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Abstract Proteins with molecular weights of <25 kDa are
involved in major biological processes such as ribosome
formation, stress adaption (e.g., temperature reduction) and
cell cycle control. Despite their importance, the coverage of
smaller proteins in standard proteome studies is rather
sparse. Here we investigated biochemical and mass spec-
trometric parameters that influence coverage and validity of
identification. The underrepresentation of low molecular
weight (LMW) proteins may be attributed to the low
numbers of proteolytic peptides formed by tryptic digestion

as well as their tendency to be lost in protein separation and
concentration/desalting procedures. In a systematic investi-
gation of the LMW proteome of Escherichia coli, a total of
455 LMW proteins (27% of the 1672 listed in the
SwissProt protein database) were identified, corresponding
to a coverage of 62% of the known cytosolic LMW
proteins. Of these proteins, 93 had not yet been functionally
classified, and five had not previously been confirmed at
the protein level. In this study, the influences of protein
extraction (either urea or TFA), proteolytic digestion
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(solely, and the combined usage of trypsin and AspN as
endoproteases) and protein separation (gel- or non-gel-
based) were investigated. Compared to the standard
procedure based solely on the use of urea lysis buffer, in-
gel separation and tryptic digestion, the complementary use
of TFA for extraction or endoprotease AspN for proteolysis
permits the identification of an extra 72 (32%) and 51
proteins (23%), respectively. Regarding mass spectrometry
analysis with an LTQ Orbitrap mass spectrometer, collision-
induced fragmentation (CID and HCD) and electron
transfer dissociation using the linear ion trap (IT) or the
Orbitrap as the analyzer were compared. IT-CID was found
to yield the best identification rate, whereas IT-ETD
provided almost comparable results in terms of LMW
proteome coverage. The high overlap between the proteins
identified with IT-CID and IT-ETD allowed the validation
of 75% of the identified proteins using this orthogonal
fragmentation technique. Furthermore, a new approach to
evaluating and improving the completeness of protein
databases that utilizes the program RNAcode was intro-
duced and examined.
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Abbreviations
LMW Low molecular weight (below 25 kDa)
CID Collision-induced dissociation
ET(ca)D Electron transfer (collision activation)

dissociation
FDR False discovery rate
FTICR MS Fourier transform ion cyclotron

resonance mass spectrometry
GO Gene Ontology
HCD Beam-type collision-activated dissociation
LB medium Lysogeny broth medium
ORF Open reading frame

Introduction

Escherichia coli (E. coli) is a Gram-negative bacterium of
the family Enterobacteriacae. It is relatively easy to
cultivate, fast growing, and allows for feasible genetic
manipulation. Due to these characteristics, E. coli is
omnipresent in molecular biology, biotechnology and gene
technology, and it is one of the most intensively studied and
best-characterized prokaryotes. Sequencing and analysis of
the 4.6 Mb chromosome of the laboratory strain E. coli K12
coding for 4411 protein-coding genes was completed in
1997 [1].

In the last two decades, the E. coli proteome has been
extensively analyzed by 2D gel electrophoresis (2D-GE)
initially and then via LC/MS approaches. Besides inves-
tigations of numerous biological questions, the E. coli
proteome has also been used to validate new technologies
and methodologies, including sample prefractionation,
protein enrichment and separation by 2D-GE or n-
dimensional chromatography, and protein identification
and quantification by MS [2].

The first proteome study was conducted using 2D-GE
and resulted in the identification of 381 proteins [3]. By
combining 2D-DIGE with biochemical prefractionation and
the analysis of stationary and exponential growth phases, it
was possible to detect and quantify 3199 protein species,
among which 575 unique proteins could be identified [4].
In several gel-free approaches using n-dimensional LC for
protein [5] or peptide separation [6–9], the number of
proteins was successively increased further (Table 1). Most
recently, in 2010, Iwasaki and coworkers used 1D-LC/MS/
MS with a 350 cm long monolithic silica–C18 capillary
column and 41 h of LC gradient time to identify 2602
proteins [10]. However, even with all of these different
methods, the identification rate for LMW proteins of <25
kDa listed in the SwissProt protein database is usually
below 25%, and is significantly lower than the average
identification rate (Table 1).

Proteins that are essential in numerous biological
functions, especially ribosome formation (e.g., 18 30S
ribosomal protein subunits, 34 50S ribosomal protein
subunits), transcription regulation, and stress response (cold
shock proteins, universal stress proteins) are of LMW.
Coverage of those functional proteins in proteomic studies
is of great interest in systems biology in order to gain an in-
depth understanding of the reactions of bacteria to external
stresses [11], adaption to different substrates, and interde-
pendencies in microbial bacterial communities in the new
field of metaproteomics [12]. Furthermore, over 500 LMW
proteins of E. coli are still classified as “functionally
uncharacterized” according to the latest GO annotation
database [13]. This number is astonishingly high given the
limited genome of E. coli and the high feasibility of this
organism for culturing and genomic manipulation.

Another challenge is the de novo annotation of open
reading frames (ORF) coding for small proteins on a
genome-wide scale. In the past, computational gene-finding
approaches excluded short ORFs with less than 40 or 50
amino acids. For such short ORFs, typical statistical signals
in the sequence (ORF length and codon usage) are very
weak, resulting in a high false-discovery rate (FDR). Thus,
using standard methods with less stringent filters leads to
the prediction of thousands of small ORFs, most of which
are not likely to be translated [14]. The methods of choice
to verify the existence of these small proteins are LC/MS
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approaches. Since these experimental methods are cost and
time intensive, in silico methods are still required for
efficient genome annotation. Recently, we developed
RNAcode, a gene prediction program that uses the principle
of comparative genomics [15] to detect protein-coding
genes in multiple genome alignments [16]. Since RNAcode
is based on evolutionary signatures, it can detect statisti-
cally significant signals—even in short ORFs—as long as
sufficient phylogenetic information from related sequences
is available. The fact that RNAcode is not based on the
detection of complete ORFs also makes it applicable to
incomplete data, such as fragments of transcriptome studies
[17]. Thus, RNAcode fills a specific gap in the current
repertoire of protein annotation software. To further
investigate the applicability and power of RNAcode, we
systematically analyzed the LMW of E. coli and compared
these results with our proteome data.

The variation in the abundances of cytosolic proteins in
E. coli ranges from less than 200 to more than 108

molecules per cell—in other words, more than six orders
of magnitude [9]. The low abundances of some proteins
certainly hamper their detection, and not all proteins will be
expressed at the same time. Aside from these biological
reasons for limited coverage, it has been discussed that
losses during protein extraction [18], separation and
purification [19], as well as the low number of detectable
proteotypic peptides formed by proteolysis [19] are respon-
sible for the low identification rate. Taking into account
recent improvements in the coverage of LMW proteins, the
best study achieved 49% coverage of LMW in E. coli
(Table 1). It is obvious that there is plenty of scope for
improvement. This can in principle be achieved by
separation, fractionation or the complementary usage of
multiple proteases, or on the LC/MS side. In order to get
information on which strategy to start with in this study,
key parameters associated with both prefractionation and

LC/MS were tested. With respect to prefractionation and
biochemical preprocessing, the following parameters were
assessed for their influence on coverage: (i) protein
extraction buffers, (ii) enrichment and separation, and (iii)
enzymatic proteolysis. In terms of LC/MS, the crucial steps
of (iv) the fragmentation procedure and (v) MS/MS data
analysis were varied and evaluated with respect to
identification rate, average sequence coverage, and valida-
tion of identifications.

Materials and methods

Cell culture

Cell lysates of E. coli strain K12 were analyzed to assess
critical parameters for LMW proteome analysis. Analyses
were performed in two (gel-based approach) and three
(non-gel-based approach) independent biological replicates.
Cells were grown in LB medium to stationary phase.
Therefore, 1 l of fresh medium was inoculated with 100 ml
of a preparatory culture grown under the same conditions.
Cells were collected by centrifugation (10 min, 8,000×g,
4 °C).

Protein extraction and small protein enrichment

Cell pellets were resuspended in either urea lysis buffer
(40 ml, 8 M urea, 10 mM DTT, 1 M NaCl, 10 mM Tris/
HCl, pH 8.0) [20] or acidic lysis buffer (40 ml, 0.1% TFA)
[21]. Cell disruption was performed by ultrasonification
(5 min, 50% duty cycle, Branson Sonifier 250, Emerson,
St. Louis, MO, USA). Undissolved material was removed
by centrifugation (15 min, 10,000×g, 4 °C). High molecular
weight proteins were depleted by centrifugation through a
filter membrane (molecular weight cut-off: 50 kDa, Pall

Table 1 Summary of total and LMW proteins detected in previous studies based on at least a four peptides, b two peptides, and cone peptide per
protein

Study Method LMW Complete
proteome

LMW (%) Complete
proteome (%)

Reference

Lopez-Campistrous et al. (2005) 2D-PAGE after prefractionation in
periplasm, inner membrane, and
outer membrane

164 575 10 13 [4]

Geveart et al. (2002) Diagonal 2D-LC-MS of methionine-
containing peptides

187c 872c 11 20 [6]

Corbin et al. (2003) 1D-LC-MS with and w/o membrane
fractionation (4 h per run)

218a– 331c 404a–1147b 13a-21c 26 [7]

Taoka et al. (2004) 2D-LC-MS (16 h per run) 401 1480 24 34 [8]

Ishihama et al. (2008) More than 200 2D-LC-MS measurements
after 1D-gel protein prefractionation

341 1103 20 25 [9]

Iwasaki et al. (2010) LC-MS with a 3.5 m non-commercially
available monolithic column (41 h per run)

737b–820c 2404b–
2602c

44b-49c 60 [10]
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Macrosep 50 K, Pall Life Science, Ann Arbor, MI, USA)
[22]. The permeate was split into aliquots of 1.2 ml. TFA
lysates were equilibrated to neutral pH with NH4CO3

(final concentration: 250 mM) and protein disulfide bonds
were reduced by adding DTT (final concentration:
10 mM). Cysteines were alkylated by the addition of
2-iodoacetamide (final concentration: 51.5 mM) to both
lysates and incubation for 45 min at room temperature in
the dark. Proteins were desalted and concentrated by TCA
precipitation (final concentration: 20% (w/v), incubation
at 4 °C for 16 h, centrifugation at 20,000×g for 20 min).

Protein separation and protein digestion

For the non-gel approach, one protein pellet of every
biological replicate was dissolved in 500 mM NH4HCO3

and the protein concentration was measured with a
Bradford assay (Bradford Quick Start, Bio-Rad, Hercules,
CA, USA) using bovine serum albumin for calibration.
Pellets were redissolved in 100 μl 1.6 M urea in NH4HCO3

(100 mM). Trypsin (modified porcine trypsin, Sigma–
Aldrich, Steinheim, Germany) was dissolved in 50 mM
NH4HCO3 containing 10% acetonitrile to a concentration
of 125 ng/μl. Trypsin solution was added to the dissolved
protein pellets with a molecular weight ratio of 1:50
(trypsin:protein). Digestions were performed overnight at
37 °C and stopped by adding formic acid (final concentra-
tion: 4%). Digestion solutions were concentrated to 20 μL
using vacuum centrifugation and reconstituted by adding
40 μL 1% formic acid.

For the gel separation, protein pellets were redissolved
with SDS loading buffer (2% (w/v) SDS, 12% (w/v)
glycerol, 120 mM DTT, 0.0024% (w/v) bromophenol
blue, 70 mM Tris/HCl) and adjusted to neutral pH by
adding 10× cathode buffer solution (1 M Tris, 1 M
tricine, 1% (w/v) SDS, pH 8.25). GE was performed
according to a modified protocol of Schaegger [23]. In
brief, a 20% T, 6% C separation gel was used in
combination with a 4% T, 3% C stacking gel. A prestained
LMW protein standard (molecular weight range 1.7–
42 kDa, multicolor low-range protein ladder, Fermentas,
St. Leon-Rot, Germany) was applied as a molecular
weight marker. For each experiment, three lanes were
loaded with the LMW protein extract, among which one
was stained with colloidal Coomassie. Nine gel slices
from each of the two unstained lanes were excised in the
molecular weight range 1–25 kDa and used for in-gel
digestion.

The gel slices were washed twice with water for 10 min
and once with NH4HCO3 (10 mM). In-gel digestion was
performed by adding modified porcine trypsin (100 ng,
Sigma–Aldrich) or endoproteinase AspN (100 ng, Sigma–
Aldrich) in NH4HCO3 (10 mM, 30 μl volume) to the slices.

The digestions were performed overnight at 37 °C and
stopped afterwards by adding formic acid (final concentra-
tion: 4%). The supernatant and the two gel elution solutions
(first elution step: 40% (v/v) acetonitrile; second elution
step: 80% (v/v)) were collected and mixed. The combined
mixtures were dried using vacuum centrifugation. Peptides
were reconstituted in 0.1% formic acid.

Analysis with nano-HPLC/nano-ESI-LTQ Orbitrap MS

LC/MS/MS analysis was performed on a nano-HPLC
system (nanoAcquity, Waters, Milford, MA, USA) coupled
to an LTQ Orbitrap mass spectrometer. Chromatography
was conducted with 0.1% formic acid in solvents A (100%
water) and B (100% acetonitrile).

In-solution digestion samples were injected by the
autosampler and concentrated on a trapping column (nano-
Acquity UPLC column, C18, 180 μm×2 cm, 5 μm,
Waters) with water containing 0.1% formic acid at flow
rates of 15 μL/min. After 10 min, peptides were eluted onto
a separation column (nanoAcquity UPLC column, C18,
75 μm×150 mm, 1.7 μm, Waters). Peptides were eluted
over 150 min with a 2–40% solvent B gradient (0 min, 2%;
3 min 2%;10 min, 6%;100 min, 20%; 150 min, 40%).

Scanning of eluted peptide ions was carried out in
positive ion mode between m/z 300 and 1500, automatically
switching to MS/MS mode for ions exceeding an intensity
of 3,000. Precursor ions were dynamically excluded for
MS/MS measurements for 3 min. Six runs with different
MS/MS measurements were performed per biological
sample. CID and ETD fragmentations were carried out
with ion detection in the ion trap or the Orbitrap in separate
runs. HCD fragmentations were detected in the Orbitrap.
Additionally, a method with a decision tree between CID
and ETD in the ion trap was performed.

In-gel digestion samples were injected and concentrated
on a trapping column in an identical manner to the analysis
of in-solution digestions. Peptides were eluted onto a
separation column (nanoAcquity UPLC column, C18,
75 μm×250 mm, 1.7 μm, Waters) and separation was done
over 30 min with a 2–40% solvent B gradient (0 min, 2%;
2 min 8%; 20 min, 20%; 30 min, 40%). Scanning of eluted
peptide ions was carried out in positive ion mode in the
range m/z 350–2000, automatically switching to CID-MS/
MS mode for ions exceeding an intensity of 2,000. For
CID-MS/MS measurements, a dynamic precursor exclusion
of 3 min was applied.

Data analysis

Database searching was performed with Proteome Discov-
erer (version 1.0; Thermo Fisher Scientific, San Jose, CA,
USA) using the MASCOT (version 2.2; Matrix Science,
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London, UK) and SEQUEST (version 1.0.43.0; Thermo
Fisher Scientific) algorithms that search through a target
and decoy database containing all proteins of E. coli strain
K12 in the SwissProt protein database. In-gel digestions
with trypsin were searched with maximum of one missed
cleavage, while two missed cleavages were allowed for
in-gel digestion with AspN and in-solution digestions. For
trypsin C-terminal cleavage to arginine and lysine, and for
endoprotease AspN N-terminal cleavage to aspartic and
glutamic acid were considered. MS/MS spectra were
grouped with a precursor mass tolerance of 4.0 ppm and a
retention time tolerance of 5 min. MASCOT and
SEQUEST searched with a parent ion tolerance of
5.0 ppm. Fragment ion mass tolerances were specified as
0.5 Da when fragment ions were detected in the ion trap
and 0.05 Da when detection was performed in the Orbitrap.
Carbamidomethylation of cysteines was specified in MAS-
COT and SEQUEST as a fixed modification, and the
oxidation of methionine as a variable modification. Addi-
tionally, deamidations of asparagine and glutamine were
considered variable modifications for in-solution digestion
samples.

SCAFFOLD (version SCAFFOLD_2_06_01_pre3; Pro-
teome Software Inc., Portland, OR, USA) was used to
validate MS/MS-based peptide and protein identifications.
Peptide and protein identification parameters were adjusted
to a false-positive rate of lower than 5% using the target
and decoy database. False-positive rates were calculated as
described by Elias et al. [24]. Peptide identifications were
accepted if they could be established at a probability of
greater than 70.0% as specified by the Peptide Prophet
algorithm [25]. Peptide identifications were accepted by
exceeding specific database search engine thresholds.
MASCOT identifications required ion scores of greater
than 10.0. SEQUEST identifications required deltaCn
scores of greater than 0.10 and XCorr scores of greater
than 1.7, 2.0, and 2.3 for doubly, triply and quadruply
charged peptides. Protein identifications were accepted if
they could be established at greater than 95.0% probability
and contained at least two identified peptides. Protein
probabilities were assigned by the Protein Prophet algo-
rithm [26]. Proteins that contained similar peptides and
which could not be differentiated based on MS/MS analysis
alone were grouped to satisfy the principles of parsimony.
GO annotations were obtained with STRAP [27] from the
EBI GO database (http://www.ebi.ac.uk/GOA/, version
05/07/2010).

ProtStat: protein statistics and peptide predictions

The software ProtStat is an in-house tool programmed
with C# which calculates protein as well as proteolotytic
peptide properties. The program has three different modes:

protein pre-statistics, protein post-statistics and peptide
statistics.

For the protein statistics, various data can be obtained for
every protein, including molecular weight, protein se-
quence, GRAVY score, protein database ID, protein
description, and a calculation of the pI value. pI values
are calculated using the advanced algorithm suggested by
Kozlowski (http://isoelectric.ovh.org/) with a selectable set
of amino acid pK increments according to EMBOSS,
DTASelect, Solomon, Sillero or Rodwell.

The protein pre-statistic allows an in silico simulation of
a proteolytic digestion by calculating the number and
sequences of proteolytic peptides, the expected possible
sequence coverage, and performing a comparison in terms
of unique peptides and sequence coverage to other
proteolytic digestions (e.g., those using other proteases).
In terms of digestion parameters, several specific proteases
as well as their combinations and fixed modifications are
allowed.

In the protein post-processing mode, the same analysis
is possible for a list of identified proteins, and this
enables the comparison of experimental and theoretical
LC/MS measurements.

The peptide statistics mode allows the calculation of
inclusion or exclusion lists based on the results of a
theoretical or experimental proteolytic digestion. Therefore,
exact m/z values in a given m/z range were calculated for
the charge states 1+ to 4+. Again, fixed protein modifica-
tions are taken into account. Additionally, pI values of all
potential proteolytic peptides for every protein inside a
protein FASTA database are calculated.

Prediction of protein coding regions in genome-wide
alignments of nucleotide sequences by RNAcode

We used the Multiz pipeline [28] to align 54 fully
sequenced enterobacteria species from GenBank (Elec-
tronic supplementary material Table S1). The alignments
were screened using the default parameters of RNAcode
(software available at http://wash.github.com/rnacode) and
a p-value cutoff of 0.05. This resulted in 20,528 high-
scoring coding segments. Multiple sequence alignments of
such a high number of species tend to be fragmented into
relatively small blocks. Therefore, high-scoring coding
segments in the same reading frame and less than 15
nucleotides apart were combined. This reduced the number
of high-scoring coding segments to 6,542.

The SwissProt protein database was downloaded (http://
pir.uniprot.org/downloads, May 2010 release). For each
registered E. coli protein, the ID, the type of evidence, and
the amino acid sequence was extracted. In order to compare
the RNAcode predictions, which are based on nucleotide
alignments, with the protein sequences from SwissProt and
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our peptide data, we blasted all peptide sequences
(TBLASTN, E-value 10−3 and 98% identity) against the
E. coli genome. Using this conservative method, 1574
proteins were mapped to 1605 distinct genomic loci.

Results and discussion

General experimental strategy

In this paper, our experiences relating to the large-scale
identification of LMW proteins (molecular weights
<25 kDa) using gel-based and gel-free approaches are
summarized. By combining different methods, a total of
455 LMW proteins of E. coli were identified with high
certainty (Electronic supplementary material Tables S2 and
S3).

As a starting point for optimization, the procedure
published in 2007 by Klein et al. [20] was used, as this
study reported an identification rate of 35% of the LMW
subproteome of Halobacterium salinarum. The outline of
this study consisted of high molecular weight protein
depletion, separation by 1D-GE using a modified protocol
according to Schaegger [23], and ESI-LC/MS3 analysis
with FTICR MS.

Here we vary this strategy stepwise in order to estimate
the influence of the critical parameters in (i) protein
extraction, (ii) enrichment and separation, (iii) proteolysis,
(iv) MS and MS/MS analysis, and (v) protein identification
(Fig. 1).

Finally, the challenge of the de novo annotation of open
reading frames (ORF) coding for small proteins on a
genome-wide scale is addressed with the software RNA-
code.

Optimization steps

Different protein extraction methods

To estimate the influence of the cell disruption and protein
extraction methods, two different lysis buffers (a slightly
basic ammonia buffer containing 8 M urea and an acidic
buffer containing 0.1% TFA) were applied as a variant of
the method described in Klein et al. [20]. Similar protein
amounts were obtained with both buffers, which could not
be increased by the successive usage of both extraction
buffers (data not shown). After the depletion of higher
molecular weight proteins using centrifugal filtration
(molecular weight cut-off: 50 kDa), high enrichment in
proteins <30 kDa was observed, with a maximum at
approximately 15 kDa in terms of quantity (Fig. 2) and
number of identifications (Fig. 3). The total protein amount
determined after depletion and precipitation was approxi-
mately 2% for urea and 1% for TFA extracts. Proteins were
separated using 1D SDS tricine GE, and the LMW range of
each lane was cut into nine slices. Proteins were digested in
gel with endoprotease AspN or trypsin, and the resulting
peptides were subsequently analyzed by LC/MS.

The analysis resulted in a total of 333 and 223 protein
identifications for extractions with urea and TFA, respec-
tively. Interestingly, only 148±13 proteins were detected
using both protocols, which represents 44% of all detected
proteins (Fig. 4a).

The importance of an efficient cell disruption and protein
extraction has already been pointed out in other studies [18,

Fig. 2 SDS tricine gel after protein extraction with urea lysis buffer
(a) and 0.1% TFA (b) and subsequent depletion of high molecular
weight proteins. Excised bands of the unstained gel part are numberedFig. 1 Experimental workflow
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29]. Our results show that the choice of the extraction
buffer can influence the number and type of identified
proteins even more than the protease or the MS/MS
fragmentation technique (discussed below).

For the proteins in the pI ranges of 5–7 and 11–14, the
identification rate was higher with the urea than with the
TFA lysis buffer (184 vs. 134 proteins, respectively, Fig. 5;
Electronic supplementary material Figure S1). For very acidic
proteins with a pI of <5, TFA lysis gives slightly better
results than urea lysis (22 instead of 17 identified proteins).

Different protein separation methods

A 150 min gradient was used for the 1D-LC/MS analyses.
However, a gel-based approach in which nine slices were
analyzed by LC/MS using a 30 min gradient leads to a
49% increase (Fig. 3, Fig. 4b) in the identification rate.
Thus, even though there are differences in terms of LC
separation and measurement time, this indicates that
investing time and effort in additional separation steps
on the protein scale remains an efficient way of improving
the proteome coverage. Nevertheless, some proteins may
also be lost by additional separation steps. Eleven
especially low-abundance (four proteins below 1000
copies/cell) or as-yet unquantified proteins (five proteins)
were exclusively detected by the shorter LC/MS-based
approach.

Proteolytic digestion

The possibility of increasing the protein identification rate
as well as the average sequence coverage through the
complementary application of more than one protease is a
known strategy. Recently, Swaney and coworkers im-
proved the coverage of the proteome of Saccharomyces
cerevisiae by performing complementary proteolytic
digestions with multiple enzymes and subsequently ana-
lyzing using LC/MS [19]. While the proteases trypsin,
AspN, GluC, ArgC and LysC were used, the highest
identification rate was obtained with trypsin. Nevertheless,
the other proteases increased the identification rate by
18% (3908 instead of 3313 proteins) and—perhaps more
importantly—the average sequence coverage increased
from 24.5% to 43.4% as compared to that obtained with
the exclusive use of trypsin.

In addition to trypsin, we used endoprotease AspN,
which was predicted to create nearly the same number of
proteolytic peptides in the molecular weight range 800–
3,000 Da, and to present the highest orthogonality to
trypsin in terms of sequence coverage for LMW proteins
(Electronic supplementary material Table S4). Furthermore,
the prediction showed that in a complementary analysis
using both endoprotease AspN and trypsin, the number of
unidentifiable LMW proteins would be reduced to 67 in
comparison to the 233 not indentified when using trypsin as
the only protease. For unequivocal identification, at least
three detectable proteolytic peptides were required in this in
silico digestion (Electronic supplementary material
Table S4).

In summary, 292.5±76.5 proteins could be identified
with trypsin, and 163.5±9.5 (46%) of these could be
verified using endoprotease AspN (Figs. 3 and 4c). The
average sequence coverage of proteins identified by both
proteases was increased from 48.0% to 63.7% by combining

Fig. 3 Average mass distributions of the proteins identified using an
in-gel (a) or in-solution (b) approach in comparison to the SwissProt
protein database (c)
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the results obtained using trypsin with those obtained using
endoprotease AspN (Table. 5). Furthermore, 47.5±25.5
(13%) proteins could only be identified after proteolysis
with endoprotease AspN. According to Ishihama et al. [9],
21 of the 63 additionally identified proteins have copy
numbers per cell of below 1000, whereas 28 were not
covered by this study. Performing a database search by
combining the LC/MS results obtained through digestion
with trypsin and endoprotease AspN yielded 19.5±9.5 (6%)
additional protein identifications. The abundance of at least
several of these proteins was very low (7 were determined to
be present with less than 1100 copies/cell), whereas 22 were
not yet quantified.

In contrast to tryptic peptides (except C-terminal
peptides), which always possess a “mass spectrometry
friendly” C-terminal charge due to the occurrence of a

C-terminal arginine or lysine, this is not necessarily the case
for proteolytic peptides derived via cleavage with endopro-
tease AspN. This resulted in decreased spectral quality and
thus in lower average MASCOT scores (C-terminal
arginine or lysine: both 39, for N-terminal aspartic acid
and glutamic acid: 30 and 31) and slightly lower SEQUEST
scores (for lysine and arginine: 3.3 and 3.1; for acid and
glutamic acid: 3.0 and 3.0). The cleavage efficiency of
endoprotease AspN was lower for glutamic than for aspartic
acid (1586 instead of 205 identified peptides).

Variation of fragmentation technique

The fragments created by ETD, CID and HCD can either be
detected with high sensitivity and a short measuring time in
the linear iontrap (IT-ETD and IT-CID) or with high

Fig. 4 Influence of different
protocol variations. Comparison
of average protein identifica-
tions after a protein extraction
with urea lysis buffer or 0.1%
TFA, b digestion with the
in-solution or the in-gel ap-
proach, c digestion with trypsin
or AspN, d MS/MS fragmenta-
tion and detection by IT-CID
or IT-ETcaD, and e MS/MS
database search using the
MASCOT or SEQUEST
search engines
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accuracy and resolution in the Orbitrap analyzer (Orbitrap-
ETD, Orbitrap-CID and HCD).

The benefits of using different analyzer types for MS/
MS measurements as well as the different fragmentation
techniques ETD, CID and HCD were evaluated with
biological triplicates.

Using the linear ion trap as the mass analyzer for MS/MS
detection, the three methods (a) CID, (b) ETD and (c) CID
combined with ETD by a data-dependent decision tree
provided an average of 177 (σ=19), 144 (σ=15) and 160
(σ=21) protein identifications with very high confidence. The
overlap between the IT-ETD and IT-CID results was 71%,
whereas only 6% more identifications were gained by using
IT-ETD (Fig. 4d). However, since IT-ETD confirmed 75% of
the proteins identified by IT-CID, this complementary frag-
mentation technique represents a useful method of independent
validation. Moreover, the average sequence coverage and the
average number of identified peptides per protein were
increased by 5.5% and 21.7%, respectively (Table. 5).

Comparing the two different mass analyzers for MS/MS
fragment ions, the Orbitrap offers highly accurate fragment
ion mass measurements as well as enhanced signal-to-noise
ratios for highly abundant peptides (Fig. 6). In contrast, due
to its lower speed and sensitivity, about 50% fewer MS/MS
spectra could be recorded per run, resulting in about 15% of
the unique peptides being identified. On average, MS/MS
analysis of the fragments created by CID, HCD or ETD in
the Orbitrap resulted in the identification of only 27, 23 and
25 LMW proteins, respectively. This is also consistent with
a recent in-depth study by Kim and coworkers, who
analyzed E. coli lysates by CID fragmentation in the LTQ
Orbitrap using different conditions for MS and MS/MS

resolution [30]. However, the issue that the number of
proteins identified is much lower due to the lower scanning
speed and sensitivity of the techique may soon be overcome
due to further improvements in the speed and sensitivity of
the Orbitrap analyzer [31].

Influence of the MS analysis algorithm

There is still ongoing discussion about the quality of
peptide MS/MS search engines [32, 33]. This issue is
especially important here, due to the fact that the number of
peptides per LMW protein formed by proteolysis is very
limited. Additionally, the erroneous identification of a
peptide could easily lead to wrong protein identification.
Therefore, high sensitivity and accuracy is required during
peptide identification. To address this issue with a special
focus on LMW proteins, we performed searches with the
two most widely used database search engines MASCOT
and SEQUEST. After adjusting to 5% FDR using a decoy
database, an overlap of 86% was observed (Fig. 4e). Here,
MASCOT turned out to be more sensitive, resulting in the

Fig. 5 pI distributions of the proteins identified with the in-gel
approach after protein extraction with urea lysis buffer or 0.1% TFA in
comparison with the total amount of identified proteins

Fig. 6 Comparison of different fragmentation methods after in in-solution
proteolysis, as exemplified by the peptide DVFVHFSAIQTnGFK from the
cold shock-like protein cspE (a IT-CID, b FT-CID, c IT-ETD, d FT-ETD,
e FT-HCD). n denotes an Asn that was found to be deamidated
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unique identification of 49 unique proteins compared to the
16 discovered by SEQUEST. Furthermore, for the gel-
based approach, the number of significant identifications
performed by MASCOT, 1060±86 peptides (on average 5.4
peptides per protein), was higher than the 902±85 peptides
(5.0 peptides per protein) identified with SEQUEST
However, we decided to combine and re-evaluate the
results obtained with both engines using SCAFFOLD in
order to generate the final identification results.

Covered protein groups

According to the GO classification, the identified proteins
were clustered using the GO terms “molecular function,”
“cell function,” and “localization” [27]. Information about
the copy number per cell was taken from Ishihama et al.
[9].

Cellular localization of identified LMW proteins

With the protocol applied, we obtained good to excellent
coverage for cytoplasmic (100 proteins, 45%), periplasmic
(22 proteins, 52%) and ribosomal proteins (53 proteins,
98%). Not unexpectedly, the identification rate for inner
membrane (43 proteins, 12%) and outer membrane proteins
(12 proteins, 33%) was significantly lower (Table 2).
However, it is possible to improve the coverage of
membrane proteins by performing additional prefractionation
[34, 35].

Protein abundance and molecular and cellular function

In order to estimate the copy numbers of a wide range of
cytosolic proteins, Ishihama and coworkers [9] used
label-free protein quantitation. The proteins identified in this
and our study cover a dynamic range of six orders of
magnitude. These proteins include highly abundant ribosomal
proteins like the 50S ribosomal protein L33 (SwissProt entry:
P0A7N9, 186,000,000 copies/cell) as well as rare proteins
with less than 200 copies per cell such as Acyl-CoA
thioesterase I (SwissProt entry: P0ADA1, 186 copies/cell).
Furthermore, we identified about 100 proteins that are not

covered by the study of Ishihama et al. (Electronic
supplementary material Table S5).

According to the GO annotations of E. coli, neither the
biological processes associated with nor the molecular
functions of 846 proteins are characterized. Interestingly,
579 (i.e., 68%) of these proteins possess a molecular weight
of <25 kDa (Tables. 2, 3 and 4). In our study, we were able
to identify 93 of these uncharacterized proteins. The
coverage of such proteins by proteome studies will
subsequently allow protein quantification, and thus may
ultimately contribute to the elucidation of their functional
roles.

Detection and evaluation of proteins predicted at the DNA
or transcriptome level using RNAcode

Among the 1723 individually predicted proteins, there are
837 (49%) LMW proteins that have not yet been validated
at the proteome level. Of those 837 LMW proteins, 96 were
detected in our study. However, 91 of these were recently
covered by Iwasaki et al. [10], whereas, to our knowledge,
the existence of the five remaining proteins has never been
established before.

Aside from all the experimental challenges involved, an
additional reason for the underrepresentation of LMW
proteins in proteome studies is probably the inherent
difficulty of the annotation process, which results in an
significant number of either dubious or missing protein
predictions [14, 36, 37]. In order to improve the prediction
and annotation of LMW proteins, we used the recently
developed RNAcode algorithm [16]. RNAcode performs a
comparison of homolog sequences that show evolutionary
conservation and has already been applied to transcriptome
data [17].

In the present study, we show how RNAcode can revise
existing annotations and also estimate their specificity by
performing a comparison with our proteome data. Of 1605
mapped LMW SwissProt protein loci, at least 70% of the
sequences of 1401 overlapped with segments that gave high
scores in RNAcode. Ninety-five percent of the proteins with
either proteome or transcriptome evidence listed in the
SwissProt database are positively classified by RNAcode

Table 2 Gene ontology annotation according to localization

Localization Cytoplasm Ribosome Membrane Periplasmic
space

Cell projection/
flagellum

Extracellular Cell wall/cell
membrane

Other/not
assigned

Swissprot E.coli
K12 <25 kDa

219 55 356 42 36 3 36 995

In gel 101 46.1% 53 96.4% 43 12.1% 21 50.0% 2 5.6% 1 33.3% 11 30.6% 213 21.4%

In solution 63 28.8% 48 87.3% 23 6.5% 13 31.0% 1 2.8% 1 33.3% 5 13.9% 114 11.5%

In gel + in solution 110 50.2% 53 96.4% 47 13.2% 22 52.4% 2 5.6% 1 33.3% 11 30.6% 229 23.0%

2876 S.A. Müller et al.



(Electronic supplementary material Table S6). This indi-
cates that there is a strong enrichment of experimentally
supported proteins in RNAcode predictions. Among the 455
proteins identified in this study, 449 (99%) show a clear
evolutionary signal for conservation at the nucleic acid
level. Proteome or transcriptome evidence is also reported
in the SwissProt database for 81% (365/449) of these. Thus,
the proteins identified in our study and the RNAcode
predictions are highly correlated.

On the other hand, of the proteins not covered in our
study or which had already been validated experimentally
or by sequence homology according to the SwissProt
database, only 68% were supported by RNAcode predic-
tions (Electronic supplementary material Table S6). This
difference suggests that many but probably not all of the
as-yet unverified reading frames in the SwissProt database
are real protein-coding segments. Interestingly, 229 high-
scoring protein-coding segments detected with RNAcode do
not overlap with annotated genes. Thus, the existence of
LMW proteins which are not included in the current
version of the SwissProt database was indicated by
RNAcode analysis [16].

This analysis clearly shows that the existing SwissProt
protein database can be improved, specifically with
respect to evolutionary conservation, by the novel in
silico approach. Furthermore, the results of our LMW
proteome analysis are supported by other experimental
data and they show a good correlation with the protein
coding signals predicted by RNAcode too (Electronic
supplementary material Table S6).

In this study, 54 proteins were identified which were
only predicted according to EXPASY SwissProt database
information (http://expasy.org/sprot/). Furthermore, five
of the identified proteins (SwissProt entries P76549,
P21418, P0A703, A5A614, and P0AEG8; Electronic
supplementary material Tables S2 and S3) have not yet
been validated according to the latest large-scale studies
by Iwasaki et al. [10] and Ishihama et al. [9]. By applying
RNAcode, the corresponding gene regions were predicted
to code for these LMW proteins with high probability
(Fig. 7).

Validation is crucial when claiming newly detected
proteins. We analyzed the samples after extraction with
urea or TFA lysis buffer and digestion with the endopro-
teases AspN and trypsin, which produce complementary
peptides. This enabled us to unambiguously confirm the
existence of all of them by multiple detection with FDR
probabilities of below 0.05. For example, for the protein
P0AEG8, identification is based on two tryptic peptides and
four proteolytic peptides created by the endoprotease AspN,
so the sequence coverage was increased to 65% (Fig. 7).
Additionally, the predicted proteins were found in indepen-
dently processed biological replicates.T
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Perspectives on LMW proteome analysis

However, even these improved identification rates (espe-
cially in the molecular weight range of 5–15 kDa),
compared to state of the art standard proteome studies
(Fig. 8), of 62% for cytosolic proteins and 27% for all
known LMW proteins (including membrane proteins)

still leave some room for further improvement. Aside
from aiming for increased coverage through the
additional prefractionation of membrane proteins,
our results indicate that improving protein and/or
peptide separation leads to significantly higher iden-
tification rates as well as enhanced average sequence
coverage.

Table 4 Gene ontology annotations according to molecular function

Molecular
function

Cellular
process

Developmental
process

Interaction
with cells
and
organisms

Localization Metabolic
process

Regulation Reproduction Response
to stimulus

Other/not
assigned

Swissprot E.coli
K12 <25 kDa

606 1 63 146 110 205 5 100 807

In gel 206 34.0% 0 0.0% 6 9.5% 29 19.9% 43 39.1% 71 34.6% 1 20.0% 45 45.0% 148 18.3%

In solution 143 23.6% 0 0.0% 5 7.9% 19 13.0% 26 23.6% 49 23.9% 1 20.0% 32 32.0% 73 9.0%

In gel + in
solution

218 36.0% 0 0.0% 6 9.5% 31 21.2% 44 40.0% 76 37.1% 1 20.0% 48 48.0% 160 19.8%

Fig. 7 Evaluation and validation of predicted proteins by a RNAcode
and b. LC/MS/MS. a A UCSC screen shot of the genomic context
around protein dsrB (Swiss Prot entry P0AEG8) is shown at the top
with annotated protein coding genes (yellow), transcription units as
defined by Cho et al. [41] (blue) and RNAcode high-scoring coding
segments (purple). Arrows within boxes indicate the reading direction

of the corresponding element. Marked in light colors are elements
corresponding to protein dsrB. The lower half depicts the conservation
of the E. coli region with respect to other enterobacteria. b Proteins
were validated by LC/MS/MS analysis. Spectra and identification
parameters of one of the peptides identified using the endoproteases
trypsin or AspN are shown.
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It was shown by Godoy et al. that near-complete
proteome coverage is possible for yeast using n-dimensional
protein and/or peptide separation prior to MS/MS analysis.
However, these approaches are still very time intensive and
require the analysis of several dozen proteolytic peptide
fractions [38].

Recently, Iwasaki et al. used a non-commercially
available 350 cm monolithic reversed-phase C18 column
to achieve improved peptide separation for proteolytic
peptide mixtures of whole E. coli cell lysates during a
41 h gradient. This approach allowed for the identification
of 2602 proteins, of which 820 were LMW proteins
(Table 1) [10]. However, even with this very powerful
untargeted analysis, more than 50% of the LMW sub-
proteome remained uncovered.

As a complement to the untargeted proteomics
approaches, a targeted approach based on multiple reaction
monitoring (MRM) has proven to be feasible for high-
throughput proteomics studies [39]. The basic idea of this
strategy is to optimize the detection of proteolytic peptides

and to develop a sensitive and specific mass spectrometric
assay. In a first step, these assays are developed based on
specific precursor/fragment ion pairs called MRM transitions
as well as LC retention time information by analyzing
synthesized peptides corresponding to a proteolytic protein
fragment. In a second step, proteins from real samples are
identified and quantified by analyzing the real proteolytic
peptides using the optimized MRM transitions. Using this
approach, even proteins with very low abundances could be
detected with a high success rate. However, synthesizing
several hundreds to thousands of artificial proteolytic peptides
as well as establishing suitable MRM transitions are relatively
time- and cost-intensive processes. Nevertheless, especially
for very sensitive, specific, and reproducible analyses of
limited numbers of proteins, this strategy may be the best
method currently available [40].

Summary

In conclusion (see also Table 5), there are various tailor-
made strategies that can be used for LMW proteome
analyses which vary in their aims and the technical
equipment employed:

& For higher sequence coverage, employing a combina-
tion of enzymes can significantly increase the number
of unique peptides per protein.

& In order to increase the identification rate, the use of an
acidic extraction buffer may prove to be beneficial.
Furthermore, sequential extraction using different ex-
traction buffers may improve the identification rates,
even if the total amount of extracted protein is not
increased significantly (data not shown).

& To enhance the robustness of identifications based on an
increased number of unique MS/MS spectra, the use of
additional enzymes or complementary fragmentation
methods like ETD represent efficient options.

& An easy and—with respect to measuring time—neutral
way to improve the sensitivity and accuracy of peptide

Fig. 8 Comparison of the total number of proteins identified here
with the results of selected previous studies focusing on the coverage
of the cytosolic proteome of E. coli

Table 5 Gains in identification rate, sequence coverage and identification robustness obtained by performing a combined analysis rather than the
standard procedure alone

Standard Option Proteins Coverage** Unique peptides** Unique spectra**

Urea TFA +25.2% +5.9% +19.3% +21.7%

Trypsin AspN +16.2% (+22.9%*) +15.7% +74.6% +78.2%

IT-CID IT-ETD +6.2% +5.5% +21.7% +30.1%

IT-CID FT-CID +0% +0.7% +2.6% +2.4%

MASCOT SEQUEST +3.6 % +1.4% +3.6% +4.3%

* Combined identification using trypsin and AspN results in one search

** Related to proteins identified in both experiments
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identification is to combine multiple MS analysis
algorithms. This is especially important for the identi-
fication of LMW proteins, which relies on a very
limited number of proteotypic peptides.

& In terms of the efficient use of measurement time,
analyzing different preparations of the same sample
instead of multiple replicates or using extremely long
gradients could be advantageous, as this can increase
the total number of proteins identified, the sequence
coverage, and the number of peptides per protein.

In conclusion, this study can be used as a guideline to
improve the coverage of cytosolic LMW proteins, espe-
cially in the molecular weight range of 5–20 kDa.

Furthermore, in this study we investigated an automated
protein-coding gene annotation tool. We analyzed the
accuracy of RNAcode prediction in comparison to SwissProt
protein database entries and proteins that we had experimen-
tally verified. We found that the predictions made by
RNAcode are highly correlated with experimentally validated
proteins. Hence, there are 229 high-scoring protein-coding
segments that do not overlap with annotated genes and
which indicate the existence of additional putative small
proteins in E. coli.
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