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Top-down proteomic identification of bacterial
protein biomarkers and toxins using MALDI-TOFTOF-MS/MS and post-source decay
Abstract: Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) is a new
tool for rapid identification of bacterial microorganisms.
With the development of matrix-assisted laser desorption/
ionization time-of-flight-time-of-flight (MALDI-TOF-TOF)
instruments, new capabilities for characterizing bacteria and their protein biomarkers and toxins by top-down
proteomic identification is now possible. A number of
researchers have demonstrated top-down proteomic identification of nondigested proteins using MALDI-TOF-TOF
platforms. The current review briefly discusses the use of
MS instrumentation for bacterial identification and characterization as well as recent developments in the use of
MALDI-TOF-TOF for top-down proteomic identification of
protein biomarkers and toxins from unfractionated bacterial cell lysates. This approach provides great promise as
a rapid method for identification and characterization of
pathogenic microorganisms and their virulence factors.
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Introduction: bacterial
identification by matrix-assisted
laser desorption/ionization timeof-flight mass spectrometry
Matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF-MS) has become
an increasingly popular analytical tool for rapid identification and characterization of microorganisms (Fenselau and Demirev 2001, Lay 2001, Demirev and Fenselau

2008, Rajakaruna et al. 2009). Its popularity stems from
a number of factors: simplicity of sample preparation,
speed of data acquisition and analysis, relative ease of
instrument training, and availability of commercial software packages for data analysis. All of these factors (and
others) combine to allow MS experts and nonexperts to
exploit this technology for applied and fundamental
research in microorganisms: bacteria, viruses, and fungi.
The success of the MALDI-TOF-MS approach for bacterial identification is attributable to detection of a small
number (20–100) of highly abundant, low-molecularweight (5–20 kDa) proteins ionized from unfractionated
bacterial cell lysates or intact bacterial cells. As ionization by MALDI results in primarily singly charged protein
ions, peak congestion is not a significant concern and
charge state deconvolution is not required (Karas et al.
1987, Tanaka et al. 1987). Because of the low charge states
generated by MALDI, a mass analyzer having an unlimited mass range is most compatible, e.g., TOF-MS. As an
ionization technique, MALDI is biased toward ionization
of high copy, lower MW proteins. This intrinsic bias is
enhanced when ionizing from a protein mixture. In consequence, only high copy, relatively low MW proteins are
ionized from an unfractionated bacterial cell lysate. There
are many more proteins present in an unfractionated,
undigested bacterial cell lysate than are actually ionized
by MALDI.
Another groundbreaking ionization technique, electrospray ionization (ESI) (Fenn et al. 1989), is not feasible
for the analysis of an unfractionated mixture because ESI
generates protein ions at higher charge states, resulting
in peak congestion and complicating data deconvolution
(not to mention ionization suppression). In consequence,
protein mixtures, as found in bacterial cell lysates, must
be fractionated, usually by liquid chromatography (LC),
before ionization by ESI. LC coupled with ESI-MS on a
hybrid quadrupole-TOF mass spectrometer has been successfully developed to analyze bacterial cell lysates (Williams et al. 2002). The multiple charge state envelopes of
protein ions from LC-ESI/MS are deconvoluted in 30- to
60-s segments of retention time and then combined to
create a single composite spectrum of protein molecular
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weight (MW) vs. intensity. This novel approach is quite
attractive because the number of proteins detected is
significantly greater (up to 500) than that observed in
an unfractionated sample analyzed by MALDI (Williams
et al. 2002). The greater number of proteins ionized and
detected allows greater bacterial taxonomic resolution,
thus allowing more closely related microbial strains to
be distinguished. One drawback is the time required for
LC separation (60–90 min) and data deconvolution. In
addition, it may be necessary to perform 3–5 replicate LC
analyses to confirm the presence of strain-specific protein
biomarkers. By contrast, replicate analyses by MALDITOF-MS takes only seconds.
A number of commercial (Stephan et al. 2011, Ngan
et al. 2012, van Belkum et al. 2012) and in-house software
programs (Jarman et al. 2000) have been developed that
use pattern recognition algorithms for bacterial identification by MALDI-TOF-MS. The pattern recognition approach
identifies bacteria from the “pattern” or “fingerprint”
generated from the mass-to-charge (m/z) and intensity of
a series of protein ions observed in an MS spectrum. The
identity of specific protein ions is not relevant to bacterial identification. A bacterial identification is made from
a comparison of the MS spectrum of an unknown bacteria
strain to MS spectra of known reference bacteria strains.
A variety of algorithms has been developed to score/rank
unknown-to-reference comparisons. The most significant
“match” (e.g., low p-value) above a set threshold is considered an identification.
A number of factors can affect the intensity of protein
ions by MALDI: sample preparation, MALDI matrix, instrument tuning, and performance. In consequence, pattern
recognition algorithms typically use only the m/z of protein
ions for analysis (although software applications may allow
the user to include peak intensity as part of the analysis
criteria). Pattern recognition identification is very dependent on MS reproducibility. A potential weakness of this
approach is that the quality of MS data can vary considerably between instruments and laboratories. In consequence,
sample preparation and instrument-tuning protocols must
be rigorous to obtain reproducible results.
The MALDI-TOF-MS approach has been most successful with researchers who create an MS reference database
using their own in-house strain collections. Although
there are commercially available reference databases,
using such libraries require, for optimum performance,
the same sample preparation protocol used to generate
the reference library (Ngan et al. 2012). A stand-alone
pattern recognition software that is not linked to any particular MALDI-TOF platform is commercially available
(Stephan et al. 2011).

Using the pattern recognition approach, bacteria
have been identified at the genus, species, subspecies,
and, in some cases, strain level (Mandrell et al. 2005,
Fagerquist et al. 2006, Sandrin et al. 2012). As MALDI-TOF
detects differences in protein mass, its ability to provide
the desired taxonomic “resolution” is dependent upon
amino-acid variations among proteins that are ionized
by MALDI from an unfractionated sample. These aminoacid variations, in turn, are dependent upon gene variations across genera, species, subspecies, and strains.
The greater the genetic diversity of a bacteria, the more
likely that MALDI-TOF will provide the desired taxonomic
“resolution”. However, if a bacteria has a high degree of
genetic similarity, then the resulting protein sequence
homology will make it challenging to use MALDI-TOF to
discriminate at the finer taxonomic detail. The critical
question is whether MALDI-TOF-MS provides the level
of taxonomic resolution necessary to address a specific
application of the researcher.
With the emergence of genomic sequencing, it
became possible to link the theoretical MWs of open
reading frames (ORF) of sequenced bacterial genomes to
the m/z of protein biomarkers of MALDI-TOF-MS (Demirev
et al. 1999, Pineda et al. 2000). If a sufficient number of
protein ions are “matched” to in silico protein MWs from a
genome, the bacteria are considered identified. The significance of the identification is calculated using a p-value
algorithm (Demirev et al. 1999, Pineda et al. 2000). The
most common post-translational modification (PTM) of
bacterial proteins is the removal of the N-terminal methionine (N-Met) that in most cases follows a predictive biological rule based upon the identity of the penultimate
residue (Hirel et al. 1989, Gonzalez and Baudouy 1996,
Solbiati et al. 1999). This rule was further incorporated
into analysis when calculating the in silico protein MWs
of a genome (Demirev et al. 1999, Pineda et al. 2000). This
bioinformatics approach to microorganism identification
has a number of advantages. First, an identification is
less dependent on stringent sample preparation, instrument tuning, and performance because an MS spectrum
is compared with in silico MWs in a sequenced genome
not to another MS spectrum. Second, unlike pattern recognition analysis, where the identity of specific protein
ions are not relevant to microorganism identification, a
bioinformatic-based bacterial identification assumes that
protein ions with a corresponding ORF “match” are also
tentatively assigned. However, “assignment” does not
mean the protein ion is identified. Protein ion identification requires isolation and sequence-specific fragmentation. An important caveat of this approach is that a bacterial strain (or closely related strain) must be genomically
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sequenced to be identified. However, with the development of next-generation DNA sequencers, it is foreseeable
that any unknown bacterial strain could be identified
either from a closely related sequenced strain already in
public databases or from the rapid sequencing and annotation of the strain itself.

MALDI-TOF-TOF-MS/MS and
top-down identification of bacterial
proteins
The development of time-of-flight-time-of-flight (TOFTOF) mass analyzers has significantly advanced peptide
and protein analysis by MALDI (Medzihradszky et al.
2000, Suckau et al. 2003, Cotter et al. 2007). MALDI-TOFTOF was initially developed for high-throughput tandem
mass spectrometry (MS/MS) of peptides of digested proteins (i.e., “bottom-up” proteomics; Washburn et al. 2001,
Aebersold and Mann 2003), but it was quickly demonstrated that small or modest-sized, nondigested protein
ions could also be analyzed by MS/MS to allow a topdown proteomic identification (Lin et al. 2003, Demirev
et al. 2005, Liu and Schey 2008, Fagerquist et al. 2009,
2010). As the ions generated by MALDI are primarily
(although not exclusively) singly charged, the fragment
ions are also singly charged, which greatly simplifies data
interpretation.
Top-down proteomic analysis has been primarily the
domain of high-resolution and high-mass accuracy mass
analyzers, e.g., Fourier transform ion cyclotron resonance
(Wang and Marshall 1989) or Orbitrap™ (ThermoFisher,
San Jose, CA, USA) (Hu et al. 2005). Typically, these instruments use ESI and novel dissociation techniques, e.g.,
electron-capture dissociation (Zubarev et al. 1998) and
electron transfer dissociation (ETD) (Syka et al. 2004). As
ESI generates multiply charged protein ions, high resolution and mass accuracy are critical for data deconvolution
and analysis. Software has also been developed for topdown proteomic analysis to facilitate the interpretation of
information-rich MS/MS spectra obtained on such instruments (Leduc and Kelleher 2007, Durbin et al. 2010).
Three different approaches have been developed for
top-down proteomic identification using MALDI-TOFTOF instruments. The first approach exploits protein ion
fragmentation that can occur in the source during and
after the desorption/ionization laser pulse but before
ions are accelerated from the source and is referred to
as in-source decay (ISD) (Suckau and Resemann 2003,
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Hardouin 2007, Calligaris et al. 2010). This is considered
to be a fast fragmentation process likely the result of
electron capture by a multiply protonated analyte cation
(i.e., recombination) that can occur in the expanding
plume during desorption/ionization laser pulse. This
type of fragmentation results in polypeptide backbone
cleavage near the C- and/or N-termini resulting in fragment ions with a mass of 1 to 4 kDa. The fragment ions
generated may be sufficient for peptide mass fingerprinting, resulting in a searchable sequence “tag” that, when
combined with the mass of the protein, can be used to
identify the protein from a database. ISD fragment ions
can be further mass-selected and fragmented and the
fragment ions analyzed, i.e., MS/MS, using either collision-induced dissociation (CID) (Liu and Schey 2008) or
laser-induced dissociation (LID) (Spengler 1997, Lin et al.
2003, Demirev et al. 2005, Fagerquist et al. 2009, 2010).
MS/MS of ISD fragment ions provides further sequence
coverage extending to the N- or C-termini. This approach
has been referred to as “ T3-sequencing” by its practitioners (Calligaris et al. 2010). As the original protein ion is
fragmented in the source without prior ion selection/isolation, the ISD approach requires a pure protein and is
not feasible for the identification of a protein in a mixture
of proteins, e.g., unfractionated bacterial cell lysate, as
one cannot know that a specific fragment ion came from
which protein precursor ion.
The second approach involves true MS/MS where the
precursor ion is mass selected/isolated by the first TOF
and then undergoes fragmentation by CID, and the resulting fragment ions are analyzed by the second TOF. This
approach works most effectively with multiply charged
protein ions, e.g., doubly and triply charged protein ions.
Liu and Schey (2008) demonstrated top-down identification of pure protein standards by CID of doubly and triply
charged ions using α-cyano-4-hydroxycinnamic acid
(CHCA) matrix. Because of its higher ionization energy,
CHCA is more likely to generate multiply charged protein
ions compared with other MALDI matrices (Frankevich et
al. 2003).
The third approach (and that used by the author)
involves MS/MS and LID-PSD (Spengler 1997, Lin et al.
2003, Demirev et al. 2005, Liu and Schey 2008, Fagerquist
et al. 2009, 2010). LID is somewhat confusing terminology because it actually refers to an ion that fragments
after exiting the source, i.e., postsource decay (PSD), as
a result of energy deposited into the molecule/ion during
the desorption/ionization laser pulse or due to collisions
between analyte and matrix molecules in the source.
Traditionally, this has been referred to as unimolecular dissociation or metastable decay (Cotter et al. 2007).
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LID-PSD is a slow fragmentation process and should not
be confused with photofragmentation, i.e., direct bond
cleavage of a mass-selected ion by a synchronized laser
pulse orthogonal to the ion beam at the collision cell
(Zhang and Reilly 2010). As ISD and LID-PSD occur in
different regions of the mass spectrometer, the internal
energies of metastable protein ions, their dissociation
channels, and the fragment ions generated are very different. LID-PSD occurs via lower-energy dissociation
channels compared with ISD. In consequence, PSD does
not result in polypeptide backbone cleavages at a series of
adjacent residues at the C- or N-termini. Instead, the fragment ions generated (a, b, and y types and small neutral
losses of water and ammonia) are primarily, but not exclusively, the result of polypeptide backbone cleavage at the
C-terminal side of aspartic acid (D) and glutamic acid (E)
residues and at the N-terminal side of proline (P) residues
(Lin et al. 2003). The transfer of the acidic proton from the
side-chain of E and D residues to the polypeptide backbone facilitates cleavage at these residues. Cleavage at
proline residues is due to the 90° turn of the polypeptide
backbone at this residue. Because the D, E, and P residues
are distributed randomly in a protein sequence, the range
of fragment ion m/z can be wide: m/z 1000 up to the precursor ion m/z. However, it is beyond the capability of the
second TOF analyzer to isotopically resolve the higher
m/z fragment ions, and in addition, the most abundant
isotopomer is not the monoisotopic isotopomer. In consequence, MS/MS-PSD data must be processed before it is
compared with the average m/z of in silico fragment ions
for top-down identification (Fagerquist et al. 2009, 2010).
The sequence-specific fragment ions generated by
MS/MS-PSD can be used to identify a protein (and its
source organism) by comparison to a database of in silico
fragment ions of proteins having the same MW as the
protein being analyzed (Lin et al. 2003, Demirev et al.
2005, Liu and Schey 2008, Fagerquist et al. 2009, 2010).
One important advantage of the MS/MS-PSD approach is
that proteins in a mixture can be analyzed (e.g., unfractionated bacterial cell lysate) because a protein ion is
mass selected/isolated before it is fragmented, i.e., true
MS/MS, and thus, specific fragment ions can be attributed
to specific precursor ions.
Demirev et al. (2005) were the first to demonstrate
top-down proteomic identification of a microorganism
using the MALDI-TOF-TOF-MS/MS using LID-PSD. Small
acid-soluble proteins (SASPs) from Bacillus atrophaeus
and Bacillus cereus were analyzed from pure and mixed
culture samples by MS/MS-PSD. Sequence-specific fragment ions allowed top-down identification of the SASP
and the microorganism by comparison to an in silico

database of all bacterial proteins having the same MW
as the protein ion. A p-value algorithm was developed to
score/rank identifications using software developed inhouse (Demirev et al. 2005).
Our laboratory has been using MALDI-TOF-TOFMS/MS-PSD and Web-based software (developed inhouse at the USDA) for rapid top-down identification of
protein biomarkers and toxins from food-borne pathogens (Fagerquist et al. 2009). Nondigested proteins
are ionized from unfractionated bacterial cell lysates.
Our Web-based software uses a simple peak-matching
algorithm as well as incorporating Demirev’s p-value
to independently score/rank identifications. As metastable protein ions typically undergo PSD at specific
residues, our software allows the option of comparing
MS/MS fragment ions to in silico fragment ions that are
adjacent to specific residues, e.g., D, E, P residues. This
residue-specific analysis can increase the score differential between the top-ranked (correct identification) and a
second-ranked (incorrect identification) compared with
the score differential obtained using a non-residue-specific analysis. Our software also allows an identification
to be confirmed by fragment ion error analysis (i.e., the
difference between the observed and the theoretical fragment ion m/z). Systematic fragment ion error associated
with a correct identification and due to instrument calibration drift can be fitted to a line, whereas an incorrect
identification should display random fragment ion error
(Fagerquist et al. 2009).
We have used this approach to identify protein
biomarkers of Campylobacter (Fagerquist et al. 2009)
and pathogenic and nonpathogenic strains of Escherichia coli (Fagerquist et al. 2010). The power of the MS/
MS-PSD approach is particularly apparent for the YahO
protein of E. coli where a single amino-acid substitution
(D↔N) results in a significant change in protein ion
fragmentation that can be used to distinguish a pathogenic strain from a nonpathogenic strain (Fagerquist
et al. 2010).
To increase MALDI-TOF-TOF mass accuracy for MS/
MS-PSD analysis of nondigested proteins, a calibrant
was also developed that uses the average m/z of five
prominent PSD fragment ions of reduced/alkylated
thioredoxin (AlkTrx) (Fagerquist and Sultan 2012). These
calibrant fragment ions span a higher m/z range than
that of fragment ions from peptide calibrants. In a sideby-side comparison, the AlkTrx calibrant demonstrated
increased mass accuracy and more significant top-down
identifications compared with using the monoisotopic
fragment ions of a peptide calibrant ([Glu1]-fibrinopeptide B).
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We have also extended this technique to the top-down
identification of the Shiga toxin 2 or Stx2 (an AB5 toxin)
and its sequence-specific variants from Shiga toxin-producing E. coli (Fagerquist and Sultan 2010, Fagerquist and
Sultan 2011). E. coli O157:H7 (strain EDL933) was exposed
to a DNA-damaging antibiotic (ciprofloxacin) eliciting the
bacterial SOS response leading to over-expression of bacteriophage-encoded elements including Stx2 (Johannes
and Romer 2010). We identified the B-subunit and the A2
fragment of the A-subunit from an unfractionated bacterial cell lysate. The mature B-subunit (~7.8 kDa) has two
cysteine residues that are involved in an intramolecular
disulfide bond creating a large “ looped” secondary structure. MS/MS-PSD of the B-subunit reveals several fragment ion triplets (with the center fragment ion flanked
by two fragment ions at m/z ± 33), which are the result of
cleavage of the polypeptide backbone between the two
cysteine residues and the symmetric and asymmetric
cleavage of the disulfide bond. As the fragment ions corresponding to asymmetric cleavage of the disulfide bond
are not present in our in silico database, these fragment
ions could not be correctly assigned and their presence
reduced the significance of the correct identification.
However, MS/MS-PSD of the disulfide-reduced sample
eliminated fragment ions from asymmetrically cleaved
disulfide bond while simultaneously increasing the fragmentation efficiency of the now linearized polypeptide
backbone resulting in an improved top-down identification. It should be noted that the fragment ions from asymmetric cleavage of the disulfide, although complicating
sequence-specific analysis, do provide critical information of an important PTM in the mature Stx2 B-subunit.
The mass of the catalytically active A1 fragment (~28 kDa)
of the A-subunit precluded its detection in an unfractionated bacterial cell lysate; however, the smaller A2 fragment (~5.2 kDa) was ionizable after A2 was enzymatically
cleaved from A1 using furin (a membrane-bound endopeptidase). As the greatest sequence variability in variants of Stx2 occur in the B-subunit and the A2 fragment,
top-down of A1, although desirable, is usually not critical
to detecting and distinguishing sequence-specific variants of Stx2.
Antibiotic susceptibility testing (AST) is a well-established microbiological technique to measure bacterial
resistance to specific antibiotics from changes in bacterial growth during culturing in the presence of such antibiotics (Cook et al. 2011). At a molecular level, bacterial
antibiotic exposure can trigger specific genes (e.g., SOS
response) resulting in changes in protein expression that
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can be analyzed by MALDI-TOF-TOF-MS/MS-PSD. Topdown proteomic identification by MS/MS-PSD is likely to
become a useful adjunct to AST for the rapid identification
of protein biomarkers and toxins of bacterial strains subjected to antibiotic stress.
A potential weakness of MS/MS-PSD for top-down
proteomic identification is the mass/size of singly
charged protein ions that can be fragmented. To date, the
largest singly charged protein ion that fragments by PSD
is around 16 kDa when ionized from an unfractionated
bacterial cell lysate (data not shown). However, doubly
and triply charged ions have shown increased fragmentation efficiency due to the Coulomb repulsion of their
multiple charges. Although doubly and triply charged
protein ions are less abundant than singly charged ions
by MALDI, LC fractionation should enhance the absolute
intensity of these multiply charged ions for MS/MS-PSD
analysis.

Future directions
As MALDI-TOF and MALDI-TOF-TOF technology advances
beyond pattern recognition analysis of unfractionated
cell lysates or intact cells for bacterial identification,
there will be an increasing impetus to identify specific
protein ions whose amino-acid sequence and/or PTMs are
unique to the source microorganism. Of particular interest is the identification of protein toxins and other virulence factors. One of the drivers of this impetus will be the
expansion of genomic information available from whole
genome sequencing using next generation sequencers. Transcriptomics, proteomics, and metabolomics are
essential to provide information that is not available from
a sequenced genome.
MALDI-TOF-TOF-MS/MS-PSD and CID (and other topdown proteomic techniques) are poised to make significant
inroads into identification of nondigested proteins that have
traditionally been dominated by other techniques, e.g.,
Edman sequencing, monoclonal antibodies (MAb), Western
blots, ELISAs, etc. Although ISD (Calligaris et al. 2010) and
“T3-sequencing” (Suckau and Resemann 2003) will provide
an alterative top-down MALDI-TOF-TOF approach, its use
will be restricted to applications that can provide pure proteins and, thus, would exclude analysis of protein mixtures,
such as unfractionated cell lysates or intact cells.
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