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FOCUS: MS IN THE CHARACTERIZATION OF MICROORGANISMS: CRITICAL INSIGHT

Rapid Characterization of Microorganisms by Mass
Spectrometry—What Can Be Learned and How?
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terize microorganisms.

Abstract. Strategies for the rapid and reliable analysis of microorganisms have
been sought to meet national needs in defense, homeland security, space
exploration, food and water safety, and clinical diagnosis. Mass spectrometry has
long been a candidate technique because it is extremely rapid and can provide
highly specific information. It has excellent sensitivity. Molecular and fragment ion
masses provide detailed fingerprints, which can also be interpreted. Mass
spectrometry is also a broad band method—everything has a mass—and it is
automatable. Mass spectrometry is a physiochemical method that is orthogonal
and complementary to biochemical and morphological methods used to charac-
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Perspective

his laboratory’s interest is in strategies that ask broadly,
“what is there?” rather than strategies that define a
specific target and ask “is it there?” For detection of
biological agents in homeland defense, two time frames are
particularly relevant: a short “detect to protect,” and a longer
“detect to treat,” This Perspective article will address
progress in analysis in the short time frame required on the
battlefield or by first responders, as well as the longer time
frame available for clinical diagnosis and public health.
Most of the literature discussing automatable rapid
analysis of unfractionated microorganisms deals with
bacteria and bacterial spores [1-9], for example B.
anthracis and other species defined as biological warfare
agents. Fungi, including yeast, are susceptible to the
same strategies [10—12]. Viruses provide a challenging
current frontier for unfractionated characterization, since
they are hard to lyse, synthesize a smaller selection of
characteristic proteins, and are more difficult to culture.
Nonetheless, some progress has been reported using mass
spectrometry. The molecular masses of abundant capsid
proteins and surface glycoproteins are proposed to be
characteristic of the virus responsible for severe acute
respiratory syndrome (SARS) [13] and of Sindbis, a
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simulant for the pathogens Venezuelan equine encepha-
litis and western equine encephalitis viruses [14].

Sample Collection and Preparation

For analyses in the “detect to protect” time frame,
microorganisms must be captured on site and analyzed
directly. This usually means concentration from air, which
provides a relatively clean sample. Since no time is available
for culturing, high sensitivity is required. A major challenge
associated with collection/enrichment from the atmosphere
(e.g., using a particle impactor), is provided by contaminat-
ing microorganisms from the environmental background.
Direct analysis of bacteria from water and food has been
achieved using antibodies, lectins, or functionalized
nanoparticles [9].

The “detect to treat” time frame usually allows cell
culturing, and standardized cultures form the basis for
current applications of mass spectrometers in clinical
microbiology laboratories. A current frontier in clinical
analysis is direct analysis of physiologic samples,
without waiting to culture. I expect that a new window
for characterization of viruses will be provided by on-
going studies of host—virus interactions.

Although some practitioners speak of “whole cell” or
“intact cell” mass spectrometry” to indicate that no fraction-
ation steps are employed, vegetative bacteria cells are, in
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fact, lysed by exposure to the organic solvents and acids
used in MALDI matrices and electrospray, and are thus no
longer whole cells. Bacillus spores are usually treated with
stronger acid to release characteristic small acid soluble
proteins and viruses also require a chemical lysis step. These
treatments can be automated. A good overview has been
published recently by Franco Basile [15].

lonization Methods and Biomarker Classes

In Figure 1, spectra are shown of two species of Staphylococcus,
profiled in 1975 using electron impact and a double focusing
mass spectrometer of Mattauch Herzog geometry [16]. Intact
metabolites and lipids were assigned as biomarkers using high
resolution measurements of the ions detected.

Most of the ionization techniques developed for mass
spectrometry since 1975 have been applied to profile bacteria,
for example, plasma desorption, fast atom bombardment
(FAB), laser desorption, matrix assisted laser desorption/
ionization (MALDI), electrospray (ESI), desorption
electrospray ionization, and laser ablation electrospray ioniza-
tion. Both anions and cations can be detected and in some cases
analysis of anions is preferable [17]. Mass profiles are provided
by molecular ions of intact biomarkers. Fatty acids were
evaluated early on as biomarkers, but rejected as too dependent
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on sample history. Advances in desorption ionization (e.g.,
FAB) favored profiling of polar lipids. Eventually it was
concluded that phospholipid and glycolipid biosynthesis are
too dependent on growth and storage conditions to provide
reliable biomarkers in the field. Non-ribosomal lipopeptides
have also been proposed as biomarkers in the mass range below
2000 [18, 19]. However, the most reliable MS biomarkers are
considered to be proteins. Demonstrations in 1996 that MALDI
[20, 21] and ESI [22] spectra ionized small proteins from
unfractionated bacteria and phage pointed the way for protein
mass matching and identifications provided by genome-based
bioinformatics. In general, m/z values below 20,000 Da and
above 4000 Da are used in protein-based analysis. Minimum
sensitivity for detecting these mass patterns is generally
reported to be in the range of 5000 cells.

lon Analyzers

The requirement for robustness in field-worthy systems has
favored time-of-flight (TOF) analyzers. TOF analyzers are
highly compatible with MALDI. This combination is
featured in commercial systems sold for clinical diagnostics,
reflecting its mass range and simplicity. TOF has been
combined with ion mobility for rapid analysis of bacteria
[23]. An end-to-end automated system has been developed,
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Electron impact mass spectra of Staphylococcus epidermidis and Staphylococcus aureus [16]. Reprinted with permission
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based on MALDI and a TOF analyzer, which provides
sample preparation and analysis in less than 30 min (e.g., for
use in public health laboratories [24]).

Tandem mass spectrometry has been exploited for
characterization of biomarkers, initially for phospholipids
from unfractionated bacteria [25] and, with the addition of
collisionally induced dissociation (CID), for proteolytic
peptides generated in situ [26, 27]. A variety of tandem
and hybrid analyzers has been employed to access the
enhanced identifications provided by peptide sequencing.
An ion trap-based MALDI system has been successfully
tested that provides automated protein cleavage in situ, CID
analysis of the peptide products, and bioinformatic identifi-
cation of the peptides, proteins and bacterial species [28].

The identification of microorganisms based on top-down
analysis of proteins offers high potential for the work of central
reference laboratories. Such an approach requires MS/MS with
accurate mass measurement of both precursor and product ions,
and it has been implemented on FTICR, Orbitrap, and TOF-
TOF instruments. Optimally, the analysis also exploits LC-MS.
Both ESI and MALDI have been used successfully in top-
down analysis of proteins from microorganisms [29-32].
Figure 2 presents CID product ion spectra of a 7260.92 Da
protein from Yersinia rohdei eluted from a reverse phase HPLC
column into an Orbitrap mass spectrometer [31]. The protein
was identified as 50S ribosomal protein L29 using a ProSight
search program. In this case, no annotated genome was
available for Y. rohdei, a simulant for Y. pestis; however,
recognition of proteins with high homology in related species
allowed many proteins to be identified, and finally the orphan
bacterium to be phylogenetically characterized.

The research team led by Steve Musser at the FDA Center
for Food Safety and Applied Nutrition has proposed that the
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mutations and post-translational modifications characterized
by chromatographic fractionation and top-down analysis
provide better distinction of strains and serovars than PCR
can discern [33]. In Figure 3, protein maps are compared for
two serovars of E. coli, which were analyzed using a top-down
electrospray strategy [34]. Top-down analysis also provides
characterization of protein toxins.

Automated Analysis of Spectra

Software for pattern matching and library searching has been
developed or adapted to compare and differentiate mass patterns
from different species of bacteria [20, 35, 36]. Machine learning
and other strategies have been applied to define core elements in
library spectra for more sophisticated automated matching,
however, without identification of the biomarkers. Both
commercial and public libraries have been assembled for
pattern matching, and always, the reproducibility of mass
patterns is sensitive to sample culture, preparation, storage,
and to the kind of mass spectrometer used [1, 8, 37, 38].
Bioinformatics provides an alternative, interpretive ap-
proach to pattern matching, which is not dependent on
growth conditions, sample preparation, or instrumentation.
All ionization techniques are applicable, and all ionization
techniques are supported by the same databases of protein
sequences. Furthermore, proteomic or bioinformatic
methods have the great advantage that they identify the
biomarkers as part of the analysis of the microorganism.
Identifications of proteins and microorganisms can be based
on molecular masses [24, 39, 40], or on fragmentation in
tandem MS measurements of either intact proteins (see
remarks above on the top-down approach) or their related
peptides, the bottom-up approach [26, 27]. Bioinformatic or
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Figure 2. Top: tandem mass spectrum from the precursor ion at m/z 807.80 (+9 charge state, intact mass 7260.92 Da) from Y.
rohdei; bottom: the same MS/MS spectrum with all fragment ions converted to zero charge state. Some of the protein fragment
ions are indicated [31]. Reprinted with permission from the American Chemical Society



1164

.

1 Y
3= <
&1 £ ¢
4 o =
= <
(-9
&l g 3 g 2z
] <uy= < = Ez“ &3
s 8 SE[[B =B
= ] of = "
- 23 w y =
3 % (15 28 3 g
_ o= S E g El }
£ l -
1 5
Ll " |
3 |
i1 8|1z w
. g dls X w g
-70| E &g x
a / N |- @
. “1E IEE < ¥ g ©
] | = \ (=~
- 5 E &
-%0| = Sl w w| © g
> F|| e
4 g L
_| - -
& z
= A15 [
2830
-80| a14
— HPLC-ESI-MS/MS

C. C. Fenselau: Rapid Characterization of Microorganisms

!
typhimurium
strain A2

3
g C
854 pog
heidelberg

strain A39

I I I I | I I I | T T T T T
6000 8000 10000 12000 14000 16000 18000

I T
20000
Mass

L | L | L T T T T | T
22000 24000 26000 28000 30000 32000 34000

Figure 3. Protein expression profiles from two Salmonella serovars, S. Typhimurium strain A2 and S. Heidelberg strain A39,
characterized intact by LC-MS/MS. The masses highlighted in yellow represent cross serovar protein mass shifts. A subset of
the proteins is also labeled with gene symbols. Those labeled in red were identified in both serovars [34]

proteomic analysis has been proven for bacteria, spores,
viruses, fungi, and toxins. Proteomic strategies have been
proposed to recognize and characterize genetically
engineered bacteria [41], and also to classify bacteria with
unsequenced genomes [31, 42]. Strategies based on bioin-
formatics will be greatly facilitated for analysis of bacteria
when the database maintained by the National Center for
Biologic Information (NCBI) accomplishes its planned
expansion to 100,000 annotated bacteria genomes [43].

Mass Spectrometry and PCR

Significant advantages are offered by mass spectrometry
over classical phenotypic and biochemical characterization,
which include speed, reliability and cost [7, 36].

Although strategies exist by which mass spectrometry can
be used for rapid characterization of small RNA and DNA
fragments [8], protein analysis is the significant product of
three decades of development of mass spectrometry for rapid
analysis of microorganisms. The comparison of MS-based
protein analysis with PCR is not straight-forward. On the one
hand, amplification renders 16S rRNA gene PCR more
sensitive. A target bacterium and a target gene fragment must
be predefined for PCR, whereas MS-based protein identifica-

tion (by either mass patterns or bioinformatics) is broad-based.
Recent advances in PCR technology have rendered it almost as
rapid as proteomic analysis of an uncultured sample (~30 min);
however, sample processing is more complex for PCR and
effects of contaminants are more challenging to overcome in a
harsh environment. Protein toxins such as ricin cannot, of
course, be identified by DNA-based methods.

Next-Gen Challenges

For the next decade, I see many exciting opportunities and
challenges for the “development of rapid methods
employing mass spectrometry to detect, characterize, and
differentiate intact microorganisms.”' These include:

e continued miniaturization of mass spectrometers (e.g., for
bedside applications [44—46])
e climination of the need to culture in clinical microbiology [47]

"From the citation for the 2012 ASMS award to Catherine
Fenselau for Outstanding Contribution in Mass
Spectrometry.



expansion of genome/protein databases for bacteria,
fungi, and viruses

rapid analysis by MS of single microbial cells
development of physical or chemical methods to break
viral coats so that MS-based strategies can be readily
applied to viruses

definition of host protein changes in infection, particularly
viral, to allow rapid characterization of infectious agents in
patients

development of meta-strategies for rapid analysis of the
human microbiome and its changes [48]
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