in MS analyses is not
a prerequisite for using this measure and that representa-
tive data on transcript variants are publicly available for
numerous biological species.
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