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Preface

Detection of Biological Agents
for the Prevention of Bioterrorism

As concerns about biological and chemical security threats increase worldwide, so
does the need for early warning systems capable of providing timely and accurate
intelligence. Biological and chemical threats are significant challenges which are
very difficult to predict or prevent, they come in many forms, and they can spread
quickly without warning. Little information is available regarding the incidence and
distribution of diseases caused by critical chemical/biological agents, toxins, explo-
sives and other hazardous materials used in selected acts of terrorism. The terrorism
threat has driven the demand for timely techniques that can quickly detect the
agent(s) used in an attack. Biological agents typically require culturing prior to
identification and at present no technology can rapidly distinguish one or more
characteristic microbial components released during a terrorist incident from those
of other organisms already present in the environment.

The proceedings of this book entitled: “NATO-Science for Peace and Security-
Chemistry and Biology Series: Detection of Biological Agents for the Prevention
of Bioterrorism” result from the NATO-ARW meeting held from June 26 to 2 July,
2009 in the American Hotel, at the Albanian Terme di Spezzano, under the auspices
of NATO Science for Peace Program (SPS).

Mass spectrometry has emerged as an important tool for the characterization of
chemical/biological agents, toxins, explosives and other hazardous materials that
may be used in a terrorist event. The terrorism incidents of October 2001 have
focused and elevated our level of concern, in particular our vulnerability to biologi-
cal agents. Biological agents and toxins are easy to manufacture, conceal, and
release, making bioterrorism difficult to prevent. As a result, the practical front line
of biodefence is to determine the presence of an attack as quickly as possible,
enabling effective decontamination and treatment.

Although 50 participants had agreed to come to this NATO-ARW, the actual
number of attendees shrunk to 35 participants, they well represented the state-of-
the-art in the world community including both the US, Canada, Europe, Eastern
Europe and North Africa. The effects of the financial crisis were also evidenced by
the complete lack of sponsoring funds that had been expected from industrial sci-
entific vendors.

The meeting was a major success and communication was open and discussion
detailed. As noted, the state-of-the art in biodetection was presented by its practi-
tioners. Clearly the meeting was of great utility in mutual education.

Summary of the NATO-ARW: The first lecture of this NATO-ARW program, on
June 27, 2009, was initiated by Professor Catherine Fenselau of the University of
Maryland (USA), which presented the complexity and the problems associated with
the determination of bacteria directly for mass spectrometry. Professor Fenselau is
also the chief editor of the prestigious American review Analytical Chemistry.

vii
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The first day of this NATO-ARW continued with the participation of the president,
Professor Marine Gennaro, of the Faculty of Biotechnologies of the University of
Naples, and of Prof. the Pierluigi Reschiglian of the University of Bologna, which
contributed deeply to the methodology for the survey of pathogenic bacteria.
Dr. Suzane Kalb of the “Centers for Disease Control” of Atlanta Georgia (USA)
concluded the intense activities of the morning by discussing the problematics of the
proteases “the botulinum neurotoxins” (BoNTs), whose toxic action produces the
destruction of some essential cellular proteins and the release of neurotransmitters. In
the afternoon session Professor Bogumila Szponar, Immunologist from the Academy
of Polish Sciences, discussed the survey of endotoxins in the atmosphere by mass
spectrometry. The last the two contributions of the day were dedicated to two experts
on soldiers’ field exposure to biological hazards. Dr. John. Smith, US Army Medical
Research Institute of Chemical Defence Medical Diagnostic and Chemical Br,
Aberdeen Proving Ground, MD, USA and Dr. R. Read, of the Defence Science and
Technology Laboratory, Porton Down, UK discussed the uses of the mass spectrom-
etry of useful markers for the identification of the human crew exposure.

On June 28, 2009, Professor Alvin Fox Department of Pathology, Microbiology,
and Immunology, USC School of Medicine, Columbia, USA, which is also Editor-
in-Chief of the Journal of Microbiological Methods, joint-Editor-in-Chief of
Molecular and Cellular Probes and is on the Editorial board of the Journal of
Clinical Microbiology, gave an excellent presentation on the Protein Markers for
Biodetection using Tandem Mass Spectrometry; a Twenty-First Century Challenge.
This was followed By Professor Joseph Banoub, Special Projects, Fisheries and
Oceans Canada and Chemistry Department, Memorial University, St John’s,
Newfoundland, Canada, which introduced the tandem mass spectrometry quantifi-
cation of a variety of fish species Vitellogenin serum proteins, as a biomarker for
xenobiotic chemical endocrine disruptors and discussed the potential hazard of
bioterrorism in the marine environment. Dr. Erica M. Hartmann, Civil and
Environmental Engineering, Biodesign Institute Arizona State University, Tempe
AZ, USA presented the tedious challenges of Detecting Bioterrorism Agents in
Complex Matrices. The morning session finished with the excellent presentation of
Professor Guenter Allmaier, Institute of Chemical Technologies and Analysis,
Vienna University of Technology on the GEMMA (gas-phase electrophoretic
mobility molecular analyzer) and PDMA (parallel differential mobility analyzer as
analysis and collection device) of viruses and bionanoparticles. The afternoon ses-
sion continued with the participation of Dr Eric Ezan, CEA, Direction Des Sciences
du Vivants, Saclay, France on the Detection of Functional Ricin by Liquid
Chromatography/Tandem Mass Spectrometry. This was followed by Professor
Bruce McCord form the Department of Chemistry, Florida International University,
Miami, FL, USA on the Applications of Electrospray Time of Flight Mass
Spectrometry in the analysis of low explosives. The evening session ended with dr.
Paul D’ Agostino , DRDC Suffield, Canada on the LC-ESI-MS/MS and DESI-MS/
MS Analysis of Chemical Warfare Agents and Related Compounds.

The third day of this workshop, June 29, 2009 was initiated by Professor Robert
J. Cotter, Professor of Pharmacology and Molecular Sciences at the Johns Hopkins



Preface ix

University School of Medicine which presented the novel uses of Low powered ion
trap system that we are designing for Mars Rover and as a field instrument for
biodetection. This was followed by Professor Lennart Larsson, Department of
Laboratory Medicine, Division of Medical Microbiology, Lund University, Sweden
on the Identification of Mycotoxins in the Indoor Environment. Professor Guenter
Allmaier discussed the intact cell mass spectrometry of fungal spores for fast iso-
late and species differentiation. Colonel Levent Kenar MD, PhD from the
Department of Medical CBRN Defence, Gulhane Military Medical Academy,
Ankara presented the Detection of Bacillus anthracis spores using monoclonal
antibody immobilized QCM biosensor.

The afternoon session was started by Dr. Adrian R. Woolfitt, CDC/USA which
gave an excellent presentation on MALDI-MS Analysis of Bacillus anthracis: From
Fingerprint Analysis of the Whole Organism to Quantification of its Toxins in
Clinical Samples. This was followed by Dr. Ben Van Barr which presented and
described the novel state-of-the art instrumentation concerning the Direct Aerosol
MADLI-TOF-MS of Bacteria. The afternnon session ended with the lecture of
Professor Enzo Mollace, CETA-ARPACAL, Catanzaro, Italy on the Risk Assessment
in Environmental Toxicology.

The fourth day of this of this workshop, was initiated by Professor Richard
Caprioli, Stanley Cohen Professor of Biochemistry, Director of the Mass
Spectrometry Research Center, VICC Member, and Chief Editor of the Journal of
Mass Spectrometry Researcher, which gave an elegant lecture on Tissue Imaging
Using Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry. This was
followed by the lecture of Professor Karen Fox, Department of Pathology,
Microbiology, and Immunology, USC School of Medicine, Columbia, USA which
discussed on the Proteomics from the perspective of molecular microbiologist. This
was followed by Professor Anna Napoli University of Calabria, Italy on the
Proteomic Approach to Cattle Diseases. Professor Eugenio Parente, Department of
Agri-food Biology, Defence and Biotechnologies — Universita della Basilicata,
Italy presented the Chemometrics Methods for the Identification of Microorganism.
The morning session ended with the excellent presentation of Professor Mark
Duncan of the School of Medicine, Universiy of Colorado USA on the Mass
Spectrometry in the Qualitative & Quantitative Analysis of Proteins.

The afternoon session was initiated with Professor Chris Cox, Chemistry and
Geochemistry Department, Colorado School of Mines, CO, USA on the Phage
amplification with MALDI-MS for the Identification of Bacteria. This was fol-
lowed by the presentation of Professor John S. Fletcher, Manchester Interdisciplinary
Biocentre, University of Manchester, UK. on the 2 and 3D TOF-SIMS Imaging for
Biological Analysis. The afternoon session ended with Workshop on Mass
Spectrometry vs. Genetics vs. Microbiology vs. Animal studies chaired by
Professor Karoly Vekey (Hungary), Alvin Fox and Adrian Woolfitt.

Finally, last day of this workshop, started with a lecture of Professor Luigi
Mondello, School of Pharmacy, University of Messina on the Identification of
Cellular Lipid Fraction of Bacteria by GCxGC/MS using an Innovative MS Library
with the use of Linear Retention Indices. This was followed by Dr. Thomas Elssner,
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CBRNE Application, Bruker Daltonik GmbH, Leipzig, Germany on the
Microorganisms Identification Based on MALDI-TOF-MS Fingerprints.

The NATO-ARW closed with a Workshop on Food security and Safety, Giovanni
Sindona (chair), University of Calabria, Karoly Vekey, Hungarian Academy of
Science, Luigi Mondello of the University of Messina.

Perceived Problems Requiring Solution

Bacteria: 1t was agreed that different strategies may be necessary for biodetection
(environmental, e.g. airborne dust), clinical diagnosis (human body fluids) or pro-
tecting the food and water supply. Biodetection involves detecting one prokaryotic
species (e.g. anthrax spores) among a plethora of other species (sometimes their
close relatives [e.g. B. cereus and B. mycoides]) in close to real-time in a samples
with a great deal of variation in the biological matrix (e.g. airborne dust). For a
clinical sample (e.g. blood) there will often be only the species of interest and the
matrix is defined (e.g. larger eukaryotic particles [red and white blood cells and
soluble proteins). Often for a clinical sample culture will have been performed. In
this instance the sample will have been received days or possibly weeks earlier and
one is merely carrying out verification. For the food supply, large quantities of
material may contain only small pockets of contamination, so sampling the needle
may not be characteristic of the haystack.

Viruses: The problem for viruses is similar to bacteria except virus particles are
much smaller than bacteria which changes the type of biodetection technology that
can be used. Furthermore viral diseases are much harder to diagnose since they only
grow within cells. Thus diagnosis generally relies on molecular biology (e.g. the
polymerase chain reaction (PCR) or microscopy.

Bacterial Exotoxins: These are generally proteins which are released by bacte-
rial cells (e.g. botulinum toxin). Exotoxins fall between the realms of bio- and
chem-detection.

New Detection and Identification Tools

Bacteria Particles: It is a simple problem to identify bacteria once they have been
biologically amplified by culture. There were a number of presentations where
scientists presented MALDI-TOF-MS profiling of extracted bacterial proteins from
cultured bacteria. For example the commercial Bruker instrumentation and soft-
ware packet was presented. Unfortunately in a complex matrix (e.g. airborne dust)
or a body fluid this is totally inadequate. The state of the art for was presented for
analysis of a single bacterial cell (van Baar). In this instance, while in flight, the
bacterial particle is coated with a MALDI (matrix assisted laser desorption/time of
flight mass spectrometry) matrix and a mass profile is obtained one particle at a
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time. No data was presented yet for analyses from real environmental samples but
this technique shows great promise. As regards biological fluids, pilot work for
separation of bacteria by manual means was presented (Elssner). Independently
others presented one possible solution (field flow fractionation) for isolating bio-
logical fluids prior to analysis (Perluigi Rischiglian). Unfortunately current
MALDI-tandem mass spectrometer instrumentation (QqTOF) can only analyze
small proteins (up to 2000-3000 MW) thus more specific tandem mass spectrom-
etry (MS/MS) for biomarker analysis are needed. Other instrumental configurations
(involving electrospray (ESI) e.g. coupled with an Orbitrap) may be essential and
can be also used.

Tissue Imaging: Tissue imaging is in its infancy as regards viewing bacteria in
mammalian tissue. However the state-of-the art in 2D tissue imaging (Caprioli,
MALDI-TOF-MS) was presented particularly with application to cancer. More
basic research (secondary ion mass spectrometry (SIMS) with potential for 3D
imaging was also presented (Fletcher).

Proteins: An alternative strategy was presented by several scientists for isolating
proteins from a complex matrix for detection of a specific protein marker to xeno-
biotic chemicals. This primarily involves liquid-chromatography-electrospray ion-
ization tandem mass spectrometry (e.g. Banoub).

Xenobiotic Chemicals: Similar strategies were also presented for explosives
(Mccord) mycotoxins (Read, Larsson) and chemical agents (Ezan, Read, Smith).
Currently biomarkers consist of peptides released by tryptic digest. However, with
further increase in instrumental sensitivity it is anticipated a simpler approach may
involve MS/MS analysis of intact proteins without the need for tryptic digestion.
Current technology (e.g. electron transfer dissociation) appears adequate for the
purpose.

Cotter presented his work on development of a “tiny” MALDI ion trap for use
in future MARS missions. This instrument may have utility in helping replace pre-
vious generations of instrumentation (e.g. the CBMSI1 [pyrolysis] and CBMS2
[fatty acid profiles]). However, as noted by numerous participants to have the
required level of specificity in a complex matrix some type of separation (either at
the particle or protein level) and possibly MS/MS may prove essential.

Viruses: For a number of years the Voorhees group has explored the use of bac-
terial phages (viruses) to infect bacterial cells. It is the amplified phage proteins, not
the bacterial proteins that are detected. Phage amplification of proteins acts like in
PCR (DNA) in providing more protein for analysis and thus providing greater
instrumental sensitivity. However, phages for all organisms of interest are not well
defined. An update was provided by a member of the Voorhees team.

Allmeir presented a device designed to detect airborne particles of the size of
viruses and accurately determine size. This was yet another example of the high
level of sophisticated technology presented at this meeting.

Exotoxins: The standard approach for detecting exotoxins is to see if they kill a
mouse. Woolfitt and Kalb representing the Barr team presented a clever approach
they have implemented in which instead of detecting the toxin protein directly one
detects the enzymatic product (resulting from digestion of a defined peptide sub-
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strate). This amplifies the range of detection logarithmically allowing practical
detection of botulinum, anthrax and other toxins in body fluids in a few hours. This
approach is in routine use at the CDC.

Biology: The meeting was dominated by chemists which represents the biode-
tection field accurately. Fox (A) presented his teams work on combining taxonomy,
molecular biology and mass spectrometry in defining protein biomarkers (e.g.
spore glycoproteins and small acid soluble proteins [SASPs] that fit with the instru-
mental developments. The SASP methodology was originally developed by
Fenselau who also gave a presentation. Fox (K) presented the perspective of a
molecular biologist that current DNA technology gives 100% DNA sequence with
100% certainty. Protein markers must be as reliable and have distinct advantages
(e.g. a. speed and b. simplicity by avoiding the use of fragile enzymes [such as
DNA polymerase used in PCR] in field samples). As noted above

Conclusions: The meeting was a major success and communication was open
and discussion detailed. As noted the state-of-the art in biodetection was presented
by its practitioners. Clearly the meeting was of great utility in mutual education. It
is anticipated this book and future training programs in the form of a prospective
NATO-ASI will be of similar quality and will benefit a much wider audience within
NATO and the defence community.

USA Alvin Fox
Morocco El Mokhtar Essassi
Canada Joseph H. Banoub



Broadband Analysis of Bioagents
by Mass Spectrometry

Catherine Fenselau, Colin Wynne, and Nathan Edwards

Abstract Mass spectrometry was first reported to provide analysis of intact metabolite
biomarkers from whole cells in 1975." Since then advances in ionization techniques
have extended our capabilities to polar lipids and, eventually, to proteins.>* Mass
spectrometry provides a broadband detection system, which, however, has great
specificity. Bioinformatics plays an important role in providing flexible and rapid
characterization of species, based on protein and peptide mass spectra collected in
the field.

Keywords Intact microorganisms ¢ Broadband detection * MALDI ¢ Time-of-flight
* Jon traps ¢ Bioinformatics * Background clutter * Genetic engineering

1 Introduction

Mass spectrometry is of considerable interest as a technique for detection and iden-
tification of biological agents, including both microorganisms and toxins, because
of its speed, sensitivity and capacity for automation. Mass spectrometry brings to
these tasks the yin and yang of both broad band detection and high specificity. The
former reflects the fact that every atom and molecule has a mass and thus a mass
spectrum. Other chemical and biological detectors ask: is it there? The mass spec-
trometer asks: what is there? Specificity is achieved because both molecular and
fragment masses provide detailed fingerprints, which can also be interpreted. An
additional attraction of mass spectrometry is that both bioagents and chemical
agents can be analyzed on the same instrument. In summary, mass spectrometry is
a physiochemical method that is orthogonal and complementary to biochemical and
morphological methods used to characterize microorganisms and toxins.

C. Fenselau (<)), C. Wynne, and N. Edwards

Departments of Chemistry and Biochemistry, College of Chemical and Life Sciences,
University of Maryland, College Park, MD 20742

e-mail: fenselau@umd.edu

J. Banoub (ed.), Detection of Biological Agents for the Prevention of Bioterrorism, 1
NATO Science for Peace and Security Series A: Chemistry and Biology,
DOI 10.1007/978-90-481-9815-3_1, © Springer Science+Business Media B.V. 2011
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The primary interest of this laboratory has been the development of a fieldable
system that uses mass spectrometry to characterize proteins and their host organ-
isms in less than 5 min. We and others have chosen matrix assisted laser desorption
ionization (MALDI) as a robust ionization method that requires little sample prepa-
ration and tolerates contaminants relatively well. MALDI has been field-tested with
both time-of-flight (TOF)* and ion trap analyzers.” We are also interested in con-
tributing new methods for rapid mass spectrometry-based analysis of microorgan-
isms and toxins in well equipped reference laboratories.

Design of a fieldable system must include consideration of sample collection
and preparation as well as measurement and computer-supported interpretation.
Selective collection from air has been achieved with inertial impactors, constructed
to discard particles larger than 1 um and smaller than 0.1 pum. Enrichment from
water, food, urine, etc. is commonly facilitated with antibodies. However the use of
antibodies, phage or bioassays discards the broadband approach and limits the
analysis to pre-determined targets. The use of antibodies limits the query to: is it
there? Broadband affinity agents are needed to extend detection to more complex
media than air. Sample preparation includes the addition of the photon-absorbing
matrix required for MALDI, and, in the case of spores and viruses, lysis of the
sample. No fractionation is envisioned in the field portable system, in the interest
of time and ruggedness.

MALDI spectra of intact or lysed microorganisms contain strong signals that
comprise ionized proteins, usually in the range of 4,000-20,000 Da. These are
judged to be excellent biomarkers, in part because they are directly related to the
genome. Proteins in prokaryotes undergo minimal post-translational modifications.
Various groups have observed that ribosomal proteins are readily detected in veg-
etative bacteria.” These are highly abundant and strongly basic, thus readily ioniz-
able. The abundant small acid soluble spore proteins have been shown to be readily
released by acid.® ° Limited work with viruses suggests that abundant capsid and
some membrane proteins may be suitable biomarkers.'” ' Ions with masses below
4,000 Da are not expected to be translated proteins, but rather cyclic peptides and
other secondary metabolites, or polar lipids, whose presence may reflect health and
environmental status more than genomic identity.

2 Identification of Microorganisms

Several approaches have been taken to provide identification of microorganisms
based on mass spectra of their proteins or peptides.

2.1 Library Searching/Pattern Recognition/Spectral Matching

In this approach a mass spectral library is constructed with spectra for every targeted
bioagent. Usually both library and target spectra must be measured using reproducible
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conditions. A large number of software programs are available to compare the mass
spectrum of a suspected agent with this library. This approach is now offered com-
mercially for medical diagnosis using MALDI-TOF mass spectrometry.

2.2 Machine Learning

In this strategy Bayesian belief networks based on probabilistic analysis of reference
mass spectra offer a more sophisticated approach to establishing library spectra for
matching.

2.3 Proteomics

This is an interpretive approach that provides probability assessments for matching
suites of measured protein masses to protein masses predicted from sequenced
genomes. Computer programs reference the protonated molecular ions in the target
spectrum to a database derived from sequenced prokaryote genomes.'> " In an
alternative strategy, in situ proteolysis is accomplished, chemically or enzymati-
cally, and tandem mass spectrometry measurements of peptide products provide
microsequences to support identifications of proteins and thus of microorganisms.'* '3
Advantages of the proteomic method include:

» This approach is not dependent upon growth conditions, sample preparation
methods or MALDI matrices.

* The prokaryote genome database is under development around the world.

* One database supports all ionization techniques.

* Proteomic analysis enables the identification of specific biomarkers and deter-
mines the uniqueness of biomarkers.

» This strategy has been proven for spores, viruses, bacteria and toxins.

Both public and private databases can be used in proteomic strategies. RMIDb!® is
one publically accessible database that contains prokaryote protein sequences. An
algorithm has been reported to search for masses of proteins with and without
N-terminal methionine'” and this simple strategy can also be applied to N-acetylation
and phosphorylation.

However, several challenges remain to be met before any mass spectrometry-
based system can be confidently deployed for automated broad band surveillance,
detection and identification of bioagents. These include (1) recognition and
analysis of cluttered samples, or of mixtures, (2) recognition and analysis of
genetically engineered organisms, and (3) characterization of proteins and organ-
isms in the absence of a sequenced genome. An approach to each of these issues
will be summarized here.
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3 Proteomic Analysis of Mixtures

The natural background of microorganisms in the atmosphere in many regions
of the planet is expected to contaminate bioagents that might be collected for
analysis. Bacillus thuringiensis is widely deployed in the pesticide BT, and sur-
veys of background usually identify Bacillus species as well as a high percent-
age of unknown microorganisms. Historically, components of mixtures were
recognized by analysis of single colonies of culture plates, or by the targeted use
of antibodies or phage. We proposed several years ago that mixtures of bacteria
and/or spores can be analyzed rapidly in the field by automated proteomic strate-
gies. Microorganisms are lysed and proteolysed in situ to provide peptides for
identification by MS/MS methods.” '* 1> ¥ If many peptides are automatically
selected for analysis, it is likely that proteins will be identified from all the species
present. When species selective proteins are identified, the species are as well."”
A schematic of this approach is shown in Fig. 1. An example of analysis of the
minor component in a 10:1 mixture of B. thuringiensis Kurstaki and B. subtilis
is illustrated in Figs. 2 and 3. Figure 2 shows protonated peptide ions formed by
tryptic digestion in the MALDI sample holder. Most of the peptides were ana-
lyzed by tandem mass spectrometry and their bacterial sources are indicated in
the figure. Figure 3 shows an MS/MS spectrum obtained on a Kratos TOF?
instrument of a protonated peptide of mass 1,880.8 Da. When the MS/MS spec-
trum was searched against entries in the NCBInr database taxonomically
restricted to eubacteria, the peptide was identified, proteins that contain this
peptide were identified, and the bacterial source of these proteins was identified
as B. subtilis. The analysis of several peptides from the spectrum of the mixture
is summarized in Fig. 3.

Protein solubilization and on-probe digestion

Spores S v ;
BB D 6 egetative cells
Viruses cede
10% TFA l Organic sclvent
& 8 8 g

immobilized trypsin or
microwave-supported acid

immobilized trypsin or
microwave-supported acid

0.1% TFA
Matrix

0.1% TFA
Matrix

Fig. 1 MS-MS analysis of bacterial digests and identification of proteins through bioinformatics



Broadband Analysis of Bioagents by Mass Spectrometry 5

B. thuringiensis subs. Kurstaki* (major component)

B. subtilis 168 ** (minor component)

high mass mode
*

R= 7000 *
1207 ~
MALDI Trap-TOF, o 3
tryptic peptides 100 g &
* o
% 80+
100 T 601
40
80 _
> 201
2 g
% 2750 2800 2850
E
o
g%’ 40 * S
PR N, o 4 -
© ™~ 2: $ 9 o
20,8 § g et g 5 * *% * %
21 8 8 7] N 3 S @
o T P % & 3 g
ol [ AT N N [N
1500 m/z 2000 2500

Fig. 2 Analysis of peptides from a 10:1 Bacillus spore mixture '

16 15 y14 y13 y12 yﬂ y10 9

GO naMALDITOR Hﬂffﬁffffﬁffffff

<
<
<
100
V'|3 V||4 y|15 Yie
2 80 ]
2 Lo
2 i i
= 60 I I
E Pl 8
S | P @
@ 40 P ]
i H !
8 £ ¢
~
20 g B g
PSSO TR | WYX P E/RYTP01 IO VSR IVOVYFIY, W .LF RS FEVN RENET VY NIV | W WY "
1400 1600 1800
SASP MW Peptides Score Seq. Detected in
(-Met) (m/z) (MASCOT) Cov. (%)
o -SASP 6939.6 1880.8 144 26 B. subtilis
B -SASP 6848.6 1880.8, 2442.2 144,171 60 B. subtilis
v-SASP 9136.5 2783.4,2841.4 233, 109 60 B. subtilis

Fig. 3 Bacterial identification by partial peptide sequencing
4 Genetically Engineered Bacteria

Genetic engineering might be employed to enhance activity in a known pathogen, or to
introduce a toxic protein in an otherwise harmless species. The major interest may be
in identifying the payload protein. however, its expression will likely be delayed for
some time after pathogen release or infection. To answer the more fundamental
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question — has the bacterium been genetically engineered? — it may be advantageous to target
a systematic plasmid protein. Among the available plasmids, a very limited number of
resistance genes is used to allow purification of transformed organisms. Among these,
the bla gene that encodes (-lactamase is most commonly used, and we recently reported
a targeted microsequencing strategy for rapid and automatic detection of plasma-borne
B-lactamase in E. coli cells®. In that work a commercially available E.coli was studied,
which contained the plasmid illustrated in Fig. 4. The same bacterium missing the plas-
mid was used as an ampicillin susceptible control. Figure 5 illustrates a traditional

Heat induced promoter (from | bacteriophage)
Py /

Ampicillin resistance bla gene produces b-lactamase

Fig. 4 The pPLc28 plasmid carried in our E. coli model system (ATCC 39278)

Traditional technique: 24 hours Mass spectrometry: <5 minutes

Cells grown on Amp enriched LB-agar Peptide maps from the two cell lines
E.coli 1181 5 @ Host E.coli peptide
— 100 o4 identified

80 1703.7

1743.6

60

40

20

1200 1400 1600 1800 2000
Mass/Charge

E.coli + plasmids
(Amp-resistant)

#* f-lactamase peptide

@ Host E.coli peptide
% identified
1711.6

\\\\ =
dosssabredhodiolidi N ™

1200 1400 1600 1800 2000
Mass/Charge

Fig. 5 Two methods to characterize successfully engineered E. coli*
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Fig. 6 Identification of plasmid insertion and of the host organism in TOF? spectra acquired after
on-probe tryptic digestion of genetically engineered E.coli*

method to test for resistance to antibiotics, cell growth in the presence of ampicillin.
The figure also shows mass spectra of peptides produced by tryptic digestion in situ from
ampicillin susceptible (top) and resistant (bottom) E. coli. Peptides from [3-lactamase
are starred in the bottom spectrum. In both spectra peptides are detected from proteins
characteristic of the host cell E. coli. Figure 6 presents MS/MS spectra obtained on a
MALDI-TOF? instrument of a peptide identified as originating from f-lactamase and a
peptide identified as originating from a tryptophanase unique to E. coli. Various meth-
ods can be envisioned for automating the interrogation of peptide spectra like those
shown in Fig. 5. In a hypothesis driven approach, conserved peptide digestion products
from the resistance protein(s) can be targeted for interrogation. In a threshold approach
all peaks (in the m/z range 1,000-3,000) with relative intensities above, for example,
20% can be interrogated by TOF? analysis. In this approach analysis is biased to the
most intense precursor ions, which tend to be host-related. Finally, a combination of
these two approaches can be used to identify both the host cell and the genetic insert.

5 Identification of Proteins from Organisms without
Sequenced Genomes

One limitation that exists for proteomic strategies for analysis of microorganisms is
that not every species has a sequenced genome. We have evaluated the possibility
of identifying proteins from bacteria with unsequenced genomes, initially with the
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objective of identifying the biomarkers in MALDI signatures of such organisms,
and, subsequently, with the objective of partially characterizing the organism itself.
A signature is shown in Fig. 7 for Yersinia rohdei, for which no annotated genome
sequence was available at the time of our investigation.?' This approach is not (yet)
envisioned as a rapid fieldable method, but rather as suitable for a high end refer-
ence laboratory. The work was carried out on an LTQ Orbitrap, an instrumental
system with a high resolution analyzer, using electrospray ionization. A sample of
Yersinia rohdei was lysed and the lysate was fractionated by C-8 HPLC. Proteins
with masses below about 15,000 Da were collisionally activated in the LTQ mod-
ule. Masses of both precursor and product ions were measured with 30,000 resolu-
tion in the Orbitrap, and spectra were decharged and searched with ProsightPC 2.0*
against custom and public databases. Finally, BLASTp and ClustalW similarity
searches were used to confirm that the identified proteins are strongly conserved in
related species. An example of the kind of fragmentation that can be obtained in
such top-down analyses® is shown in Fig. 8. The top panel shows the MS/MS
spectrum of the 9+ precursor ion at m/z 807.80. The middle panel shows the
decharged MS/MS spectrum, which was searched using ProSightPC 2.0 software
against a custom database. The third panel shows the sequence of the protein identi-
fied as S50 ribosomal protein L.29, and summarizes the peptide bond fragmentation
assigned. This protein is present in the related bacterium Yersinia enterocolitica,
and the identification is assigned an expect value of 6.79 x 10~>* by the software.
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Fig. 7 MALDI Signature spectrum for Yersinia rohdei?"
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Fig. 8 Identification of ribosomal protein L29 as a biomarker for Y. rohdei?

(An Expect value smaller than 10~ is considered reliable.) A total of ten proteins
from Y. rohdei were identified on the basis of homology with proteins from one or
more enterobacteria.’! Nine of these are basic and abundant proteins from the ribo-
some. This approach is expected to be more rapid than the more rigorous approaches
of sequencing the entire genome, or purifying sufficient amounts of these proteins
for complete de novo sequencing.

In silico informatics using the RMIDD indicates that the ribosomal proteins, in
addition to being readily observable by mass-spectrometry, exhibit very high con-
servation between species. Figure 9 shows the extent of cross-species sharing of
ribosomal proteins with appropriate molecular weights, with nodes representing
species and edges representing shared ribosomal protein sequences with molecular
weight between 4 and 16 kDa. Edge thickness is proportional to the number of
sequences shared between species. To simplify the figure, edges representing less
than five proteins are hidden and resulting components of three or more species
retained. Cross-species sharing shown in this figure range from Shewanella sp.
W3-18-1 and Shewanella putrefaciens in the Shewanella genus component, which
share all 38 of their potential ribosomal biomarkers, to the three neighbors of
Haemophilus influenzae, all from different genera, which share five of their poten-
tial ribosomal biomarker sequences.

This and other experiments support the conclusion that unknown protein bio-
markers can be identified by homology to sequences of known proteins in related
species, and support the proposal that phyloproteomic classifications can be
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deduced for many unknown or unsequenced microorganisms by identifying the
related organisms that contain matching, homologous, protein sequences.’!

6 Conclusions

We have undertaken to make the argument that an interpretive, proteomic analysis
of mass spectra of whole organisms will provide the most reliable, yet flexible,
method for rapid identification of bioagents. We have presented several case studies
as illustrations of how to meet the challenges of analyzing mixtures, recombinant
bacteria and species without sequenced genomes.
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Hollow-Fiber Flow Field-Flow Fractionation
for Mass Spectrometry: From Proteins
to Whole Bacteria
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Abstract Mass spectrometry (MS) provides analyte identification over a wide
molar-mass range. However, particularly in the case of complex matrices, this
ability is often enhanced by the use of pre-MS separation steps. A separation,
prototype technique for the “gentle” fractionation of large/ultralarge analytes, from
proteins to whole cells, is here described to reduce complexity and maintain native
characteristics of the sample before MS analysis. It is based on flow field-flow
fractionation, and it employs a micro-volume fractionation channel made of a ca.
20 cm hollow-fiber membrane of sub-millimeter section. The key advantages of
this technique lie in the low volume and low-cost of the channel, which makes it
suitable to a disposable usage. Fractionation performance and instrumental simplic-
ity make it an interesting methodology for in-batch or on-line pre-MS treatment of
such samples.
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1 Introduction

It is widely acknowledged that when sample complexity exceeds the resolution
capabilities of most sophisticated mass spectrometry (MS) techniques, the avail-
ability of so-called “pre-MS” methods is required. When MS methods are applied
to complex protein samples, for instance, many efforts are devoted to mining the
low-abundance proteins (LAP) among the huge wealth of high abundant proteins
(HAP) possibly present in the sample. This can be also the case of proteomics or
bacterial fingerprinting in forensic applications.

The increased threat of biological warfare and the strategies to counteract bio-
terrorism are widespread reminders of the urgent need of robust methods to identify
and characterize protein toxins or pathogenic microorganisms in complex samples.
MS has proved to be powerful tool for the rapid identification and characterization
of microorganisms.! Fenselau and co-workers have pioneered development and
application of matrix-assisted laser desorption/ionization time-of-flight MS (MALDI-
TOF-MS) for the characterization of intact microorganisms.” This is because species
desorbed from bacterial cells are intact proteins in the molar-mass (M ) range 4,000
15,000, and the proteins coded by bacterial genomes fall within this M range.’
Biomarkers can then be found in this range, and bacteria can be identified through
proteomic database searching algorithms.*> Proteomic approaches for MS-based
bacteria identification do not suffer from limitations due to spectra reproducibility
issues. Nonetheless, protein databases are as yet available only for a limited number
of bacterial species. For this reason, the most common approaches so far employed
to identify unknowns by MALDI-TOF MS analysis of intact bacteria are based on
the similarity between the spectra of the unknown bacteria and those in MALDI-
TOF-MS libraries of reference bacterial species.® Nonetheless, for these methods to
be valid, a high degree of reproducibility is required. This is a particularly critical
aspect in the identification of bacteria mixtures with high differences in the relative
percentage of the different strains, because the resulting spectra are highly compli-
cated. MALDI-TOF-MS of bacteria mixtures is not only complicated by the high
number of ion signals in the spectra, but also by the fact that MALDI is a competitive
ionization process, and the spectra of bacteria mixtures can be quite different from
the linear combination of characteristic signals obtained for each individual bacterial
species. As a consequence, comparing the characteristic signals obtained from bac-
teria mixtures with the ion signal databases obtained with individual bacterial species
could give inaccurate results. Sample preparation methods able to enrich the sample
in one bacterial species can potentially reduce the analytical complexity and difficul-
ties in interpreting spectra obtained for bacteria mixtures.

1.1 pre-MS Separation Methods

Few methods are available for the separation of whole bacterial cells, while sepa-
ration techniques have been most natural complements of MS to increase the
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information obtained from MS analysis of complex protein samples. They however
have “pros & cons”.

Two-dimensional polyacrylamide gel electrophoresis (2D PAGE) is still the
most applied pre-MS separation method in proteomics.”® The two orthogonal
separation mechanisms on which 2D PAGE is based greatly enhance the final reso-
lution capacity. 2D PAGE is also a relatively inexpensive method, and it has the
unparallel advantage to give immediate visualization of the differences in protein
composition/expression. However, when separation is completed the proteins
are left in the gel matrix. This makes it difficult to retrieve protein spots in their
intact conditions, and with total recovery. The latter constitutes a serious limitation
for the isolation and characterization of LAP, even in case of highly-sensitive
MS-based proteomic methods.'*!' Moreover, the process of separation, spot isolation,
and sample preparation for further MS analysis is time-consuming, and difficult
to automate.

Free-flow electrophoresis (FFE) is becoming popular for semi-preparative scale
separation of proteins because, in principle, it provides unlimited throughput.'>'?
However, separation is based only on pl differences, the carrier is expensive, and
before MS it must be removed from protein fractions.

Capillary zone electrophoresis (CZE) is far more efficient than other separation
methods. When coupled with MS, CZE shows very promising for “micro-scale”
proteomics, like in the case of single-cell proteomics.'* Sensitivity issues related
to the limited amount of separated samples can be faced using nanospray inter-
faces. However, some technical aspects still limit routine application of CZE-MS
systems. For instance, without a proper on-line desalting device the non-volatile
salts possibly present in the buffer can cause ionization problems in MS analysis.
Moreover, possible issues due to electrical interferences caused by differences in
the voltages applied to CZE and to the ion source are not, as yet, completely
solved.

Reversed-phase (RP) HPLC competes with PAGE as mostly applied separation
method for proteomics, though it does not provide comparable resolution. Narrow-
bore, long columns under high or ultra-high pressure conditions (RP UPLC) pro-
vide higher efficiency. However, upon high pressure conditions, and/or using
organic modifiers in the mobile phases, protein degradation may occur.
Multidimensional HPLC increases separation performance but undesired interac-
tion between proteins and stationary phases have more chances to occur.

Multidimensional HPLC and CZE are high-resolution methods but they are not
particularly selective with respect to changes in the protein diffusion coefficient due
to changes in protein structure. SEC separation depends on the protein structure.
SEC is therefore used for functional proteomics, and it is applied also in preparative
scale. However, interaction between protein and packing material might occur,
which can cause protein entanglement and, consequently, affect the native
conformation.

Separation methods are often combined with other pre-analytical steps to
remove highly abundant components. Immunoaffinity separations still are the leading
methods, which however suffer from intrinsic limitations such as samples dilution,
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and unwanted co-depletion of analytes associated to the removed components.
Immunosorption can also reduce depletion specificity. In immunoaffinity chroma-
tography, the risk of run-to-run sample carry-over is also present, and depleted
sample desalting is also necessary. Immunoaffinity methods can be also employed
to separate and selectively capture bacteria. However, the presence of antibodies
bound to bacterial membrane antigens can affect accuracy of MS-based bacteria
identification.

A single “does-it-all” method is still far to be available. It therefore appears
interesting the availability of novel separation methods able to fill limitations of
current methodologies. When combined with most-established techniques, compre-
hensive pre-MS methodologies can be eventually developed to enhance MS appli-
cation to the identification of pathogen proteins and/or bacteria in complex
samples.

1.2 Flow Field-Flow Fractionation

Among separation techniques, field-flow fractionation (FFF) has shown broadest
M application range. In the bio-analytical field, applications spanning from pro-
teins to whole cells have been reported.'>!¢

In common with LC, FFF uses similar experimental setup. The separation run
consists of the injection of a narrow sample band into a mobile phase stream that
sweeps sample components down the separation channel to finally reach a detector
and/or collection device. Very differently from LC, the FFF mechanism is not based
on interaction of the analyte with a stationary phase, but with an external field that
is applied perpendicularly to the mobile phase flow. Because of different M, size,
and/or other physical properties, the different analytes are driven by the orthogonal
field into different velocity regions within the parabolic flow profile of the mobile
phase across the channel.

Different field types have originated different FFF variants. In flow FFF (F4),
the field is a second stream of mobile phase that is applied across the channel
(crossflow). The force driving separation then is the viscous force exerted on the
analyte by the crossflow stream. Because of the most universal field, F4 is capa-
ble of separating almost all macromolecules and particles (e.g. from proteins to
whole cells) from 1 nm to more than 50 um in size. The lower size limit is related
to the M cut-off of the accumulation wall, which is usually constituted of an
ultrafiltration membrane able to retain the macromolecular analytes inside the
channel. F4 is flexible in channel design, and we can have flat channels, with
the cross flow applied either in a symmetrical or asymmetrical configuration,
or tubular channels with a radial cross-flow configuration. In the latter case, a
hollow-fiber (HF) membrane for micro-dialysis makes the accumulation wall of
the channel (HF5)".
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2 Hollow-Fiber Flow Field-Flow Fractionation

The idea of using a HF membrane for FFF operations dates back 1974.'® More than
10 years later, a significant effort on the development of HFS fundamentals was
reported.”

In a typical HFS arrangement, the HF is connected to a pump that generates
along the HF a longitudinal flow of mobile phase. A pressure drop between the
inner and outer wall of the HF generates the radial crossflow. The radial flow veloc-
ity at the HF wall (u ) is expressed as'

u, (R,z)=u, (R,0)exp(—oz) 2.1

where R is the HF inner radius, z the axial coordinate, and « is a constant including
HF membrane permeability and mobile phase viscosity. Assuming laminar flow
conditions, a parabolic flow profile is established in the HF, with the axial velocity
u_given by"

u, (r.z)=u, (0,2)(1-x) (2.2)

where r is the radial coordinate, and x = r/R. The average u_decreases along the HF
due to the loss of mobile phase through the HF wall.
By integration of Eq. 2, the void time 7, can be calculated as*

F
t, =iln Zin (2.3)
E’ud F

out
where V/ is the channel void volume (7R’L, with L the fiber length), and the average
flow rates (F,, F_ , F ) are expressed in terms of volumetric flowrates.

our’

2.1 Normal Retention Mode

The normal retention mode (Fig. 1) takes place when displacement of the sample
components across the HF channel due to their Brownian diffusion is comparable
to the displacement due to the field generated by the radial flow. This is generally
true in the case of macromolecules (e.g. proteins) and relatively small (e.g. nano-
sized) particles.

When such sample components are introduced in the HF channel, they undergo
to a process of relaxation/focusing to achieve, before separation, a steady-state
concentration profile across the HF. During such a relaxation/focusing process, the
migration of sample components towards the channel wall due to the radial flow
generates a concentration gradient in the radial direction. Otherwise, sample parti-
cles diffuse in a direction opposite to the radial flow until they reach an equilibrium
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Fig. 1 (a) The normal elution mode. Sample particles are driven by two opposite transport
processes to a dynamic equilibrium position of characteristic average elevation from the HF inner
wall: the cross-flow (radial flow) field drives sample particles towards the HF wall while Brownian
diffusion drives the particles toward the HF center. Retention time of smaller particles (A) is
then shorter than that of bigger (B) particles because A particles are eluted by faster streamlines.
(b) Normal-mode HF5 of polystyrene, standard nanobeads: (1) 50 nm, (2) 102 nm, (3) 155 nm,
(4) 200 nm, (5) 300 nm. HF channel: R=0.41 mm, L=240 mm, 30,000 M, pore cut-off.
Experimental conditions: F, =1.45 mL/min, Fmd:0.075 mL/min; mobile phase: 0.1% FL-70,
3.2 mM NaN,, 2.5 mM Tris. Sample load: 0.1 mg (Reprinted with permission from ref. [17], ©
2007, Bentham Science Publishers)

condition. In this case, the concentration profile in the radial direction can be
expressed as

4

C =Bexp| Pe| x* —x? (2.4)

where [ is an integration constant, and Pe is the Peclet number defined as

Pe=u, (R,z)R/D (2.5)
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where D is the analyte diffusion coefficient. Combining Eqgs. 2 and 4, and assuming
an ideal Gaussian concentration profile for the sample band in the longitudinal
direction, the exact expression for ¢ can be obtained'.

Simplified treatments for the expression of retention time (¢ ) were proposed.
Equation 1 in fact states that the value of u_decreases along the fiber due to the
pressure drop existing between the inlet and outlet extremities of the fiber.
However, under typical pressure conditions in HF5 the decrease of u, between the
HF inlet and outlet is lower than 2%. As a consequence, a uniform radial flow
velocity can be assumed along the HF channel. Under these conditions (i.e. with
Pe>50), the ¢_of highly-retained species takes the form

2
PSS 2.6)
8D F

out

20,21

The relaxation/focusing process is usually realized around a certain position L, of
the HF channel (i.e. at z=L,), said the focusing point. When the relaxation/focusing
process is completed, the elution process actually starts from the focusing point.
Equation 6 was then modified as

L
g | F ()R

f=n | ———— @7)
8D F,

out

From Eq. 7, and from the well-known Stokes-Einstein expression for D, one finally
gets the relationship between ¢ and the hydrodynamic diameter (d) of the analyte

-1
_ Ly
8kT F;n ( L )F:*ad
In ¢
F

= (2.8)
3nnR’? g

out

where k is the Boltzman constant, 7 the absolute temperature, and 7 is the mobile
phase viscosity.

2.2 Hpyperlayer Retention Mode

The hyperlayer retention mode (Fig. 2) is known to govern retention of analyte
particles the size of which is sufficiently high (e.g. micronsized particles like whole
cells) to make negligible the effect of Brownian diffusion.?

In hyperlayer HFS5, the ¢ of such sample components can be expressed as*

AR 2.9
= 2.9)
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Fig. 2 (a) The hyperlayer retention mode. Micron-sized particles, which have negligible diffu-
sion transport, are driven by the cross-flow (radial flow) field towards the HF inner wall and form
a thin layer hugging the wall. During elution, the field force is opposed by flow-induced lift forces,
the intensity of which also depends on physical features of the sample particles. Since larger par-
ticles are driven by the lift forces away from the HF wall into faster streamlines, the retention order
is reversed with respect to the normal mode: larger particles elute first. (b) Hyperlayer HFS of PS
standard micronsized beads: (1) 15 pm, (2) 10 um, (3) 7 pm, (4) 5 pm, (5) 4 pm, (6) 3 um. HF
channel: R=0.44 mm, L=240 mm, 50,000 M pore cut-off. Experimental conditions: F, =2.0 mL/min,
F ,=0.235 mL/min; mobile phase: 0.1% FL-70, 3.2 mM NaN,, 2.5 mM Tris; Sample load:

rad

22.5 mg (Reprinted with permission from ref. [17], © 2007, Bentham Science Publishers)

where 7Yis a correction factor that depends on physical features of the sample particles
such as shape, flexibility, and surface features, and on the flow conditions. The
relationship between d and ¢ can be determined by calibration with standard par-
ticles of known physical features

logt, =logt, —S, logd (2.10)

where S, is the diameter-based selectivity, and 7, is the extrapolated retention
time for a particle of a unit diameter. Using polystyrene (PS), spherical bead
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mixtures, S, values were found in the range 1.2-1.7, and to depend on the membrane
type and on F_ . The experimental plate height values were found to be higher
than 700, and to increase with increasing | /F d24.

2.3 Methodology

A HFS5 run typically involves two steps: sample injection/focusing/relaxation, and
sample elution.

The first step is realized by delivering inside the HF channel the sample from the
injection port using a longitudinal flow of mobile phase towards the HF channel
outlet, and a second flow of mobile phase in opposite direction, from the outlet to
the inlet of the HF channel. At the focusing point, the resulting longitudinal flow
rate is zero, while a given cross-flow goes through the pores from the inner to the
outer wall of the HF to make the injected sample focus and achieve its steady-state
condition, said relaxation. The focusing point position then depends on the ratio
between the inlet and outlet flowrate values (F,, F ).

When the injection/focusing/relaxation process is completed, the flow pattern is
changed to set on the sample elution step. For the elution, a single mobile phase
flow stream is longitudinally applied inside the HF towards the channel outlet.

2.3.1 The HF5 System

The first HFS system was described in 1989." The HF module was built by insert-
ing a piece of HF membrane into an empty glass tube equipped with a radial flow
outlet, and inserted into an LC-like apparatus consisting of a HPLC-type injection
port, two pumps, a UV/vis detector, and a control unit for flow rate management.
The first pump delivered the mobile phase fluid inside the HF5 channel. The second
pump was connected to the radial flow outlet of the HFS module, and it worked in
“unpump” mode. This pump in fact drew the mobile phase fluid from the inner wall
of the HF channel through the HF pores.

Ten years later, a second scheme using a single pump was proposed.?' The injec-
tion/focusing/relaxation step was carried out by splitting the pump flow into two
streams that were applied in opposite direction to the inlet and outlet extremities of
the HF5 module. Using a single pump gave advantages in terms of simplicity in the
system operations, and lower costs.

It was later proposed a third scheme using two pumps: a HPLC pump to gener-
ate the required flow rate during sample elution, and a syringe pump to generate, in
combination with the first pump, the opposite flows required for the sample injec-
tion/focusing/relaxation step.” This scheme allowed for more efficient operations
when HF5 was coupled with ESI/TOF MS or MALDI-TOF-MS.?*?” The general
schematic of this HFS system is reported in Fig. 3.
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Fig. 3 General, schematic diagram of the HF5 system. Module A is either a pump or a metering
valve to regulate flowrates in the sample injection/focusing/relaxation step. Module B is either a
metering valve or a pump working in “unpump” mode, which is used to regulate the radial flow
rate during the elution step. (Adapted with permission from ref. [17], © 2007, Bentham Science
Publishers)

Most recently, HF5 was implemented into a commercial system for asymmetri-
cal F4 (AF4) with multi-angle laser scattering (MALS) detection by replacing the
standard, flat-type channel with the HF5 module.”® This HF5-MALS system has
been applied to fractionate and size/shape characterize lipoproteins in whole blood
serum. The promising results allow to foreseeing use of HFS as an alternative to flat
channels in commercial systems for AF4.

2.3.2 HF Membrane Type

HF membranes made of polymeric materials such as polysulphone (PSf), poly-
acrylonitrile (PAN) and chlorinated polyvinylchloride (cPVC) have been
employed. A pressurized, relatively flexible polymeric HF membrane should
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naturally tend to a perfectly cylindrical geometry. As a consequence, with respect
to the commercial, flat channels, a polymeric HF channel is, in principle, more
suitable to the establishment of an ideal F4 mechanism. On the other hand, to
ensure good channel-to-channel fractionation reproducibility the HF wall must be
perfectly smooth, and the pore-size distribution must be homogeneous to have a
known inner diameter (I.D.) and a well-defined cross-section profile.”*° Size and
chemical properties of the analytes also influence the choice of the best HF sur-
face composition and pore cut-off value (generally in the 6—100 KDa range)
because best fractionation performance is achieved if interactions between ana-
lytes and the HF inner wall are minimized.

PSf HF5 channels have been used for the analysis of diverse samples, including
water-soluble synthetic polymers and biological samples such as proteins, viruses,
bacteria and yeast cells.'>3-273132 PSf HF membranes are however relatively soft,
and they may swell during usage causing an increase in retention time.”'* HF
swelling during usage increases with increasing backpressure generated by the
system connected downstream to the HF module. Using low back-pressure detector
cells like light-pipe cells, an increase in retention time reproducibility can be
observed.”

Because of their rigidity, PAN HF membranes can be used at relatively high
flow-rate conditions for hyperlayer HF5.** PAN HF membranes also show chemical
resistance to different organic solvents. For this reason, they have been employed
also for the analysis of organic-soluble polymers.*

Possible adsorption of the analyte on the HF inner surfaces can severely reduce
sample recovery. The injection/focusing/relaxation step is recognized as one of
prime cause of sample losses during HF5 operations. This is commonly observed
by visual inspection of the inner side of used HF modules. However, X-ray photo-
electron spectroscopy (XPS) analysis of the HF inner wall after several protein
sample runs showed homogeneous protein layers present all along the HF.** The HF
composition and, consequently, surface polarity is therefore to be carefully consid-
ered. Relatively polar HFs made of cPVC have been successfully used for HF5 of
human red blood cells.?'

Ceramic, rigid fibers were also proposed to improve robustness and chemical
inertness of the channel.** Ceramic HF channels for the analysis of standard pro-
teins and protein aggregates showed promising results in terms of recovery, run-to-
run repeatability and long-term stability.”

2.3.3 The HFS Module

Over more than 25 years, many efforts have been focused on the optimization of
the HF5 module design and construction. Special emphasis has been given to define
best design for easiest implementation of the HF5 module into a chromatographic-
like system, for easy replacement of the HF channel, and for an optimized flow-rate
management. Only in relatively recent times some significant advances on these
aspects have been reported.
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Fig. 4 Typical HF5 module design (Reprinted with permission from ref. [17], © 2007, Bentham
Science Publishers)

The most general design currently used for a polymeric HF5 module is schema-
tized in Fig. 4.7 A piece of HF membrane is inserted into two 1/8”-O.D. (outer
diameter) Teflon sleeves of equal length. The sleeves are connected by a tee union
to make the radial flow exit. Standard, plastic fittings are placed to make inlet and
outlet connections. This simple design shows the advantage to employ commer-
cially-available and relatively inexpensive components, and to standardize connec-
tions to an LC-like system. Typical HF channel dimensions are about 20 cm in
length and 0.80-1.00 mm 1.D.

Miniaturization in analytical separation techniques generally provides several
advantages such as decrease in sample injection amount, and the enhancement of
separation speed, efficiency, and detection limit. Using microbore, polymeric HF
channels (450 pm L.D. x 25 cm length) with geometrical volume of only ~40 uL,
HF5 was scaled down to a microflow rate regime.™

Scale-up of the HF5 process for semi-preparative purposes has been recently
described.*” A multiplexed (Mx) HF5 device has been made with six parallel HF5
modules connected to seven-port manifolds. This assembly shows the possibility of
handling up to 50 pg of proteins without incurring overloading. Mx HF5 offers a
unique advantage of scaling up HF5 separation without using wide-bore HF mem-
branes, which would increase separation time.

3 HFS5 and MS

Off-line and on-line coupling to MS has made F4 enter the field of proteomics.*#!
HF5 was the first micro F4 variant used for MS-based protein characterization.
HF5 shows unique, intrinsic features for either off-line or on-line coupling to MS:
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(a) low channel volume (in the order of 100 puL), which reduces sample dilution; (b)
low flow rate conditions (as low as 200 pL/min) which, in case of on-line coupling
to MS, does not require high split ratios between the channel outlet and the
ionization source; (c) possible disposable usage, which eliminates the risk of
run-to-run sample carry-over and, then, spectra contamination; (d) on-the-fly
sample desalting.

3.1 Proteins

For the analysis of intact proteins and protein complexes under native conditions
HF5 shows additional features. Without a stationary phase, mechanical or shear
stress on the analyte caused by packing material, which can cause entanglement or
alter the native protein conformation, is very little (if any). As mobile phase, HF5
can utilize any solution. Other separation techniques need to use mobile phases that
may cause proteins to lose their three-dimensional conformations, or they may
unexpectedly induce dissociation of protein complexes during separation, or they
can be incompatible with further MS characterization. Finally, D-based selectivity
of HFS5 is particularly high, and from retention-based measurements of D, interac-
tion/aggregation between fractionated proteins can be deduced.

The analysis of protein complexes is important, for instance, in the study of
functional drugs because self-association or dissociation phenomena are strongly
related to the protein drug activity. Coupling HF5 with MALDI-TOF-MS and with
a chemiluminescence (CL) enzyme activity assay has allowed to relating the supra-
molecular structure of an enzyme drug (uricase) with its enzymatic activity.*

HF5 shows interesting also as a “smart” method to reduce sample complexity.
For instance, when applied to untreated, whole human blood serum, HFS is able to
effectively fractionate serum proteins, as shown in Fig. 5 (from ref. [43]). Effective
fractionation of albumin and other serum HAPs under native conditions allows, in
perspectives, to using HF5 for proteomic studies on peptides/proteins associated
to HAPs.

HF5 can be online coupled to ESI/TOF MS by simply connecting the detector
outlet to the ion source via a splitting valve. Preliminary results have shown spectra
able to demonstrate that during fractionation the proteins can maintain their native
structure, and be effectively desalted.”” Possible correlation between the M values
independently measured by ESI/TOF MS spectra and from HFS5 retention time
measurements can then produce significant information on the quaternary structure
of the fractionated proteins. In Fig. 6 (adapted from ref. [27]) it is reported an
example of HF5-ESI/TOF MS of human hemoglobin (Hb). The representative
spectrum shows the presence of three species with M_values corresponding to the
M values of the o and B subunits (M =15,126.5+0.3, M =15,867.3 0.5, respec-
tively), and of the a-heme complex (M =15,741.5+0.7). This corresponds to the
spectrum of native Hb, and the M_value obtained from HF5 retention of Hb at pH
7.0 (data point Hb1 of the regression plot inset in Fig. 6) corresponds to the M
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Fig. 5 HF5 of human blood whole serum 1:5 v/v diluted in the mobile phase (5 mM NH,Ac).
(a) HFS5 fractogram and fractions collected for SDS PAGE. (b) SDS PAGE of the collected fractions.
PSf HF membrane: 30,000 M nominal cut-off, R=0.040 cm (referred to dried conditions),
L=24 cm. Experimental conditions: F,=0.7 mL/min, F,_,=0.4 mL/min (Reprinted with permission
from ref. [43], © 2008, Elsevier Publlshers)

value of the tetramer. Since similar mass spectrum was obtained also at pH 8.2, the
difference in retention observed by increasing pH (data point Hb2 of the regression
plot) could be ascribed exclusively to the conformational changes that are known
to occur in Hb with increasing pH.

It is known that in ESI/MS an increase in detection sensitivity is possible by
reducing the source inlet flow rate. Under micro/nanoflow regimes, miniaturized
separation methods are generally characterized by high efficiency. Miniaturized
(microbore, p) HFS can improve protein identification using shotgun proteomics.
Using pHFS, the Corynebacterium glutamicum proteome was fractionated, and
fractions of different M values were run through nanoLC-ESI/MS.* Ionization
suppression and MS-exclusion effects from spectral congestion were also
observed.

A 2D, rapid, gel-free separation method for nanoL.C-ESI/MS-based proteomics
was developed by the hyphenation of pHF5 with capillary isoelectric focusing
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Fig. 6 HF5-ESI/TOFMS of human hemoglobin (Hb): molar mass spectrum. F, =0.70 mL/min;
F ,=0.38 mL/min. In the inset: regression plot log D vs. log M : (0) 30,000 M HF cut-off; (A)
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6,000 M, HF pore cut-off; Mb=horse heart myoglobin, BSA=bovine serum albumin, AP=calf
intestine alkaline phosphatase, HRP =horseradish peroxidase, Fer=horse spleen ferritin (Adapted
with permission from ref. [27], © 2005, American Chemical Society)

(CIEF).* CIEF-uHF5 maintains the advantage of uHFS5 to carry on separation in
empty ducts, and it also provides, during second-dimension pHFS, removal through
the HF wall of the ampholyte solution used for first-dimension CIEF.

3.2 Whole Bacteria

F4 has been successful for the separation of whole cells.'>!¢ First example of F4 as
pre-MALDI-TOF-MS of whole bacterial cells employed a commercial, macro-
column F4 channel.*® The work threw light on three issues that could limit the
effective use of F4 for MALDI-TOF-MS of whole bacteria. Firstly, possible run-to-
run sample carry-over due to incomplete sample recovery from F4 could affect
spectra reproducibility and, thus, reduce fingerprinting capabilities of MALDI-
TOF-MS. Secondly, the relatively high sample dilution reached after the F4 step
could result in cell concentrations that are below the detection limits for MALDI-
TOF-MS. Thirdly, the time required by the F4 step could affect the intrinsic rapidity
of MALDI-TOF-MS analysis.

When compared to commercial, flat-type F4 technology, potentially disposable
usage of HF5 shows not only the advantage to eliminate risks of run-to-run sample
contamination, but also the advantage to reduce possible sterilization issues. This
is a key point when living, toxic microorganisms need to be analyzed. In common
with applications to protein analysis, the reduced channel volume (typically less
than 100-150 pL) can reduce sample fractionation volume, which in turn can
reduce sample dilution. Such low sample dilution means that fewer concentration
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steps have to be performed on the fractionated samples to maintain MALDI-
TOF-MS detectability. This contributes to decrease total analysis time, and to
simplify possible system automation. HF5 actually shows to be an effective method
to fractionate whole prokaryotic and eukaryotic cells,?*!" and it has been applied to
MALDI-TOF-MS of whole bacteria.?

3.2.1 HFS5 Sorting

Whole cell retention in HF5 is governed by the steric/hyperlayer mechanism,** so
that cells are fractionated according to differences in their physical features.*
Figure 7 reports two examples of HFS5 of different bacterial species.
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Fig. 7 HF5 of different bacteria. (a) Lyophilized E. coli (fractogram 1) cells, B. clausii spores
(fractogram 2); F, =3.0 mL/min, F, ,=0.3 mL/min. (b) Lyophilized B. subtilis (fractogram 1)
cells, cultured B. subtilis (fractogram 2) cells; F, =4.0 mL/min, F, ,=0.7 mL/min. Mobile phase:
1 mM ammonium cholate, pH=9.2 (Adapted with permission from ref. [26], © 2004, American
Chemical Society)



Hollow-Fiber Flow Field-Flow Fractionation for Mass Spectrometry 29

Figure 7a shows that spores of Bacillus clausii (B. clausii) (fractogram 2) are
more retained than lyophilized E. coli cells (fractogram 1). The B. clausii spores
have, in fact, spherical shape, with size comparable to that of rod-shaped E. coli
cells. The latter cells are ca. 2 um in length and ca. 0.7 pm in width, which corre-
spond to an aspect ratio of about 2.7.° The shorter retention time observed for the
lyophilized E. coli cells is, therefore, a consequence of the higher aspect ratio.
Figure 7b shows that the retention of lyophilized Bacillus subtilis (B. subtilis) cells
is completely different from retention of the cultivated B. subtilis cells. This is
because the cell physical features depend on the cell growth stage.

HFS5 is not only able to distinguish different bacteria under different living con-
ditions, but it can also sort bacteria of same species. E. coli cells can be fimbriated,
i.e. some cells can show “pili” on their membrane.*' Figure 8 shows an example of
HF5 of a fimbriated (CS5 0398) and of a non fimbriated (XC113 A2) E. coli strain.
A very large difference in retention between the strains can be observed, with sepa-
ration between fimbriated and non fimbriated E. coli cells due to differences in
surface features rather than to differences in the aspect ratio.

3.2.2 Bacteria Mixture Analysis

Table 1 reports an example of two databases of most characteristic ion signals
obtained for lyophilized E. coli and B. subtilis cells, which were created by run-to-
run and day-to-day replicates of MALDI-TOF-MS spectra.® For each bacterial
species were used the m/z values obtained with a deviation of less than ca. Sm/z
units between repeated MALDI-TOF-MS spectra. Comparison of the signals
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Fig. 8 HFS5 of E. coli. (1) Fimbriated strain C55 0398. (2) Non-fimbriated strain XC113 A2.
Mobile phase: 0.1% v/v FL-70, 0.002% w/v NaN,, 0.125% w/v TRIS. Experimental conditions:
F. =3.00 mL/min, ' =0.44 mL/min. PSf HF channel. (Adapted with permission from ref. [31],

in rad

© 2003, Elsevier Publishing)
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Table 1 Database of most characteristic MALDI-
TOF-MS signals found with run-to-run and day-to-day
variations of less than ca. 5m/z units

E. coli B. subtilis
Mean m/z values (N=30) Mean m/z values (N=22)
6,109.0 4,260.3
7,273.8 4,445.1
9,063.5 5,638.2
9,225.0 7,328.0
9,535.4 7,369.9
9,737.0 7,538.1
10,741.7 7,549.8
12,199.7 9,078.6
12,211.1 11,255.2
15,406.1 11,262.9

g
1007 ~ 807.8
B.subtilis | Mean m/z values (N=22) | E.Coli | Mean m/z values (N=30)
90 § 4260.3 # 6109.0
§ 44451 7273.8
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Fig. 9 MALDI/TOF m/z spectrum of a 1:1 mixture of lyophilized E. coli and B. subtilis cells.
#: Most characteristic E. coli peaks recovered; §: Most characteristic B. subtilis peaks recovered.
Adapted with permission from ref. [26], © 2004, American Chemical Society

reported in Table 1 with E. coli identification data reported in the literature,”’ and
with data obtained from a model-derived protein biomarker search® makes it pos-
sible to assign at least one of these signals to one E. coli protein: the 50 S ribosomal
unit L.29, SwissProt #P02429 (m/z=7,273.8).

Figure 9 reports a representative MALDI/TOF spectrum obtained by mixing
an approximately equal amount of lyophilized E. coli and B. subtilis cells. Both for
E. coli and B. subtilis, only five of the most characteristic ion signals in Table 1 are
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Fig. 10 Fractogram of a 1:1 mixture of lyophilized E. coli and B. subtilis cells. F, =4.0 mL/min;
F, d:O.S mL/min. Mobile phase: 1 mM ammonium cholate, pH=9.2. Band A: B. subtilis; band
B: E. coli. Fraction collection times: fraction 1 (B. subtilis) from 20 to 40 s; fraction 2 (E. coli)
from 50 to 100 s. Adapted with permission from ref. [26], © 2004, American Chemical Society

recovered, and the E. coli signal likely assigned to the ribosomal protein
SwissProt#P02429 is no longer recognized.

Representative results obtained from applying HF5 to MALDI-TOF-MS are
shown in Figs. 10 and 11. In Fig. 10 it is reported an example of a fractogram
obtained for the same 1:1 mixture of lyophilized E. coli and B. subtilis mixture the
MALDI/TOF spectrum of which is reported in Fig. 9. A complete separation
between the two species is achieved. As representatively shown in Fig. 11a and b,
two completely different spectra can be obtained from the fractions collected in
correspondence to band A and B (shaded fraction 1 and 2, respectively), with the
spectral features found for each individual bacterial species that is found in each
spectrum. None of the most characteristic E. coli ion signals in Table 1 was found
in spectra obtained from bands of type A, and none of the most characteristic B.
subtilis ion signals was found in spectra from bands of type B. It is also evident that
fractionation can significantly increase the analytical information obtained from the
spectra. The number of characteristic signals of each species found in the spectra
from each band always increased with respect to the number of characteristic sig-
nals found in the spectra of the unfractionated mixture. This is evident comparing
the representative spectra in Fig. 9 and in Fig. 11a and b. It is also worth noting that
in the representative spectrum in Fig. 11b, the E. coli ion signal likely assigned to
the protein #P02429 is now recovered, while it was lost in the spectra of the unfrac-
tionated mixture (Fig. 9).
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Fig. 11 (a) MALDI/TOF m/z spectrum of the collected fraction 1 in Fig. 10; §: Most character-
istic B. subtilis peaks recovered. (b) MALDI/TOF m/z spectrum of the collected fraction 2 in
Fig. 10; #: Most characteristic E. coli peaks recovered. Adapted with permission from ref. [26],
© 2004, American Chemical Society

4 Perspectives

HFS5 shows interesting features as a pre-MS, separation method for the analysis of
proteomes or whole cells. Its separation performance cannot be however compared
to that of electrophoretic techniques or HPLC. Nevertheless, HF5 should not be
seen as a competing but rather as a complementary, separation technique within a
comprehensive pre-MS analytical platform. The unique advantage of HF5 in fact
lies in the “gentle” mechanism able to keep the analytes in their native conditions.
The low channel volume and the potential disposable usage are also key features
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able to maintain low limits of detection, and to avoid run-to-run sample carry-over.
These are very critical points when accurate and meaningful MS identifications
want to be obtained.

To increase HFS performance, some HFS evolutions are on progress. Multiplexed
HF5% can be applied to large proteome samples to obtain subproteome fractions to
be submitted to MS-based analysis. Tandem HFS5 is currently under study to allow
for in-line re-injection of a selected band slice of the eluate, which is “trapped” at
the HF5 channel outlet. Because of in-channel sample focusing after re-injection,
tandem HFS5 is not expected to significantly increase the final sample dilution and,
then, to affect the MS limit of detection.

HFS still is, however, a prototype technology whose performance shall be
improved also by development of some important technical aspects. Rugged chan-
nel design, the use of HF membranes specifically made for HF5 usage, channel
cartridge engineering, and system operation optimization and automation are nec-
essary to make HFS5 a ready-to-market technology for routine-based applications.
We wish that such a technological gap could be filled up in a relatively short time.

Automated HF5 procedures shall become even more necessary than high frac-
tionation efficiency if HF5 wants to be applied to fast MALDI-TOF-MS methods
for bacteria mixture identification in complex samples. To this end, in fact, rapidity
is essential while total HFS separation of different bacteria species, as obtained in
the cases of model-mixtures here described, should not be considered as strictly
necessary. Instead of a “chromatography-like”, baseline separation between two
populations of cells, HF5 shall most frequently involve enrichment of cells with
some given characteristics with respect to the entire population of different types of
cells. This is because HF5-based cell sorting in fact is the result of a continuous
distribution of multi-polydispersity in the different physical indexes of the cells.
The high selectivity of HF5 makes cells elute as relatively broad bands, because the
multi-polydispersity in the different physical features of the cells is translated into
a continuous difference in cell retention. As a consequence, HF5 band slicing
before MALDI-TOF-MS should be sufficient to decrease the complexity of cell
mixtures and to adequately enrich the HFS fractions in a specific bacterial species.
Thanks to such enrichment, the fractionated bacteria species could subsequently be
better identified by MALDI-TOF-MS.

The results here presented show HFS5 able to discriminate between cultured
bacteria and spores of the same species. The technique shall be likely able to dis-
criminate between living and dead bacteria of same species because living and dead
microorganisms are known to originate differences in FFF retention due to differ-
ences in the hydrodynamic properties.”> HF5 can then assist MS methods to ascer-
tain if an obtained profile can be assigned to spores, living or dead bacteria of same
species.
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Mass Spectrometry and Tandem Mass
Spectrometry for Protein Biomarker
Discovery and Bacterial Speciation

Alvin Fox and Karen Fox

Abstract After culture, MALDI-MS protein profiling, for species characterization,
is widely used. DNA-based identification of bacterial species (with or without prior
culture) often involves PCR and/or sequencing. 16S rRNA sequence cataloging is
the gold standard but discrimination is often only at the genus level. This chapter
discusses protein marker discovery and chemotaxonomy for threat agents using MS
and MS/MS. Characterization of small acid soluble proteins (SASPs) of Bacillus
anthracis and related species are used for illustrative purposes. The ultimate goal of
our studies is universal applicability with species-level certainty in these identifica-
tions including biodetection without culture.

1 Introduction

Medical microbiology focuses on specific bacterial species (e.g. Bacillus anthracis)
as the causative agents of infectious diseases (e.g. anthrax). Many molecular biology
techniques for bacterial discrimination first target a specific gene for amplification
(most commonly polymerase chain amplificationPCR) prior to analysis. Commonly,
DNA regions are selected that are known to contain conserved regions (that can be
targeted by appropriate PCR primers) flanking variable regions that provide sequence-
specific information. 16S rRNA sequence is the gold standard that serves well as a
cataloging technique. Although 16S rRNA sequencing discriminates at the genus
level, there are limitations in its species-level identification capabilities.

In a recent study of 158 clinical isolates, 64.0% were identified to the genus and
species level, 26.6% were identified to the genus level only and there was no
correlation with conventional methods for 9.5% of isolates.! One explanation for
the disparity between genus level and species level identification is that most 16S
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rRNA sequences are highly conserved DNA regions which can be identical in some
closely-related species. Bacterial discrimination can also become considerably
more complicated when sampling includes environmental isolates that may be
genetically closely related to disease-causing species. The environmental isolates
may not have had their 16S rRNA sequences catalogued since these isolates are
generally not encountered in clinical microbiology laboratories. This situation was
observed in a study of urban dust where 16S rRNA arrays indicated the presence of
8,935 taxa, none of which were identified to the species level.”

Due to the limitations of 16S rRNA sequencing, the discovery of other biomark-
ers that can be used to differentiate between bacterial species is vital. Whole
genome sequencing of multiple representatives of species, followed by bioinfor-
matic comparison of these huge DNA sequence sets can allow biomarker discovery.
Nonetheless, it is not always desirable to take such an expensive and time-consuming
route to biomarker discovery.**

Similarly to gene amplification approaches, there are proteomic techniques involv-
ing protein amplification prior to MALDI-TOF-MS analysis. In one technique, a
specific bacteriophage is amplified by multiplication within an infected bacterial host
and the phage proteins are targeted for detection.’ Another technique consists of incu-
bating exotoxin-producing bacteria with a synthetic peptide substrate which upon
enzymatic cleavage generates peptide products. In both instances, the peptide prod-
ucts are readily detected by MALDI-TOF-MS with exquisite sensitivity. In a clinical
microbiology laboratory, such methods can be an excellent choice.® However, ampli-
fication of DNA or proteins targets adds biological complexity to a readily automat-
able analytical chemical system necessary for biodetection. Furthermore, such
focused methods are not optimal for biomarker discovery.

The most widely used mass spectrometry technique for identification of bacte-
rial species involves protein profiling using MALDI-TOF-MS, without prior
amplification or protein fractionation.”'® As is widely-known, isolated bacterial
colonies are sampled from culture plates, dried on a MALDI plate with the ioniza-
tion matrix and subjected to MALDI-TOF-MS analysis. The whole process is
completed in a few minutes and is simple to perform. A plot of abundance versus
mass with a characteristic pattern is generated by the analysis and can be used to
define a specific bacterial species in many instances. Mass profiling is a well-
established approach which is commercially available (e.g. the Bruker Biotyper
profiling software and mass spectral library).!" The power of this approach is its
universal applicability along with its simplicity. In spite of this, mass profiling still
has some limitations.

In MALDI-TOF-MS analysis, there can be considerable variation between pro-
files for replicate cultures of the same strain and between different strains, particularly
if grown on different media.'””'* Thus individual masses can’t be readily assigned as
biomarkers. It is necessary to have sophisticated pattern recognition software to com-
pensate for these variations. Another complication is the possibility that representa-
tives of species are not in the database, making species identification impossible.

Counter-terrorism efforts are concerned with detecting bacterial species in as
close to real-time as possible. The organism must be detected without culture
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from an environmental or clinical sample. Many samples collected for the purpose
of biodetection are usually gathered through air sampling. The problem with this
type of sampling is that many bacterial species can be present in these samples
creating a large amount of background during analysis. The background species
along with other components of the mixture will all contribute to a mixture mass
spectrum with the potentially important peaks buried in the background. This is
the reason why a mass profile cannot be used for the analysis of a complex
sample without some type of fractionation. One solution to this problem is
analysis of single particles by MALDI MS analysis. Unfortunately, this instru-
mentation is not available to the wider microbiology community and awaits
exhaustive evaluation.

An additional limitation of MALDI-TOF-MS profiling is the preferential ioniza-
tion of low mass peptides (<10,000 Da). This can prevent higher mass proteins
(~50,000-100,000 Da) from being detected in a mass profile. These proteins may
be potential biomarkers, making their detection essential in some cases. Prior sepa-
ration, including the removal of competing low mass peptides and proteins, can
allow the ionization of higher mass proteins.

With MALDI-TOF-TOF-MS/MS, the available commercial instruments are
often limited to analyzing peptides in the 1,000-3,000 Da mass range. However,
many of the proteins in a mass profile will be higher in mass, often greater than
10,000 Da, and fall outside the range of current MALDI-TOF-TOF-MS/MS In
order to examine these higher mass proteins, they must be converted into lower
mass peptides. This conversion is usually performed by tryptic digestion. Since
there is no prior separation in mass profiling, a tryptic digest would consist of a
mixture of peptides derived from all the original protein components. Determining
which intact protein the different tryptic peptides are derived from can be difficult
to deduce, further complicating the identification of biomarkers.

In the following sections, we shall describe some of our work on defining pro-
tein markers using MS/MS. We will also discuss efforts to build upon these efforts
involving prior protein separation. The eventual aim is universal mass spectromet-
ric biodetection without prior culture.

2 Identification of Markers by MALDI-MS and MS/MS

The Bacillus cereus group includes Bacillus anthracis and the closely related spe-
cies, Bacillus cereus and Bacillus thuringiensis (the ACT group). Bacillus mycoides,
Bacillus pseudomycoides and Bacillus weihenstephanensis are generally consid-
ered to be more distantly related members of the B. cereus group. However
B. mycoides and B. pseudomycoides are still difficult to distinguish from ACT.
Only B. anthracis and B. cereus commonly cause human disease. Thus the other
species are less well-studied. The B. subtilis group (which includes numerous spe-
cies including B. subtilis and B. atrophaeusB. subtilis var. niger) is the next most
closely related group of bacilli. In military research, B. atrophaeus (sometimes
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incorrectly referred to as B. globigii) is often used a stimulant for B. anthracis, but
since it is not a member of the B. cereus group this is not an optimal choice. Bacilli
are soil organisms and are ubiquitous in airborne dust.?

Small acid-soluble proteins (SASPs) are a group of proteins present in large
amounts in the core region of spores. Mass spectrometric analysis of SASPs gener-
ally involves their extraction from spores with a concentrated solution of trifluoroacetic
acid prior to MALDI-TOF-MS."> The MW of SASPs can be determined using
either MALDI-TOF-MS or ESI-MS.'¢

Since the mass of SASPs is in the range of 7,000, trypsin digestion is required
prior to MALDI TOF-TOF MS/MS analysis. Demirev et al. first used mass spec-
trometry to identify SASPs using MALDI MS/MS to sequence the C-terminal
fragment generated upon tryptic digestion."” They also noted that N-terminal methi-
onine is commonly lost through post-translational modification in bacterial pro-
teins, which accounted for the mass of the intact SASPs differing by 131 Da from
that predicted from the genomic sequence.

SASPs have also been analyzed as intact proteins using EST MS/MS.'¢ For
example, B. cereus strains studied fall into two clusters, one close genetically,
as determined by DNA-DNA hybridization and one more distantly related to
B. anthracis."®" The closely related cluster is characterized by a § SASP with a
single amino acid substitution, localized either close to the C terminus (phenylala-
nine to tyrosine, 16 mass change) or close to the N terminus (serine to alanine, also
16 mass change."” The more distantly related cluster displayed both amino acid
substitutions (32 mass change).”® See Figs. 1, 2 and 3, that provide illustrations of
the discussion above.
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Fig. 1 M.W. of the SASPs of (a) B. anthracis ANR and (b) B. mycoides 6A14 measured by
MALDI MS. The more prominent peak in each case is the § SASP and there is a single amino

acid substitution. The other prominent peak is an oo SASP, whose fixed mass serves as a natural
internal standard
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Fig.2 N and C terminus sequence variation of intact SASPS distinguished using ESI MS/MS (a)
B. anthracis and (b) B. cereus. The b22 ion (+2 charge, N terminus) and the y24 (+2, C terminus)
each differ by an m/z, of 8 (16 mass units); A to S and F to Y shift respectively

3 Correlation of Measured Mass and Predicted Mass
from Genomic Sequence

The predicted MWs measured with MALDI-TOF-MS, for representative strains of
each of the species of the B. cereus group, have been shown to agree with the pre-
dicted MWs of the peptide sequence derived from deposited genomic sequences.”!
This suggests that modifications to protein structure, at least for SASPs, do not
occur on MALDI-MS analysis (Table 1).%!

4 Identification of Bacterial Peptides by Sequence

There are two broadly used approaches to computer assisted peptide identification
that use MS/MS data: database methods and de novo sequencing. The database
search methods are the workhorse for peptide identification. The wide use of com-
mercial systems based on database search algorithms (primarily MASCOT and
SEQUEST) indicates the maturity of this approach. The experimental spectrum is
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Fig. 3 MALDI MS/MS spectrum of the C terminal fragment of a 3 SASP. Note that there is a 16
mass unit shift between the corresponding marked masses between (a) (B. anthracis [parent mass
1518]) and (b) (B. cereus [parent mass 1534]) reflecting an F to Y shift in the sequence

Table 1 Comparison of common measured MWs (using MALDI-TOF-MS) and calculated MW's
(from genomic sequences) of representative SASPs of species of the B. cereus group?!

Measured Calculated Measured Calculated

Species SASP a SASP a SASP B SASP B
B. anthracis 6834.55 6834.59 6678.08 6678.48

B. thuringiensis, 6834.72 6834.59 6694.01 6694.48

B. cereus,

B. mycoides
B. pseudomycoides 6636.92 6636.41 6536.10 6536.28
B. weihenstephanensis 6874.18 6874.65 6524.37 6527.27

treated as a fingerprint and is compared with theoretical spectra computed for peptides
in the database. The proteomic sequence database is largely generated from deter-
mination of a whole genome (by high-throughput DNA sequencing) followed by
prediction of potentially expressed proteins based on predicted genes. However,
database approaches are of limited value when trying to identify peptides from
organisms with un-sequenced genomes. A major weakness of all database
approaches is that they are unable to identify peptides that are not contained in the
database. This is a particularly important limitation in the case of microbial peptides.
It is well known that only a small fraction of microbes found in the environment
are currently culturable. Indeed, even among culturable organisms many remain
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uncharacterized due to extreme diversity. Even in the case where a microbial
genome has been sequenced, it is quite possible that the strain under investigation
exhibits amino acid mutations relative to the peptides in the database.

Since de novo sequencing does not depend on a database of known peptides, it
offers the possibility of identifying novel peptides. It also offers the possibility of
studying a proteome before the genome has been sequenced. The key problems
involved in de novo sequencing are those of identifying the subset of peaks in the
spectrum that specify an ion ladder and then determining the sequence of amino
acids that are most consistent with the ion ladder

One important piece of information that is often missing from current probabilis-
tic and cross-correlation scoring function is the prior distribution of amino acid
usage. This distribution describes the percentage of each amino acid as well as the
probability of combinations of amino acids in peptide sequences. It captures the
mutual information present in adjacent residues in the protein sequences from which
the distribution was derived. By leaving this information out, one is effectively using
a flat prior that treats all combination of amino acids as equally likely. Amino acid
usage can vary widely from organism to organism. Typically, it is similar between
closely related taxa but can be quite different when taxa are distantly related.

5 Ongoing Work and Conclusions

As illustrated above, in MS analysis, the experimental mass of peptides correlates
with the predicted mass from the DNA sequence. If confirmatory results are
obtained from two or more product ion spectra of different peptides, this often is
sufficient for identification of a protein. Unfortunately, closely related bacterial
species often synthesize proteins (like SASPs) that differ in sequence by a few
amino acid substitutions, deletions or insertions. Thus regions of sequence variation
within proteins must be the focus for identification of bacterial species.

Developments are needed in analytical microbiology methodology with the
necessary simplicity, speed, sensitivity, and selectivity for biodetection. There
should be a significant focus on discovery of protein markers for threat agents.
Universal applicability with species-level certainty in these identifications is vital.

Proteins can be separated in liquid as a mixture after tryptic digestion or as intact
proteins.”>* If tryptic digestion is performed prior to LC separation, the MW of a
potential biomarker protein is not generally determined and it can sometimes be
difficult to home in on relevant peptides that contain species-specific sequences
present in the complex mixture using LC-ESI-MS/MS. Alternatively if separation
of intact proteins is performed on a gel, (followed by in situ digestion and
MALDI-MS/MS) analysis is time consuming but it is simpler to focus on individ-
ual peptides derived from the parent protein that can serve as peptide sequence
markers for bacterial discrimination.

Variations in automated separations prior to MALDI-MS/MS and ESI-MS/MS
are thus both viable options for biomarker discovery.”* Biodetection would be a
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logical follow-up provided sensitivity of the analysis is adequate. In its simplest
form, it would be desirable to analyze proteins without tryptic digestion using MS/
MS analysis. However, in some applications, automated and rapid tryptic digestion
may be feasible as demonstrated with model proteins including mammalian myo-
globin and bovine serum albumin.” It is recognized that there is the still need for
substantial developments in mass spectrometry instrumentation and software for
microbial identification. It is our contention that these developments would occur
most effectively (as relates to biodetection) if the microbiology and analytical
chemical methods developments occurred in a coordinated and focused manner with
improvements in one discipline stimulating directed changes in the other.
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Intact Cell/Spore Mass Spectrometry
of Fusarium Macro Conidia for Fast Isolate
and Species Differentiation
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Abstract The focus of this paper is the development of an approach called intact
cell mass spectrometry (ICMS) or intact spore mass spectrometry (ISMS) based
on the technique matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) for the rapid differentiation and identification
of Fusarium species. Several parameters, which are known to affect the quality of
IC mass spectra, have been investigated in detail by varying the MALDI matrix
as well as the solvent system, in which the matrix has been dissolved, the solvent
system for sample purification and the type of sample/MALDI matrix deposition
technique. In the end characteristic as well as highly reproducible IC or IS mass
spectra or peptide/protein fingerprints of three Fusarium species (F. cerealis,
F. graminearum and F. poae) including 16 Fusarium isolates derived from different
hosts and geographical locations have been obtained. Unscaled hierarchical cluster
analysis based on ICMS data of eight selected Fusarium isolates of two species
F. graminearum and F. poae revealed significant difference among the peptide/
protein pattern of them. The results of the applied cluster analysis proved that,
ICMS is a powerful approach for the rapid differentiation of Fusarium species.
In addition, an on-target tryptic digestion was applied to Fusarium macro conidia
spores to identify proteins using MALDI post source decay (PSD) fragment ion
analysis. Two kinds of trypsin, namely bead-immobilized—to favor cleavage of
surface-associated proteins—and non-immobilized trypsin were applied and
compared. The results showed that the latter is more suitable for generating
sequence tags by PSD fragment ion analysis.
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1 Introduction

To many microbiologists in medicine, homeland security and food sciences, rapid
and reliable differentiation as well as identification of microorganisms without
extensive manipulation has become of major interest as well as represent an analyti-
cal challenge. Direct profiling/imaging of the surface of intact microorganisms such
as bacteria or fungi by intact cell mass spectrometry (ICMS) or intact spore mass
spectrometry (ISMS) based on matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) has emerged as a valuable research
tool which is capable of fulfilling several tasks."* MALDI-TOF-MS is the tech-
nique of choice providing high tolerance against the presence of salts and deter-
gents as well as the possibility of automation, making itself suitable for direct and
rapid analysis of microorganisms. The sample preparation, after often time-con-
suming development, in ICMS/ISMS can be carried out within minutes in a
straightforward manner, because the samples are analyzed “as a whole” with mini-
mal direct sample pretreatment after collection and purification from a cell culture
suspension.’ Briefly, intact vegetative cells or spores are mixed with MALDI-MS
matrix solution and deposited directly onto the MALDI-MS target to co-crystallize
before transferred into the high vacuum ion source of the MALDI mass spectrom-
eter for analysis. The matrix absorbs the laser energy and releases it into the solid
preparation of intact cells/matrix molecules. Then a surface-associated peptides as
well as small proteins derived from intact cells or spores are desorbed and ionized
to form mostly singly charged molecules which can then be mass analyzed by the
linear TOF mass analyzer. The mass spectra obtained by ICMS/ISMS are usually
considered as mass spectral fingerprints (even without understanding which spe-
cific components were desorbed/ionized from the intact microorganisms) and the
identification as well as differentiation was to be based on comparison with those
from the others or mass spectrometric database.®” Several algorithms.'*!! based on
m/z and intensity values as well as numerical analysis such as cluster analysis'>!?
have also been developed to compare and estimate the similarity between two or
more mass spectra. All these techniques allow accurate typing (differentiation and
identification, latter if a reference database is available) of microorganisms at
genus, species, and even at the strain level.

The relative simplicity in sample preparation, sensitivity, broad capability,
tolerance to contaminants and speed of the method indicates that ICMS/ISMS has
great potential for routine use in differentiation, identification and classification of
microorganisms. Most research groups have focused their research on identification
of intact bacterial cells'®*16 or bacterial spores'’"* allowing the use of well-
established experimental methods and to a certain extent of mass spectral
databases. So far the ICMS/ISMS technique has also applied successfully to only
few intact fungal cells®*?! and fungal spores.>?>® Fungi are the fifth important
kingdom of eukaryotes*’*® and compared to bacterial cells, fungi are typically
larger and are surrounded by relative rigid cell walls which are generally composed
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Fig. 1 Electron microscope image of Fusarium macro conidia spore (white bar corresponds
to 10 pm)

by up to 90% polysaccharides. Proteins, lipids, polyphosphates and inorganic ions
are also present in fungal cells'>? (Figure 1 showed the electron microscopic
image of a macro conidia spore of the fungus Fusarium). Members of the
ascomycetous genus Fusarium is a large genus of filamentous fungi which are
distributed on plants and in soil, representing an important group of fungal plant
pathogens and may cause various infections in humans, t00.**° Due to the latter
facts it is of great importance to identify and differentiate them rapidly, for
example by ICMS/ISMS in an early stage. In one recent paper,®' 62 Fusarium
isolates were identified by MALDI-TOF-MS based on the extracts of hyphae/
spores, however, not with intact spores. In previous studies on ICMS of fungal
spores,>?7% various parameters has been reported to influence mass spectra data
such as the purification of intact spores, choice of matrix compounds as well as
their dissolved solvents and the MALDI sample deposition techniques. Small
variations during sample preparation will affect the quality and reproducibility of
mass spectrum significantly. Another quite common problem is that, during the
culturing of Fusarium as well as many other filamentous fungi, they often produce
colored pigments of different types and intensities.>>* Especially for the Fusarium
species of our interest, slightly orange to red-brown colored macro conidia spores
were produced.’ The presence of this colored components resulted in quite
poor quality of IC/IS mass spectra. Therefore the deep-colored spores need to be
pre-treated properly.

In this paper we reported on the differentiation of intact Fusarium macro
conidia spores by MALDI TOF mass spectrometry. We optimized the experi-
mental parameters for ISMS, showed that differentiation is feasible by cluster
analysis and started to build a mass spectral database on Fusarium species as
well as strains. In addition, identification of proteins from Fusarium spores
preparation (F. graminearum CPK 2985) has been achieved by on-target digestion
technique in combination with MALDI post source decay (PSD) fragment ion
analysis.
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2 Experimental

2.1 Sample Generation of Macro Conidia Spores

All Fusarium isolates (collection of the Institute of Chemical Engineering (Vienna
University of Technology, Vienna, Austria)) were first vitalized on SNA-Plates
(Synthetischer Néihrstoffarme Agar) and the subsequently macro conidia spore
generation was carried out at 28 °C in a shaker incubator at 160 rpm with mungbean
soup (20 g mungbean in 1 L of water were heated for 20 min and directly used after
filtration) as nutritional medium. The spores were collected by filtration through a
sterile glass funnel containing glass wool and centrifugation of the filtered liquid
suspension containing spores at 8,000 rpm and 4 °C for 10 min. The obtained
supernatant was discarded while the pellet was mixed with an aqueous solution
containing 20% glycerol (w/v) and stored at -20 °C if the MALDI-MS analysis was
not performed immediately. The concentration of the spore solution was deter-
mined by spore counting in a light-optical microscope (Nikon Instruments Europe,
Amstelveen, The Netherlands).

2.2 Sample Preparation

The major amount of glycerol and other contaminants in spore suspension has to
be removed prior to MALDI-MS analysis. Several solvent systems were used to
wash both colorless, light- and deep-colored Fusarium spores for removal of the
colorizing surface components and were evaluated in terms of mass spectrometric
performance (detailed description see reference 24). The spore suspension was
washed three times with various solvent systems at 19,500 x g for 10 min using
Nanosep™ (Pall, Ann Arbor, MI, USA) centrifugal devices MWCO 10 kDa). Then
the spore pellet was resuspended in pure water with a final concentration of three
million spores/uL and in case of on-target digest in 25 mM ammonium bicarbonate
solution with a conidia spore concentration of 1.5 million/uL, respectively.

12 MALDI-MS matrix compounds in different concentrations and 15 different
matrix solvent mixtures were evaluated (detailed description see reference 25). Five
different sample deposition techniques comprise of dried droplet, mixed volume,
thin layer, sandwich, two-layer volume technique were evaluated based on mass
spectrometric reproducibility, peaks numbers and intensities.>*

For on-target digestion, 1 uL Fusarium conidia spores suspension in 25 mM
ammonium bicarbonate solution was placed onto stainless steel MALDI-MS target.
After drying the spores solution at room temperature (RT), 0.5 pL of bead-
immobilized TPCK trypsin solution®?¢ isolated from bovine pancreas (Pierce
Biotechnology, No. 20230, Rockford, IL; Before using 20 pL bead-immobilized
TPCK trypsin was washed following the instruction provided by the company and
finally 4 times diluted (in terms of volume) with 25 mM ammonium bicarbonate
solution) or 0.5 pL of 0.1 pg/uL non-immobilized trypsin isolated from bovine
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pancreas (Roche Diagnostics, Mannheim, Germany, Cat. No. 11418025001) in
25 mM ammonium bicarbonate solution were added onto each sample spot, respec-
tively. Then conidia spore samples prepared on the MALDI-MS target plate were
incubated in a humidity-controlled chamber at RT to prevent spot drying. On-target
digestion was stopped after 25 min by allowing the samples to dry at RT. Finally,
0.5 pL of 10 mg/mL a-cyano-4-hydroxycinnamic acid (CHCA) in acetonitrile/0.1%
aqueous trifluoroacetic acid (70/30, v/v) was added for MALDI-MS analysis and
dried at RT.

2.3 MALDI-TOF-MS

Positive ion MALDI mass spectra were acquired on Axmia-CFRM™ instrument
(Shimadzu Biotech Kratos Analytical, Manchester, UK) equipped with a nitrogen
laser (337 nm, 3 ns pulse width) and a curved field reflector. The instrument was
operated at an acceleration voltage of 20 kV. All the mass spectra were accumulated
(up to 2,500 single unselected laser shots) across the whole matrix/analyte spot
automatically in the rastering mode.

For IC/ISMS analysis, the instrument was operated in linear mode with delayed
extraction (optimized for m/z 5,000) in the m/z range of 1,000—15,000. The blank-
ing gate was set at m/z 1,000 to remove the ions below this m/z value arising from
matrix (their clusters as well as fragments) and other unknown contaminants exhib-
iting low molecular mass. An external three-point calibration was performed prior
to every automatic measurement of each Fusarium species/strain with the protein
cytochrome c (protonated molecule at m/z 12361.2 and double protonated molecule
at m/z 6181.1) and the standard peptide ACTH 7-38 (protonated molecule at m/z
3657.9). The singly charged peptides from tryptic auto digestion products at
monoisotopic m/z 659.38, 805.42,2163.06 and 2273.16 (mass accuracy of £ 0.03 Da)
were used for internal calibration of the digested samples. The PSD mode has been
calibrated with the synthetic peptide (P),, K. For PSD fragment ion analysis 2,500
single unselected laser shots were accumulated. The average m/z values of frag-
ment ions, which were used for manual de novo sequencing, were automatically
derived from smoothed PSD spectra (Shimadzu Biotech supplied Savitzky-Golay
algorithm, smoothing filter width 20) with baseline subtraction (baseline filter
width 60). Typically PSD spectra showing an average mass accuracy of = (0.5 Da in
the low m/z range (< m/z 1,500) and in the m/z range>m/z 1,500 of+2 Da were
acquired.

2.4 Data Handling

The first step of data analysis consisted of spectral preprocessing using the software
supplied by the instrument manufacturer (Launchpad 2.7.3) by applying baseline
subtraction (filter width 200) and smoothing (Savitzky-Golay algorithm, 20 channels).
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The processed mass spectra were exported in mzXML?? format and re-imported
into mMass*® software (version 2.4) for further analysis. Peaks were manually
picked in the m/z range of 2,400-15,000 omitting those peaks known to be caused
by the matrix as well as sodium or potassium adducts of peptide/protein analytes.
For each sample (i.e. isolate), peak lists containing m/z and intensity (normalized
by the most intense peak in the m/z range 2,400-15,000) values of those peaks,
which could be detected in at least 50% of all replicate measurements were gener-
ated. An alignment of all peak lists was generated considering peaks from different
mass spectra to be identical if their m/z difference was less than 1+m/z / 3,000
(variable threshold of 1.8 Da at m/z=2,400 extending to 6 Da at m/z=15,000).
Peaks, which were not detected in one mass spectrum, but were present in others,
were added with an intensity of zero. This procedure resulted in a data matrix con-
sisting of a total of 270 features (i.e. peaks) defined for 95 mass spectra, which was
used for hierarchical clustering (distance measure: Euclidean distance, linkage
type: Ward’s method) using Datalab (version 2.4, http://www.lohninger.com/data-
lab/de_home.html, Epina, Austria).

3 Results and Discussion

3.1 Short Description of the Applied Strategy

In this study, we demonstrated a rapid screening approach that employs MALDI-
TOF-MS of intact conidia spores (Fig. 1) for differentiation of Fusarium species.

Figure 2 showed the strategy of IC/ISMS of Fusarium macro conidia.

Experimentally, after spore generation and a simple washing procedure with
organic/water solvent mixture by centrifugation, the intact Fusarium spores and
matrix solution were pre-mixed in an polypropylene tube (Fig. 3) or mixed on
MALDI-MS target directly (based on different sample deposition technique) for
sufficient interaction which indicates an intimate contact between Fusarium conidia
spores, MALDI-MS matrix compound and solvents.

Then the prepared sample/matrix spot was allowed to dry by evaporating of
solvents at RT and subsequently was used for MALDI-TOF-MS analysis. The gen-
erated mass spectral profiles of macro conidia spores turned out to be sufficient
“different” to differentiate various Fusarium species.

3.2 Different Types of MALDI-MS Sample Preparations

Sample preparation of Fusarium conidia spores for IC/ISMS includes purification
and concentrating of spores as well as subsequently transfer of the spores onto the
MALDI target and embedding into the MALDI matrix. During these steps several
parameters have been evaluated for the optimization of IC/ISMS based on mass
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| Culturing and collection of macroconidia spores ‘

v

| Purification by washing steps |

}

MALDI MS matrix and purified samples deposited
onto the MALDI MS target (details see Fig. 3)

!

MALDI-TOF-MS analysis by
rastering

'

| IC/IS mass spectra |

A\ 4

| Data analysis for differentiation and identification ‘

Fig. 2 Strategy of intact cell/spore mass spectrometry (IC/ISMS) of Fusarium macroconidia

spectrometric reproducibility, in terms of m/z values, as well as number and intensities
of peaks. The washing solvent systems for purification, matrix compounds as well as
solvents in which the matrix has been dissolved and sample deposition technique
were included in the evaluation process.

A previous study? proved that the solvent system for washing Fusarium macro
conidia spores especially for washing the deep-colored Fusarium spores is of vital
importance for successful analysis. In fact, due to the rigid cell walls of fungal spores,
the purpose of this procedure is not only the purification of spores but also for extrac-
tion of proteins/peptides (i.e. bringing them to the surface) in order to improve the
signal-to-noise ratio. Several solvents composed of water, acetonitrile, methanol,
ethanol, isopropanol, organic acids such as formic acid or trifluoroacetic acid have
been investigated. They were either used in pure form or were mixed in a certain
ratios (v/v). The result showed that the organic acid play an important role in this
washing step. For example, the use of solvent system acetonitrile/water (7/3)
for washing the Fusarium isolate CPK NO.2765 deep-colored spores generated a
poor mass spectrum without any useful peaks. However, when aqueous 0.1% trifluo-
roacetic acid or aqueous 0.5% formic acid replaced pure water as washing system, the
color of the intact spores became lighter and the quality of obtained MALDI mass
spectra improved significantly (and for some spore preparations for the first time use-
ful mass spectra were obtained). Many other researchers have also noted the utility of
acid pre-treatment of other microorganisms for enhanced mass spectral data.'*1821%
The use of organic acid changes the pH of the spore suspension and might modify the
architecture of the spore cell wall resulting in a better release of proteins and peptides.
Furthermore, the change of pH value of the solution might be an effective way of
color fading (although not totally) of Fusarium macro conidia spores.
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Purified Fusarium MALDI matrix
macroconidia spore solution solution (FA)

N

Pre-mixing in Eppendorf tube

\4

Deposition onto MALDI MS
target (1 uL)

l

Drying at RT

l

Deposition of second MALDI MS matrix layer (0.5 pL) onto the
first dried MALDI matrix/sample layer

l

Drying at RT

l

IC/ISMS analysis

Fig. 3 IC/ISMS sample preparation with two-layer volume technique for Fusarium macroconidia

The MALDI mass spectra varied with the MALDI-MS matrix used significantly.
For IC/ISMS analysis of Fusarium conidia spores, different matrix compounds in
different concentrations and solvents, in which matrix has been dissolved, have
been investigated in our previous study.” The commonly used acidic matrix com-
pounds including CHCA, 2,5-dihydroxybenzoic acid (DHB), ferulic acid (FA),
sinapinic acid (SA) and neutral ionic liquid matrix system composed of DHB/
butyl amine and CHCA/butyl amine were tested. The solvent system for dissolv-
ing the matrix compounds is also a crucial factor. It has not only an impact on
crystal structure but also on the degree of the spores (analyte) incorporated into the
matrix layer. Various solvents namely acetonitrile, methanol, ethanol, isopropanol
in pure form or combinations with pure water or TFA-acidified water were used
for dissolving matrices. Through comparison based on the mass spectrometric
performance (e.g. reproducibility or signal intensity) of the preparation resulted
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in the selection of the matrix FA dissolved in the traditional acetonitrile/0.1%
aqueous trifluoroacetic acid (7/3, v/v) solvent system at a concentration of
10 mg/mL as most suitable for ISMS analysis of Fusarium conidia spores. In a
study of ICMS of the other fungal genus Aspergillus, it was reported that the addi-
tion of organic acids in the MALDI-MS matrix solution provided sufficient dis-
solving ability to release bioactive compounds (e.g. small proteins) from the cell
walls of intact spores.”® Furthermore the organic acid in matrix/spore crystals
might also provide a source of protons thus facilitating the protein/peptide ioniza-
tion resulting in high quality MALDI mass spectra.

The optimal matrix/analyte deposition technique is one further key requirement
for a successful MALDI-MS analysis. The morphology of the crystal layer of
matrix and analyte varied with the change of deposition technique. Hence five
types of sample deposition techniques in total were evaluated for IC/ISMS of
Fusarium spores, namely thin layer, sandwich, dried droplet, mixed volume, two-
layer volume technique.”** At the beginning the first three deposition technique
including thin layer, sandwich, and dried droplet were compared by Kemptner
et al.® As a result, no significant peptide/protein profiles could be achieved with
thin layer technique. The sandwich technique generated homogeneous crystal lay-
ers and in most cases a well-defined peptide/protein profile. However, the sample
preparation reproducibility was not satisfactory. Direct mixing of Fusarium
conidia spores and MALDI-MS matrix solution on the MALDI-MS steel target,
called dried droplet technique, yielded highly reproducible as well as abundant
peptide/protein profiles compared to the first two techniques. The reproducibility
can be further improved by pre-mixing matrix solution and Fusarium conidia
spore suspension in a tube prior to application onto the MALDI target, referred to
as mixed volumes method.”® But in later investigations, both dried droplet and
mixed volume techniques were found not to work properly for the deep-colored
Fusarium conidia spores, which is a serious drawback. So dried droplet, mixed
volume and two-layer volume technique were compared in parallel for the devel-
opment of a preparation technique applicable to deep-colored Fusarium conidia
spores.”* Comparing with dried droplet technique, the plain mixed volume tech-
nique resulted in a homogeneous matrix/spore crystal layer and generated an
improvement of the MALDI mass spectrometric reproducibility. But the two-layer
volume technique was found to be the most suitable technique with the highest
number and abundances of peaks. The essential character of the two-layer volume
technique is the application of second MALDI-MS matrix layer, which is con-
nected to a dissolving and re-crystallization step, and resulted in a better incorpo-
ration of the spores into the matrix layer and maybe kind of purification. The flow
chart of steps of the two-layer volume technique for IC/ISMS of Fusarium macro
conidia spores is outlined in Fig. 3. Because two-layer volume technique is associ-
ated with the exposure of the spores to organic as well as acidic solvents in the
MALDI-MS matrix solution, the volume ratio and time of matrix/spore solutions
interaction were also investigated.’**® Finally for both, light-colored and deep-
colored Fusarium conidia spores, a matrix/spore solution ratio of 1/1 (v/v) and the
duration of mixing time of at least 3 min were recommended to use.
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3.3 Verification of Peptides/Proteins Desorbed/Ionized
Jfrom Conidia Spore Surface

In this work, MALDI PSD fragment ion analysis of protonated tryptic peptides
generated via on-target tryptic digestion from the surface of F. graminearum macro
conidia spores was tested for its applicability. Generally after spore purification, i.e.
washing with acetonitrile/aqueous 0.5 % formic acid, the intact Fusarium spores were
suspended in 25 mM ammonium bicarbonate and applied onto the MALDI target for
25 min tryptic on-target digestion (details please see experimental part 2.2). The
generated tryptic peptides were analyzed directly by MALDI RTOF MS without any
further sample cleanup generating a complex peptide mass fingerprint (PMF). Then
the MALDI PSD fragment ion analysis was applied to the selected tryptic peptides
with high abundance. In addition, the effectiveness of on-farget digestion using both
bead-immobilized and non-immobilized trypsin as enzyme has been compared and
the results proved that the latter is more efficient for generating a good PMF. This
strategy is rapid, easy to operate and the obtained positive ion PSD spectra were
complex but still interpretable allowing partial peptide sequencing followed by
database search. Figure 4 presents a typically a PSD spectrum of the abundant
precursor peptide ion at m/z 1888.90. With manual de novo peptide sequencing
from such PSD spectra and combined with database homology search, protein
identification based on the shown PSD spectrum and another PSD spectrum from the
precursor peptide ion at m/z 673.43 (data not shown) could be accomplished.
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Fig. 4 MALDI PSD spectrum obtained from the precursor ion at m/z 1888.9 after on-target tryptic
digestion of Fusarium macroconidia spores
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Two other hypothetical proteins FG04915.1 and FG07774.1 that contribute
precursor peptides at m/z 924.56 and m/z 2258.11 separately are also identified
(data were not shown). However, due to the limitation of Fusarium database, the
proteins identified in this study are all hypothetical proteins. But they can be
tentatively explained based on their superfamily annotation.

3.4 Differentiation of IC/IS Mass Spectra of Different Fusarium
Species and Isolates

Two previous studies®2¢ performed in our laboratory presented that the different
reference Fusarium species can be differentiated based on their evident differ-
ence in their protein/peptide peak patterns. Here in this study three Fusarium
species including 16 unique isolates which were derived from various hosts and
geographical locations were included (Table 1) in such a differentiation study.

Figure Sa—c exhibit the IC/IS mass spectra of the species F. cerealis, F. graminearum
and F. poae as well as from different isolates. The IC/IS mass spectra of Fusarium
conidia spores were measured in the mass range from m/z 1,000 to 15,000. But
most of the protein/peptide signals observed in the mass spectra occurred between
the m/z values 2,000-10,000.

We found significant differences in the peak pattern of the three different
Fusarium species. Furthermore the protein/peptide pattern of B isolates of the
same species show common peaks in terms of m/z values but some peaks could
be found with quite different relative abundance to each other (e.g. see Fig. 5a
(a—d)). To evaluate quantitatively whether IC/ISMS could distinguish isolates
of different species, we performed a hierarchical cluster analysis of selected 8

Table 1 Investigated Fusarium species and strains grown on different hosts in different locations
of Austria

Species Strains CPK No. Host Geographic origin Label
F. cerealis 2739 maize Wieselsdorf a
F. cerealis 2740 maize Wieselsdorf b
F. cerealis 2741 maize Mogersdorf c
F. cerealis 2743 barley Lambach d
E graminearum 2761 maize Wieselsdorf e
FE. graminearum 2763 maize Wieselsdorf f
F. graminearum 2764 maize Wieselsdorf g
F. graminearum 2765 barley Probstdorf h
F. graminearum 2766 wheat unknown i
E. graminearum 1122 unknown unknown j
FE poae 2772 Maize Tulln k
F. poae 2774 Maize Tulln 1
F. poae 2775 Barley Probstdorf m
F. poae 2781 Barley Probstdorf n
F poae 2793 Barley Lambach o
F poae 2794 Barley Lambach P




1 j
L Ab. Iy
ul b
I i ! n
c
%Int.
100
50
\ d
M._.L ll "1
ol . ‘ ‘ , ; ‘ ‘
2000 4000 6000 8000 10000 12000 14000
m/z
b
e
|
f
o h.lwukt " 1 U
g
.M‘.AM.L b "\‘
‘L h
L L
%lnt. !
| .
1007 * : :
50 .
J
TOVOUUS W | — "
s e el , ‘
2000 4000 6000 8000 10000 12000 14000

m/z



Intact Cell/Spore Mass Spectrometry of Fusarium Macro Conidia for Fast Isolate 59

C
W ' )
o lbh Lo )
|
m
frone “ lL
n
NMWAA.A i b L
%lInt. (o]
- Lh N
100 ! ‘ -
50
p
TRT N NPT TT .IAL.L‘A
0 | et B ‘ ‘ ‘ —
2000 4000 6000 8000 10000 12000 14000

m/z

Fig. 5 (continued) (a) IC/IS mass spectra of four (a—d) strains of F. cerealis. (b) IC/IS mass spectra
of six (e—j) strains of F. graminearum. (c) IC/IS mass spectra of six (k—p) strains of F. poae

isolates of two Fusarium species from various hosts and geographical locations
(F. graminearum isolates CPK No. 2763, 2764, 2765, 1122 and F. poae isolates
CPK NO. 2772, 2774, 2775, 2781) as well as analyzed them several times.
To exclude peaks potentially derived from the MALDI-MS matrix as well as
other contaminants, only peaks with m/z values between 2,400 and 15,000 in
the IC/IS-mass spectra were used for the cluster analysis. The dendrogram is
constructed using the degree of association and unscaled hierarchical clustering
techniques that help visualize similarities between different protein/peptide
fingerprints (Fig. 6).

Conceptually, the two fingerprints with the highest degree of association are
joined together first, followed by those with the next highest degree of associa-
tion, and so on. Figure 6 shows the derived dendrogram indicating clearly the
differences. In the dendrogram, the two species F. graminearum and F. poae
grouped separately from each other were strikingly dissimilar indicating that
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Fig. 6 Dendrogram representing the result of unscaled hierarchical cluster analysis of IC/ISMS
data of Fusarium species/strains from different hosts (maize, barley and unknown) and locations

differentiation of isolates at species level is possible. Replicate analyses of single
isolates showed a very high degree of association and therefore grouped tightly
together. Although the isolates within a species are closely related in terms of
their IC/IS mass spectra, some differences between each of them other were also
observed. Until now it is difficult or impossible to differentiate the isolates
derived from different hosts (e.g. corn, barley and unknowns) and geographical
locations within eastern regions of Austria. The number of well-defined isolates
which must be analyzed by IC/ISMS has to be increased significantly to present
a final statement to the last topic.

4 Conclusions

We have described successfully the use of MALDI-TOF-MS approach for
differentiation of macro conidia spores of Fusarium species. Sample preparation
of intact Fusarium spores (stored for example at —80 ° C) from light- to deep-
colored samples for IC/ISMS analysis do not need to employ any prior tedious
separation or extraction procedure and can be finished in a few minutes. MALDI
mass spectrometric measurement can be made quickly, with a relative high
tolerance to contaminants, and can be automated. The described method is
specific, reproducible and accurately identifies differences in large sets of closely
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related isolates of Fusarium species. It represents a fast approach for Fusarium
macro conidia species differentiation and has the potential for other fungal
microorganisms differentiation and meets the requirements for high-throughput
screenings. Thus in the future it is easy to expect that IC/ISMS will continue to be
widespread used for such demanding applications and the development as well as
growth of IC/IS mass spectra databases will further foster the described method.
In addition, on-target tryptic digestion of Fusarium spores is readily accomplished
and has the capability to identify the proteins found in the IC/IS mass spectra of
fungal spores by PSD fragment ion analysis TOF/RTOF or QqRTOF experiments
in case of available databases.
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Abstract Current methods of species-specific bacterial detection and identification
are complex, time-consuming, and often require expensive specialized equipment
and highly trained personnel. Numerous biochemical and genotypic identification
methods have been applied to bacterial characterization, but all rely on tedious
microbiological culturing practices and/or costly sequencing protocols which
render them impractical for deployment as rapid, cost-effective point-of-care or
field detection and identification methods. With a view towards addressing these
shortcomings, we have exploited the evolutionarily conserved interactions between
a bacteriophage (phage) and its bacterial host to develop species-specific detection
methods. Phage amplification-coupled matrix assisted laser desorption time-of-
flight mass spectrometry (MALDI-TOF-MS) was utilized to rapidly detect phage
propagation resulting from species-specific in vitro bacterial infection. This novel
signal amplification method allowed for bacterial detection and identification in
as little as 2 h, and when combined with disulfide bond reduction methods devel-
oped in our laboratory to enhance MALDI-TOF-MS resolution, was observed
to lower the limit of detection by several orders of magnitude over conventional
spectroscopy and phage typing methods. Phage amplification has been combined
with lateral flow immunochromatography (LFI) to develop rapid, easy-to-operate,
portable, species-specific point-of-care (POC) detection devices. Prototype LFI
detectors have been developed and characterized for Yersinia pestis and Bacillus
anthracis, the etiologic agents of plague and anthrax, respectively. Comparable
sensitivity and rapidity was observed when phage amplification was adapted to a
species-specific handheld LFI detector, thus allowing for rapid, simple, POC bacte-
rial detection and identification while eliminating the need for bacterial culturing or
DNA isolation and amplification techniques.
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1 Introduction

The Advanced Biodetection Technology Laboratory at the Colorado School of
Mines has been involved in biodetection research for over 23 years. Several major
accomplishments in bacterial biodetection have been realized in that time. Some of
these contributions include:

e Adaptation of tandem mass spectrometry to identification of biomarkers in
bacterial pyrolysates.'

* Development of pyrolysis chemistry for the U.S. Army Chemical Biological
Mass Spectrometer (CBMS).>.

* Development of a lipid in situ derivatization process for the CBMS version II.°

* Development of matrix assisted laser desorption ionization — time of flight mass
spectrometry (MALDI-TOF-MS) for analysis of whole cell bacteria.®’

* Development of immunological techniques for separation of mixed species
bacterial cultures prior to MALDI-TOF-MS analysis.?

* Development and analysis of bacterial detection and identification methods
incorporating phage amplification-coupled MALDI-TOF-MS.*"!

* Development of phage amplification methods for rapid determination of bacterial
antibiotic resistance.'”

* Coupling of phage amplification with real-time PCR for rapid detection and
identification of viable Bacillus anthracis".

* Development of phage amplification-coupled lateral flow immunochromatogra-
phy for rapid, POC bacterial detection and identification.'*

e Development of new MALDI-TOF-MS sample pretreatment methods for
enhanced resolution of viral capsid protein structures. '

* Development of novel phage absorption-based bacterial detection and identifica-
tion methods. '

* Application of phage amplification-coupled surface enhanced Raman spectros-
copy for bacterial detection and identification.'®

Most common methods of species-specific bacterial detection and identification
including those developed in our lab and others are complex, time-consuming, and
often require expensive specialized equipment and highly trained personnel.
Numerous biochemical and genotypic identification methods have been applied by
others to bacterial characterization, but all rely on tedious microbiological culturing
practices and/or costly sequencing protocols which render them impractical for
deployment as rapid, cost-effective POC or field detection and identification meth-
ods. With a view towards addressing these shortcomings, we are presently exploiting
the evolutionarily conserved interactions between a bacteriophage (phage) and its
bacterial host to develop species-specific detection methods. Phage amplification,
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when coupled to contemporary detection platforms is a novel approach for rapid
detection and identification of bacterial agents. In this process, a bacterium is
infected with a species-specific bacteriophage and allowed to progress through the
infection, resulting in the release of many progeny phage. With each progeny phage
produced, there is an amplification of both protein and nucleic acid content, which
can be used as indirect indicators of the presence of a specific bacterial host.

Phage amplification-coupled MALDI-TOF-MS was shown to rapidly detect
phage propagation resulting from species-specific in vitro bacterial infection. This
novel signal amplification method allowed for bacterial detection and identification
in as little as 2 h, and when combined with disulfide bond reduction methods devel-
oped in our laboratory to enhance MALDI-TOF-MS resolution, was observed to
lower the limit of detection by several orders of magnitude over conventional spec-
troscopy and phage typing methods. Phage amplification was also combined with
lateral flow immunochromatography (LFI) to develop rapid, easy-to-operate, por-
table, species-specific point-of-care detection devices. Prototype LFI detectors
have been developed and characterized for Yersinia pestis and Bacillus anthracis,
the etiologic agents of plague and anthrax, respectively. Comparable sensitivity and
rapidity to that of MALDI-TOF-MS were observed when phage amplification was
adapted to a species-specific handheld LFI detector, thus allowing for rapid, simple,
point-of-care bacterial detection and identification while eliminating the need for
bacterial culturing or DNA isolation and amplification techniques.

2 Contemporary Bacterial Detection Methods

Numerous biochemical and genotypic identification methods have been applied
to bacterial detection, identification, and characterization with varied levels of
success. 16S-23S rRNA gene sequencing-based methods have become the gold
standard of genotypic bacterial identification.'””" Other genotypic identification
methods such as multilocus enzyme electrophoresis (MLEE),?*> multilocus
sequence typing (MLST),”* pulsed-field gel electrophoresis (PFGE),”*?” ampli-
fied fragment length polymorphism (AFLP),** repetitive sequence-based PCR
(REP-PCR),”®3" and Raman Spectroscopy-based systems*'*> have also been used,
but all rely on tedious microbiological culturing practices and/or costly and time
consuming sequencing protocols utilizing highly specialized equipment which
render them impractical for deployment as rapid, cost-effective POC or field detec-
tion and identification methods.

While these methods have been used effectively as tools for laboratory detection
and identification of bacterial pathogens, there is an interest among military, clini-
cal, and academic institutions for much simpler methods of rapid bacterial detec-
tion and identification, which are much more cost-effective, do not rely on complex
equipment, and allow for positive pathogen identification without the need for
highly trained personnel. The use of phage amplification techniques combined with
commonly used lateral flow diagnostic technologies addresses all of the shortcom-
ings of current detection and identification methodologies.



68 C.R. Cox and K.J. Voorhees

3 Bacteriophage Biology

Since the independent discovery of bacteriophages by Frederick Twort in 1915%
and Felix d’Herelle in 1917,* the elucidation of the phage infection cycle has con-
tributed significantly to the general bodies of microbiology, molecular biology and
genetics. Chief among the knowledge gained from phage biology in regards to
bacterial detection and identification, is the concept of phage-based bacterial spe-
cies typing. Traditional phage-typing assays consist of bacterial host infection with
an appropriate species-specific phage, followed by plating onto a lawn of the bacte-
rial host on nutrient agar.’* If the bacterial host is present, phage infection and
replication are initiated as illustrated in Fig. 1.

Phage first adsorb to the bacterial cell surface via a number of possible interac-
tions, including attachment to Gram-negative outer membrane porins,*’ transporter
proteins,® or by attachment to bacterial cell wall components such as lipopolysac-
charide* and Gram-positive peptidoglycan.**#' Phage genetic material is then trans-
ferred into the host by a number of possible mechanisms depending on the phage***
where it is incorporated by recombination into the genome resulting in transcription
and translation of phage genes by host cellular machinery.* The resulting outcome is
the production of many new progeny phage. As intracellular phage replication and
assembly progress, a lysis event or burst is triggered releasing progeny phage into the
surrounding milieu, followed by continued infection of remaining uninfected bacteria
in the vicinity.* Numerous infectious cycles lead to the formation of visible lysis zones

Fig. 1 (a) Species-specific phage attachment to bacterial host is immediately followed by insertion
of phage genetic material into host (b), which reprograms bacterial replication machinery to produce
numerous progeny phage components (c). Progeny phage are then assembled intracellularly (d) fol-
lowed by eventual lysis of the host bacterium (e) releasing new phages for subsequent infection
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Table 1 Glossary of phage terminology

Terminology Definition

Adsorption The extracellular attachment of a phage to its host
bacterium

Burst size The number of progeny phage released from a lysis event

Burst time The average amount of time required for release of progeny

phage following bacterial infection
Multiplicity of infection (MOI) The ratio of infectious phages to targeted host bacteria

Lytic phage A phage that infects a host bacterium, produces progeny
phage, and lyses that host to release progeny phage

Lysis The event of host cell destruction following phage infection
and production of progeny phage

Lysis from without The phenomenon of bacterial lysis resulting not from

infection, but from the adsorption of multiple phages
to a single bacterium

Progeny phage A phage that has been produced as the result of a bacterial
infection

(plaques) on a bacterial lawn. Any resulting plaque formation is indicative of the
presence of a specific bacterial host and can be used in combination with serial
dilution techniques to quantify phage as well.* Using this traditional plaque assay
method, many human bacterial pathogens have been routinely typed, including
Bacillus anthracis,*** Escherichia coli,® Staphylococcus aureus,” Pseudomonas
aeruginosa,” Camphylobacter jejuni,’' Listeria monocytogenes,” and Salmonella
typhimurium,” By combining a defined multiplicity of infection (MOI), which is the
ratio of infecting phage to target bacteria, a phage burst of known size and time can
be reproducibly triggered. This can then be coupled with modern detection instru-
mentation to exploit the evolutionarily conserved phage infection process and pro-
duce an amplified detectable signal that is directly attributable to the presence of the
targeted bacteria'® (Table 1).

4 MALDI-TOF-MS

MALDI-TOF-MS is an effective tool for the analysis and identification of a large
range of peptides, proteins, and intact bacteria and viruses.®>** Protein profiling, or
mass fingerprinting using MALDI-TOF-MS has emerged as a rapid method of
bacterial detection and identification.®” The basic concept of MALDI-TOF-MS
centers on the rapid volatilization of target peptides or proteins by laser ablation of
samples embedded in a UV-absorbing matrix, combined with time-of-flight mass
spectrum analysis. Typical MALDI-TOF-MS applications involve mixing a protein-
containing sample (biological fluids such as serum, urine, tissue extracts, or whole
bacterial or viral preparations) with an organic matrix solution that catalyzes the
co-crystallization of target proteins with matrix on a chargeable target grid. Samples
are subjected to a laser pulse under vacuum resulting in the liberation of protein ions
from the matrix. Liberated ions are then accelerated by an electrical field towards a
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detector. Smaller proteins are accelerated to higher velocities than heavier proteins
and thus reach the detector sooner. The time of flight for a given target protein is then
proportional to its relative mass to charge ratio (m/z). The charge (z) of an ionized
protein, if given a value of 1, thus makes the m/z value equal to the mass of the
protein. The output of each detection event can then be compiled with a series of
readings to generate a spectral profile for each protein present in a sample. When
plotted graphically each protein present within the detection limits of the device is
described by its mass to charge ratio along the horizontal axis, and by a peak-inten-
sity value on the vertical axis to arrive at a spectral protein profile.

5 Phage Amplification-Coupled MALDI-TOF-MS
Bacterial Detection

The coupling of MALDI-TOF-MS protein profiling with bacteriophage amplifica-
tion (Fig. 2), by virtue of the production of many copies of phage from each bacte-
rial infection, further extends the capability of MALDI-TOF-MS for bacterial
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Fig. 2 Phage amplification-coupled MALDI-TOF-MS bacterial identification. (a) Application of
species-specific phage to a sample suspected to contain target bacteria leads to phage infection (b),
followed by propagation and amplification of phage (¢). MALDI-TOF-MS detection of phage-
specific capsid proteins (d) results in the production of phage-specific MCP profile (37.8 kDa
peak) (e), indicating the presence of target bacterial species
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detection by effectively lowering the amount of bacteria necessary to elicit a detectable
signal. This concept was used to develop tractable MALDI-TOF-MS detection
methods in our laboratory for the detection of E. coli*'*'? and Salmonella enterica
(subsp. enterica serovar typhimurium)."" Madonna et al. determined that a typical
MALDI-TOF-MS limit of detection (LOD) for E. coli of 1.0 x 10° CFU/mL could
be decreased by two orders of magnitude by the application of MS2 phage ampli-
fication techniques’ while Rees and Voorhees extended this work to demonstrate
the simultaneous detection of E. coli and S. enterica with MS2 and MPSS1 phage
amplification."

Much of our research has focused on the development of rapid, highly species-
specific detection and identification methods for bacterial pathogens. With a view
towards the evolution of the basic phage plaque assay into a more rapid, species-
specific bacterial detection method, we have characterized a number of phage
amplification-based MALDI-TOF-MS, LFI, and real-time PCR detection tech-
niques for bacterial pathogens including enterohemorrhagic E. coli, S. typhimu-
rium, B. anthracis and Y. pestis.'135¢ Representative MALDI-TOF-MS spectra
resulting from the infection of an E. coli culture with MS2 phage are shown in
Fig. 3. A pure, high CFU/mL culture of E. coli yields a MALDI- TOF mass
spectrum showing multiple bacterial proteins (Fig. 3a). In contrast, purified, high
titer MS2 phage yields a mass spectrum consisting of one main peak representative
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Fig. 3 (a) Phage amplification-based MALDI-TOF-MS detection of B. anthracis. Mass spectra
are shown for (a) B. anthracis, (b) y phage, (¢) B. anthracis-y phage mixture before phage ampli-
fication (bacterial and phage concentrations below the MALDI-TOF-MS LOD), and (d) the same
mixture after 2 h of phage amplification
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of a previously described 13.7 kDa capsid assembly protein®’ (Fig. 3b).
Immediately following infection of E. coli with MS2 phage at concentrations
below the limit of MALDI-TOF-MS detection, mass spectra show no discernible
bacterial or viral peaks (Fig. 3c). However, after a 2-h incubation at room tem-
perature, the same infection reveals the presence of the MS2 capsid protein
among the peaks generated by lysed bacterial cells, effectively demonstrating the
use of phage amplification as an indirect indicator of the presence of E. coli
(Fig. 3d).

Similar research conducted in our laboratory demonstrated that the species-spe-
cific anthrax typing phage Gamma (y)***® could be utilized for amplification-coupled
MALDI-TOF-MS for rapid, highly accurate Bacillus anthracis detection (Fig. 4).'*>°
A pure, high CFU/mL culture of B. anthracis yields a MALDI-TOF mass spectrum
showing multiple bacterial proteins (Fig. 4a). Purified, high titer y phage yields a
mass spectrum consisting of two primary peaks representative of previously
described 22 and 32.0 kDa minor and major capsid structural proteins, respectively
(Fig. 4b).%%¢" A 16 kDa doubly charged ion of the major capsid protein is also
observed. Initial infection of B. anthracis with y phage at bacterial and phage con-
centrations below the limit of MALDI-TOF-MS detection yields mass spectra that
lack bacterial or viral peaks (Fig. 4c). After 2 h of incubation at room temperature,
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Fig. 4 (a) Phage amplification-based MALDI-TOF-MS detection of E. coli. Mass spectra are
shown for (a) E. coli, (b) MS2 phage, (¢) E. coli-MS2 phage mixture before phage amplification
(bacterial and phage concentrations below the MALDI-TOF-MS LOD), and (d) the same mixture
after 3 h of phage amplification
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the same infection reveals the presence of the y phage capsid proteins among the
peaks generated by lysed bacterial cells, demonstrating the use of phage amplifica-
tion as an indirect indicator of the presence of B. anthracis (Fig. 4d).

6 Enhanced Phage Amplification-Coupled MALDI-TOF-MS

Phage amplification-coupled MALDI-TOF-MS relies on the liberation of phage
structural proteins, primarily major capsid protein monomers (MCPs), to produce a
mass spectrum. While intact phages are preferentially used for MALDI-TOF-MS
detection, the inherently large mass of most phage capsid assemblies requires some
level of capsid disruption to derive a signal within the operational size capabilities
of most mass spectrophotometers. To that end, previous reports have demonstrated
successful use of various acid pretreatment methods to achieve sufficient viral dis-
assembly for mass analysis.”!'7 It should be noted, however, that observations on
the use of common acidic MALDI-TOF-MS matrices combined with laser ablation
suggest these methods are unreliable for reproducible phage capsid disassembly.'*
As aresult of these findings and based on knowledge gleaned from available phage
genomic sequencing data,®>* it was recently hypothesized that of the limited num-
ber of possible molecular interactions controlling tertiary structure in phage capsid
complexes, disulfide bond formation was likely contributing to the formation of
such large structures.” It follows then, that disruption of these disulfide bonds
should liberate MCP monomers and effectively enhance MALDI-TOF-MS phage
detection. To test this hypothesis, several disulfide bond reducing agents were
applied in the pretreatment of six different phage types and evaluated by MALDI-
TOF-MS."

Comparative MALDI-TOF-MS spectra produced by pretreatment of Y. pestis-
specific phage ¢A1122 illustrating the requirement of disulfide bond reduction for
resolution of the pA1122 MCP are shown in Fig. 5. Figure 5a shows a representa-
tive spectrum obtained by conventional MALDI-TOF-MS sample preparation.
Figure 5b shows a representative spectrum obtained by acetic acid pretreatment,
and Fig. 5c illustrates results obtained by 2-mercaptoethanol (BME) pretreatment.
Based on previously published genome sequencing data,’ the 15.8 kDa peak in
Fig. 5a was identified as a pA1122 gene 13-encoded scaffolding protein involved
in viral capsid assembly. During virion assembly the scaffolding protein serves as
a template around which MCP monomers are assembled.®” The expected molecu-
lar weight for the @A 1122 major capsid protein is between 35 and 40 kDa'* which
agrees with its previously described molecular weight of 36.588 kDa for pA1122.%
The function of the 11 kDa peak in Fig. 5a and b is unknown, but is likely encoded
by @A1122 gene 5.5. Based on homology to gene 5.5 of phage T7, this open
reading frame has been putatively identified as an abundantly expressed nucleoid
protein H-NS-binding protein.>®> Spectra obtained after BME pretreatment
(Fig. 5¢) reveal the appearance of a strong peak in the 36.3 kDa range indicative
of the pA1122 MCP. A doubly charged ion of this protein is seen at 18.1 kDa.
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Fig. 5 MALDI-TOF-MS
spectra of Y. pestis phage
(A1122 with (a) conven-
tional sample preparation,
(b) refluxed with 90% (v/v)
acetic acid in water, and

(c) pretreated with ME.
Only capsid assembly pro-
teins (15.7 kDa) are visual-
ized by conventional and acid
pretreatments (a and b),
while the 36.3 kDa MCP is
resolved with disulfide bond
reduction using BME (c).
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The elaboration of a 36 kDa peak by disulfide bond reduction, which is not
observed by conventional MALDI-TOF-MS sample preparation, suggests that
high-copy multimeric protein complexes such as the virion capsid assembly pres-
ent in many phage types must be robustly disassembled prior to analysis in order
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to resolve their monomeric constituents. When properly resolved, this data
indicates, due to the large number of MCP monomers present, a significant
enhancement in detectable MALDI-TOF-MS signal.

7 Lateral Flow Immunochromatography

MALDI-TOF-MS is considered by many to be the gold standard for protein
identification. However, as a matter of practicality, an ideal biodetection system
should be considerably less complex, far less expensive, and amenable to mobile
applications. It is for this reason that we have initiated a movement towards
easy-to-operate, portable detection platforms with similar, if not superior, detection
capabilities when compared to current mass spectroscopic methods of bacterial
detection and identification. LFI detection has been adapted in many formats for
detection of a large number of analytes, but the basic concept remains constant
(Fig. 6). A liquid sample is applied to a test strip and an analyte of interest moves
across a polymeric membrane by capillary action passing various zones containing
reporters or other molecules specifically designed to interact with the analyte.

a Absorbing pad

Nitrocellulose membrane
NeutrAvidin control line
Phage-specific antibody capture/test line \

Secondary reporter release pad

Sample pad
\

+ D + 5 —

Antibody- Bacterium Phage
conjugated
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c )‘(_{_’g\_’

Fig. 6 Schematic representation of a prototype phage amplification-coupled LFI device
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If the given analyte is present, it is arrested in combination with a myriad of possible
colored, fluorescent, or luminescent reporter conjugates in a detection zone often
involving analyte-specific antibodies. As a product of the concentration of the
analyte-reporter complex along the detection zone, a visible or otherwise detectable
line is formed indicating the presence of the target analyte. In the case of phage
amplification-coupled bacterial detection, a patient sample (urine, serum, skin
swab, etc.), hospital surface swab, or other sample suspected of containing a target
bacterial species is mixed with a previously prepared species-specific phage and
incubated to allow for phage infection and amplification. Following incubation, a
primary reporter consisting of colored polystyrene nanoparticles conjugated with
phage-specific monoclonal antibodies is added to the infection reaction. An aliquot
of this is applied to a test strip where the liquid sample wicks from the sample pad
into a secondary control reporter conjugate release pad (in this case containing a
second color of polystyrene nanoparticles conjugated with biotin). The secondary
reporter and any phage-primary reporter complexes are carried onto a nitrocellulose
detection membrane striped with a detection line composed of immobilized, phage-
specific monoclonal antibodies. In the case of a positive test, phage-primary reporter
complexes concentrate along this line resulting in the formation of a visible colored
line. At the same time, the secondary control reporter is carried across a second
detection zone consisting of a stripe of NeutrAvidin. The biotin-conjugated secondary
reporter concentrates along this line, resulting in the formation of a secondary colored
line, indicating that the sample was completely transported across the detection zone.
A positive test is thus indicated by the formation of two separate colored lines — one
at the detection line, and one at the control line (Fig. 6b). It follows that a negative
test is indicated by the formation of a single control line only (Fig. 6¢).

In addition to bacterial and viral detection platforms, LFI devices have been
reported for a wide variety of biomedical, veterinary, agricultural, and environmental
applications.® First described in 1980 as a pregnancy test, the technique was
originally termed the “sol particle immunoassay”.®’ Since then, LFI devices have
been utilized with various levels of success for detection of human bacterial patho-
gens, including B. anthracis,”® Brucella abortus,” E. coli,”® Helicobacter pylori,”
S. aureus,” Streptococcus pneumoniae,” and Treponema pallidum.” LFI has also
been successfully applied to detection of a number of human,”>® plant,” and animal
viral pathogens.%-%

Figure 7 depicts a prototype phage amplification-coupled B. anthracis detection
device. Figure 7a shows a positive result following the addition of a B. anthracis-
specific phage to a liquid bacterial sample. A bacterial culture was infected with an
optimized phage concentration in order to maximize burst size and prevent lysis
from without (the non-specific lysis of host bacteria resulting from numerous phage
adsorption events to a single cell without the production of progeny phage). After
a short incubation, an aliquot of the phage infection reaction was applied to the
sample-loading port of a handheld cassette (S), and allowed to wick across the test
window. A positive result is indicated by the formation of two test lines — one at the
test line (T), and another at the control line (C). In order to verify that this positive
test was the result of phage amplification, accompanying control tests were run at
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Fa B
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Fig. 7 Prototype phage amplification-coupled LFI bacterial detection. (a) Positive test resulting
from phage amplification in presence of target bacterial species as indicated by development of
two lines. (b) Phage-free water control showing a single control line, which indicates a negative
result. (¢) Phage-free bacterial culture control showing a single negative control line. Control line
(C), test line (T), sample applicator pad (S)

the same time. Figure 7b shows the result of prototype tests run without phage or a
bacterial target, verifying the absence of a false positive as indicated by the forma-
tion of only a single control line. The test run in Fig. 7c was conducted with the
same bacterial sample used in Fig. 7a, but without the addition of phage. A single
test line in the absence of phage was observed only at the control line.

As these preliminary results indicate, a handheld prototype LFI device such as
that shown in Fig. 7 allows for the rapid, user-friendly, species-specific detection of
any number of phage-bacterial host pairs. In doing so, this platform bypasses the
need for laborious microbial culturing and/or costly DNA amplification methods,
or complex detection instrumentation.

In conclusion, experience in biodetection research at CSM has defined a set of
problems associated with most biodetectors. Research in our laboratory has focused
on overcoming these problems. Careful application of the evolutionarily conserved
relationship between phages and their bacterial hosts, and the resulting amplification
associated with phage infection has allowed for significant advances in bacterial
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detection without many of the common pitfalls of other contemporary detection
methods. Phage amplification-coupled MALDI-TOF-MS has allowed for instrumen-
tal advances in bacterial detection via rapid, species-specific phage protein profiling.
This novel signal amplification method allowed for bacterial detection and identifica-
tion in as little as 2 h, and when combined with disulfide bond reduction methods
developed in our laboratory to enhance MALDI-TOF-MS resolution, was observed
to lower the limit of detection by several orders of magnitude over conventional spec-
troscopy and phage typing methods. With the goal of bypassing the need for complex
instrumentation and highly trained personnel, methods for the use of phage amplifi-
cation-coupled LFI have been explored and found to provide for a combination of
rapid, sensitive bacterial detection in an inexpensive, portable configuration, which is
ideal for POC detection and identification of bacterial pathogens.
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anthracis: From Fingerprint Analysis
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Abstract A range of mass spectrometry-based techniques have been used to identify,
characterize and differentiate Bacillus anthracis, both in culture for forensic appli-
cations and for diagnosis during infection. This range of techniques could usefully
be considered to exist as a continuum, based on the degrees of specificity involved.
We show two examples here, a whole-organism fingerprinting method and a high-
specificity assay for one unique protein, anthrax lethal factor.

Keywords Bacillus anthracis * Anthrax ¢ Anthrax toxin ¢ Anthrax lethal factor
* MALDI MS e Fingerprinting * Statistical analysis * Quantification

1 Introduction

Bacillus anthracis, the causative agent of anthrax, is a gram-positive, spore-forming
bacterium. The three distinct routes of human infection are dermal, ingestion and
inhalation.' Each route leads to a different form of the disease. The spores are very
resistant to environmental stress and have been weaponized by several countries to
facilitate aerosol distribution. Today, naturally-occurring cases of anthrax are rela-
tively rare in the US and Western Europe, but inhalation anthrax has a subtle and
rapid onset with a high mortality rate. During the 2001 anthrax incidents in the
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United States, the case: fatality ratio was 45% despite the administering of antibiot-
ics and aggressive supportive care.”* Vegetative cells circumvent the host defenses,
by producing both a poly-D-glutamic acid (PGA) capsule to evade phagocytosis,
and two binary toxins which disrupt immune signaling.! As infection progresses,
vegetative cells enter the bloodstream, often resulting in systemic bacteremia,
sepsis-induced shock, respiratory distress, extensive hemorrhage, and death. B.
anthracis produces two binary toxins including lethal toxin (LTx) which is a com-
plex of lethal factor (LF, 93 kDa) and protective antigen (PA, 63 kDa in the acti-
vated form), and edema toxin which is a complex of edema factor (EF) and PA.'
The genes for the three toxin proteins are carried on plasmid pX01, while the genes
directing the PGA capsule synthesis are carried on plasmid pX02. The modes of
action for both toxins have been well characterized. While PA targets the cell sur-
face transporting LF and EF into the cell, both LF and EF have enzymatic activities.
LF is a zinc-dependent endoproteinase known to cleave specific peptide bonds in
the family of mitogen-activated protein kinase kinase (MAPKK) response regula-
tors and EF is a calmodulin dependent adenylate cyclase.

Diagnosis and characterization of anthrax is achieved using classical microbio-
logical methods that are based upon identification of genotypic and phenotypic
differences between B. anthracis and related organisms in the B. cereus group.
However, microbiological methods that require culturing techniques rely on via-
ble organisms and thus may yield negative results in the presence of antibiotic
treatment. In addition most of these take more than 24 h for culture incubation.
There is a need for appropriate tools for rapid diagnosis of anthrax in clinical
samples following a bioterrorism incident.* Following the 2001 anthrax attacks
however, a range of molecular biochemical methods were successfully used,
including multiple-locus variable number tandem repeat analysis (MLVA),
sequencing of the PA gene (pagA) used for sub-typing,® and real-time polymerase
chain reaction (PCR).* Immunohistochemical analysis of tissue biopsies and sero-
logical analyses have also featured prominently in confirmatory diagnosis of
anthrax.%® To complement and enhance our capabilities for rapid, high sensitivity
and high specificity diagnosis of anthrax, a range of mass spectrometry (MS)-
based methods have been developed to identify B. anthracis and diagnose anthrax.
Many of the MS-based methods can be assigned to one of three broad classes,
listed in order of increasing specificity:

1. Fingerprinting methods
2. Proteomic approaches
3. Highly targeted analyses

The fingerprinting methods often use matrix-assisted laser-desorption ionization
(MALDI) to generate a mass spectral pattern or fingerprint of the proteins or other
compounds from B. anthracis spores or vegetative cells.”!® Typically, statistical
analyses are used to aid in correct identification of the organism and/or strain, and
this becomes increasingly important as larger numbers of organisms and strains are
included in the studies.'''> An important distinction between the MS fingerprinting
methods and the other classes of methods is that specific identification of individual
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proteins is not required. However, it is common that certain of the mass spectral
peaks will be tentatively or definitively assigned to specific proteins, generally by
using other techniques or sources of information for confirmation. For example,
tentative assignments can be obtained by comparison with the protein databases.'>!?
If such a protein is identified, it can then be investigated as a candidate biomarker
for that organism or strain.'*"

MS-based proteomic approaches for the analysis of B. anthracis and related
organisms rely upon the identification of specific peptides and proteins by
matching of MS and tandem MS (MS/MS) data with information in the genetic
and protein databases. The presence of proteins unique to a given organism or
strain can provide an unambiguous identification of that organism; in that sense,
proteomic approaches are more specific than fingerprinting methods. Currently,
the rapid increase in the number of fully-sequenced microorganisms listed in the
databases makes these proteomic approaches increasingly applicable. Many
researchers favor strategies which include tryptic digestion of extracted proteins,
followed by MALDI MS/MS or liquid chromatography-MS/MS (LC-MS/MS).!¢
Alternatively, mass spectral peaks from the intact small acid-soluble proteins (o,
B, a-B and y SASPs; around 6.5-10 kDa) from B. anthracis and related organisms
in conjunction with the protein database entries have been used for unequivocal
identification.'*!s

Highly-targeted MS methods can be characterized by the use of one or more
highly specific target compounds for unequivocal identification of the organism or
strain. The choice of compounds ranges from small molecules through lipids,"”
carbohydrates or glycoproteins,'® to proteins such as specific cell-surface markers
or extracellular secreted toxins such as anthrax LE." In many cases, the biomarkers
used in targeted MS-based methods have first been identified and characterized
using other biochemical techniques, which may have involved decades of research.
This is true for example for anthrax LE." It is relatively uncommon that a targeted
method can quickly or easily be developed based solely upon a compound initally
discovered in an MS fingerprinting study.

This report presents an example of an MS-based fingerprinting method for dis-
crimination of B. anthracis strains and of a highly targeted method for quantitative
analysis of anthrax lethal factor that exploits the enzyme activity of this protein.
These methods utilize sample preparation equipment and MS instruments found in
a well-equipped laboratory.

2 MALDI-MS Fingerprint Analysis of B. anthracis Strains

The method described here is intended for the analysis of pure cultures of B. anthracis
and related organisms. Although the method is not fast since it relies upon culture
(a minimum of 2 days plus 2—-3 days to ensure that materials are rendered safe), it can
potentially be used to identify microorganisms at the strain level and may assist in
forensic or epidemiologic analyses.
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2.1 Sample Preparation

Seven well-characterized strains of B. anthracis were chosen to represent genotypic
and origin diversity, along with five closely related bacilli chosen to represent dif-
ferential diagnostic challenge, Table 1. Three separate harvestings of vegetative
cells and spores were obtained, to include the variability resulting from the growth
conditions. Organisms were inactivated using gamma irradiation (10° rads, 4 h),
and absence of viability was confirmed by 2- to 3-day culture. This part of the work
was carried out using approved BSL-3 facilities, while observing appropriate safety
precautions. Four other organisms were also cultured for use as statistical outliers.

2.2 Maldi Analysis

Cultures (around 10° organisms/mL) were mixed with an equal volume of 10 mg/
mL sinnapinic acid in 70:30 (v/v) water:acetonitrile plus 0.1% trifluoroacetic acid.
Samples (0.5 puL) were plated on stainless steel MALDI targets, and were analyzed
in positive-ion linear mode on an Applied Biosystems (AB) 4700 Proteomics
Analyzer. At least ten replicate mass spectra were acquired, over the m/z range

Table 1 Bacilli and other organisms selected for MALDI fingerprint analysis. Fully-numeric
identification codes refer to organisms in the CDC collection. The vegetative and spore codes are
used as abbreviations on other figures

Organism Identification Plasmids; genotype ~ Vegetative code Spore code
B. anthracis ATCC 4229; pX01-, pX02+ A\l S1
Pasteur strain
B. anthracis Sterne strain pX01—, pX02+ V2 S2
B. anthracis 2000031661 pX01+, pX02+ V3 S3
B. anthracis 2000031653 pX01+, pX02+ V4 S4
B. anthracis 2000031658 pX01+, pX02+ V5 S5
B. anthracis 2000032777 pX01-, pX02- V6 S6
B. anthracis 2000031136 pX01+, pX02+ \'%4 S7
B. cereus ATCC 14579 pBClinl5 V8 S8
B. megaterium ATCC 14581 Theta-pBMs V9 S9
B. mycoides 2000032765 Cryptic plasmids V10 S10
B. subtilis 2000031480 palT1, palT2 Vi1 S11
B. thuringiensis ~ ATCC 13367 Multiple plasmids V12 S12
Escherichia coli  ATCC 25922 - X13 -
Enterococcus ATCC 29212 - X14 -
faecalis
Streptococcus ATCC 700294 - X15 -
pyogenes

Staphylococcus ATCC 29213 - X16 -
aureus
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2,000-14,000, from each of three MALDI wells so as to include mass spectral
variability in the data sets.

2.3 Statistical Analysis

Profile mass spectra were exported from the MS data system in text format, and
were subjected to a custom sequence of preprocessing steps designed to apply
normalization, summing, background subtraction and smoothing,'**° and finally
standardizing and denoising,”! Fig. 1. The preprocessing yielded data sets comprising
profile mass spectra containing only statistically significant peaks with a back-
ground of zero intensities at all other m/z values. This was advantageous because
such data can relatively easily be subjected to a range of statistical algorithms, such
as hierarchical clustering analysis (HCA)," partial least squares discriminant analy-
sis (PLS-DA)* and random forest (RF) analysis.?! Here we used the PAST program?
for HCA, and Fortran code for RF.>***
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Fig. 1 Details of the preprocessing steps for MALDI mass spectra prior to fingerprint analysis.
(a) Three individual raw spectra, from B. anthracis Pasteur spores; (b) Three summed spectra,
each comprising ten raw spectra acquired from each of three MALDI wells, after background
subtraction, smoothing, standardizing and denoising, This preprocessing sequence gives near-
optimal Random Forest classification
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2.4 Fingerprinting Results

Figures 2 and 3 show MALDI spectra of the vegetative and spore forms of seven
strains of B. anthracis, along with five other bacilli and four non-bacillus organ-
isms. Most B. anthracis strains yielded good-quality spectra. Most spectra of the
spore forms contained a pair of peaks in the m/z 6,500-7,000 region, although in
several cases the intensities were low. We presume that these are the B. anthracis
a- and B-SASPs at 6,836 and 6,679 Da respectively, that have been characterized
by others.'*!> Interestingly, many of the vegetative forms of B. anthracis also
yielded similar peaks. Spectra of the other bacilli analyzed here did not contain the
B-SASP peak at around m/z 6,683, which is thought to be unique to B. anthracis."”

HCA was able to group most harvestings of each organism and growth form cor-
rectly. This suggests that the variability across replicate harvestings is less than that
between organisms and growth forms. However, the inter-relationships suggested by
the protein fingerprint similarities do not easily match the expected phylogeny based
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Fig.2 MALDI MS fingerprint spectra of seven strains of vegetative forms and spores of Bacillus
anthracis. Spectra are identified using the short codes as listed in Table 1; V1-V7 are the vegeta-
tive and S1-S7 are the spore forms of organisms 1 through 7 respectively. Traces for corresponding
vegetative and spore forms also share the same colors
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Fig. 3 MALDI MS fingerprint spectra of strains of non- Bacillus anthracis organisms.
Spectra are identified using the short codes as listed in Table 1; V8-V 12 are the vegetative and
S8-S12 are the spore forms of organisms 6 through 12 respectively. Traces for corresponding
vegetative and spore forms also share the same colors. Traces of four non-Bacillus organisms,
coded X13-X16 and shown in black, were included as outgroups for statistical purposes

on genetic data. In our experience RF has a higher discriminatory power?' than both
HCA and PLS-DA, and a richer information output than HCA. RF typically gave
around 95-99% accuracy in the classification of MALDI spectra from the three
harvestings, the only errors involving the incorrect assignment of some of the
poorest-quality spectra, which had been obtained from B. anthracis Pasteur spores
(Fig. 2). Figure 4 shows an RF proximity plot, in which the densest grays represent
the highest similarities. In general, individual spectra are classified by RF as being
most similar to other spectra from the same organism and growth form, which gen-
erates the diagonal line of dense squares. RF was always able to correctly identify
organisms and growth forms, and could successfully classify all strains of B. anthracis
in their vegetative forms. In addition, four of the spore forms of B. anthracis were
always correctly classified. However, three of the spore forms could not be reliably
distinguished from each other. Proximity plots indicated that the similarity is more
diffuse for these three spore forms of B. anthracis, which can account for the mis-
classification in this region.
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Fig. 4 Random forest proximity matrices, for 504 observed spectra classified as 28 classes.
Increasing spectral similarity is represented by increasing image density. V1-V7 and S1-S7,
B. anthracis vegetative and spore forms respectively, as coded as in Table 1. V8-V12 and S8-S12,
other Bacillus vegetative and spore forms respectively. X13-X16, outgroups (E. coli, etc.)

It is now widely accepted that MALDI protein fingerprinting should include an
appropriate statistical analysis, although there is no firm consensus on the best
method. Some researchers favor ‘pure’ statistical algorithms such as PLS-DA,*
RF?!'2 or artificial neural networks,'?> while others combine statistical analyses with
protein database searching.”

3 Quantitative MALDI-MS Analysis of Anthrax Lethal Factor
Activity

The method described below supports clinical diagnostics through the analysis of
anthrax LF levels in human serum or plasma, following infection with B. anthracis.
It has been developed based on animal studies using rabbits and rhesus macaques
exposed via the inhalation route, and its performance was compared to a range of
other assays for clinical diagnostic markers of anthrax.'**
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3.1 Animal Study

Most of the work described here involved analysis of serum and plasma samples
from rhesus macaques that had been exposed to known amounts of aerosolized
B. anthracis Ames strain spores (around 2 x107 spores, equivalent to 300—400 times
the 50% lethal dose), using appropriate safety precautions and approved humane
methods in BSL-3 facilities.”® Serum was drawn pre-exposure and at regular inter-
vals post-exposure.

3.2 Sample Preparation

Briefly, the method incorporates a monoclonal antibody (mAb) capture step using
a non-neutralizing mAb bound to magnetic beads, designed to extract the anthrax
LF from serum or plasma.'" The beads are washed to remove serum proteins, and
are transferred to an appropriate buffer system at pH 7.3 which includes an opti-
mized peptide substrate that mimics the primate MAPKK target sequences. The
mAb-bead bound LF cleaves the substrate peptide at a specific location, releasing
N-terminal (NT) and C-terminal (CT) product peptides, Fig. 5. We use two formats
for the assay, involving 20 or 200 pL of plasma and 2 or 20 h incubations at 37°C,
to cover both high and low levels of LF and different sensitivity ranges. Each ana-
Iytical run includes a set of recombinant LF-spiked standards, blanks and quality
control (QC) samples prepared in human serum along with the unknown samples
to be quantified. All sample preparation was carried out in BSL-2 facilities and
using appropriate personal protective equipment.

3.3 Maldi Analysis

After the LF reaction is complete, supernatant is mixed with MALDI matrix
(a-cyano-4-hydroxycinnamic acid) and two isotopically-labeled internal stan-
dard peptides, which are identical in sequence but 7 Da higher in mass than the
native NT and CT products. Samples are spotted on stainless steel 384 spot
plates and are analyzed by MALDI-MS using an AB 4800 Proteomics Analyzer
operated in positive-ion reflectron mode, Fig. 5. Samples are plated in quadru-
plicate, and four spectra (one per MALDI well) are acquired for each sample, in
order to incorporate the variability from the MALDI analysis. In the absence
of LF the predominant peaks correspond to the singly and doubly-charged
substrate peptide, Fig. 5. However, when LF is present the substrate peaks are
diminished and two peaks that correspond to the LF-cleaved peptide products
are present with intensities that are related to a given amount of LF in the
original sample.
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Fig. 5 Detection of anthrax lethal factor activity. (a) Detail of the enzymatic reaction catalyzed
by lethal factor. Red amino acids (AAs) indicate the cleavage site and underlined AAs indicate the
MAPKK consensus region. (b and ¢) MALDI mass spectra of the reaction mixture incubated
without (b), and with (¢) lethal factor, respectively. Asterisks indicate the two product peptides
generated in the presence of lethal factor

3.4 Quantitative Analysis

MALDI mass spectra are processed using a custom software application which
extracts isotopic peak areas of the native NT and CT products, the internal stan-
dards, and the substrate. Isotope-dilution quantification is performed based on the
peak area ratios of the pairs of native and internal standard peptides, which is
designed to correct for variability in the MALDI signals. The CT product was the
primary target for quantification of LF, and the NT product was used for confirma-
tion. Curve-fitting is achieved using a sliding-fit algorithm which carries out linear
regression over narrow ranges, usually involving three or four adjacent levels of
standards. Quantitative data from analytical runs are only accepted when the QC
samples are in-control.
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3.5 Comparison with Other Methods for Anthrax
in Clinical Samples

The MALDI method for anthrax LF in plasma is highly specific and sensitive;
limits of detection (LODs) are around 0.025 and 0.005 ng/mL of LF (93 kDa) in
200 pL of plasma, with 2 and 20-h incubations respectively. Quantitative results
from the 2-h incubations could be reported within about 4-h of receipt of the sam-
ple. Coefficients of variation (CVs) for the QC materials are within 8-15%.

The MALDI method for LF was compared with culture (bacteremia), pagA
PCR, PA ELISA, and PGA ELISA results for five inhalation-infected rhesus
macaques. Culture results were negative until 48-h post-challenge, Fig. 6. In four
out of five animals, culture reversed from a positive on day 2 to negative or low
positive on day 3 post-challenge. This indicated that its use for clinical diagnosis
may be limited. In contrast, the LF method gave positive results 24 h after exposure.
The LF method also gave positive results in every case in which culture results had
reversed. PA ELISA for the five animals was only positive in late infection (LOD
4.8 ng/mL), while PGA ELISA and pagA PCR were positive from 48 h onward

Diagnostic | AnimalID | 24h  48h 72h 96h 120h
A - - - 147*
B — — — — 3,153*
PA C - - - -
D —_ —_ —_ —_ —
E - - - 19,434*
A 0.006 45.2 10.3 103*
B - 25.9 19.0 63.6 | 1,236*
LF C 0.200 51.7 10.6 34.1*
D 0.018 38.1 8.1 4.5 27.7
E — 42.0 25.1 | 3,886*
A - 10,394 20 32,000*
B - 48 17 681 | 1.1e6*
PGA C - 7,061 16 3,541*
D - 1,523 7 3 32
£ = 6,527 18 1.9e6*
A - + + +*
B - — + NS +*
pagA C - + + +*
PCR D - + — NS NS
E - + + +*
A - + — +*
Bacter- B - T I NS F*
emia C — + — +*
Status D — + — NS NS
E — + + +*

Fig. 6 Results of five diagnostic tests carried out on five rhesus macaques between 24 and 120 h
following inhalational exposure to anthrax. PA, protective antigen ELISA. LF, the lethal factor
mass spectrometric method. PGA, poly-D-glutamic acid ELISA. These three diagnostics were
quantitative, and amounts are recorded as nanograms per millilitre of PA, LF or PGA. Two quali-
tative diagnostics were also used: pagA PCR, PCR of the PA gene, and culture status (bacteremia).
Coding: (-), negative; (+), positive; (£), low positive; (NS), no sample. Asterisks indicate results
at time of euthenasia
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Fig. 7 Triphasic kinetics of toxemia in five rhesus macaques exposed to inhalation anthrax
(Bacillus anthracis Ames strain). Data are for anthrax Lethal Factor measured in the serum using
the mass spectrometric method, for individual animals coded A through E as described in Fig. 6.
Three animals died on the fourth day post-challenge, one died on the fifth day, and one survived
until the ninth day

(LOD 2.25 ng/mL). In two instances, pagA PCR was negative when LF was positive,
but compensated for two of the negative culture results at 72 h with positive results.
Overall, the LF method out-performed the other four methods, enabling both earlier
and more reliable diagnosis.

The LF method also revealed triphasic kinetics of toxemia, in which LF levels
first increase, then briefly decrease, and then increase again prior to death. Figure 7
shows LF levels for five animals, four of which died on days 4 or 5 and one on day
9. The triphasic pattern was also observed for LF in studies with New Zealand
White rabbits with inhalation anthrax (unpublished results), although the time peri-
ods were shorter than in the macaque model. The triphasic kinetics described here
help to explain the clinical description of anthrax, which initially resembles a mild
flu-like illness and is sometimes followed by a period in which the patient feels
better. However, after that point, death follows rapidly.”’ Finally, it should be noted
that the method has been successfully applied to measure LF levels in a single
human case of anthrax.*

4 Conclusions

From our point of view, a continuum of approaches for MALDI MS-based analyses
of B. anthracis exists, and no single MS-based method is likely to suit all purposes
in the event of an intentional release of anthrax. We have shown examples from
the extremes of this continuum, ranging from a fingerprinting method requiring
relatively little information about the organism, to a highly specific method for the
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enzyme activity of one protein unique to this organism, lethal factor. Although the
quantitative method for LF is in many ways superior to the fingerprinting method,
it is interesting to note that a strain of B. cereus that carries the anthrax toxin genes
and causes pneumonia has been characterized.” Such B. cereus strains have been
shown to be fatal*® and although the LF method might misdiagnose this as a potential
B. anthracis infection, it would alert clinicicians to the presence of potentially
deadly anthrax-related toxins. These possibilities reiterate the importance of incor-
porating multiple diagnostic tests for confirmation of anthrax. To cover both toxins
for a comprehensive clinical picture, we are currently working on an LC-MS/MS
based method for edema factor activity which appears to be as sensitive as the LF
method. The LF method is designed for clinical use only and therefore does not
provide information about the strain involved. For forensic and epidemiologic
applications and strain identification the MALDI MS fingerprinting or proteomics-
based methods are most suitable.
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Microorganism Identification Based
On MALDI-TOF-MS Fingerprints
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Abstract Advances in MALDI-TOF mass spectrometry have enabled the
development of a rapid, accurate and specific method for the identification of bac-
teria directly from colonies picked from culture plates, which we have named the
MALDI Biotyper. The picked colonies are placed on a target plate, a drop of matrix
solution is added, and a pattern of protein molecular weights and intensities, “the
protein fingerprint” of the bacteria, is produced by the MALDI-TOF mass spec-
trometer. The obtained protein mass fingerprint representing a molecular signature
of the microorganism is then matched against a database containing a library of
previously measured protein mass fingerprints, and scores for the match to every
library entry are produced. An ID is obtained if a score is returned over a pre-set
threshold. The sensitivity of the techniques is such that only approximately 10*
bacterial cells are needed, meaning that an overnight culture is sufficient, and the
results are obtained in minutes after culture. The improvement in time to result over
biochemical methods, and the capability to perform a non-targeted identification of
bacteria and spores, potentially makes this method suitable for use in the detect-to-
treat timeframe in a bioterrorism event. In the case of white-powder samples, the
infectious spore is present in sufficient quantity in the powder so that the MALDI
Biotyper result can be obtained directly from the white powder, without the need
for culture. While spores produce very different patterns from the vegetative colo-
nies of the corresponding bacteria, this problem is overcome by simply including
protein fingerprints of the spores in the library. Results on spores can be returned
within minutes, making the method suitable for use in the “detect-to-protect”
timeframe.
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1 Introduction: MALDI-TOF Identification of Bacteria

Despite advances in PCR based methods for the rapid detection and identification
of biological warfare agents (BWA), mass spectrometry possesses several key char-
acteristics that make it attractive as a complementary method to other techniques.!
PCR based methods are generally targeted, meaning that a PCR primer for each
suspected BW agent must be used in each test. Identification based on the molecu-
lar signatures from protein mass fingerprints is non-targeted and can identify as
many species as are present in a database to which the spectra are matched, and
previous studies have shown the technique to be very generally applicable to all
culturable microorganisms, including yeast, fungi and bacteria. MALDI-TOF mass
spectrometry has also been shown to be useful for the direct analysis and identifica-
tion of Bacillus spores.>* A further advantage of the MALDI Biotyper over other
methods is that limited consumables are required and the cost per sample is quite
low. While fast time to result, sensitivity and specificity are important for a detect-
to-treat method for bioterrorism events, these last advantages of cost and limited
consumables can also be very important in a suspected bioterrorism event. First
responder labs must stockpile the consumables needed to be able to run the large
number of samples that can be expected to be submitted in a short time. Anecdotal
reports about the recent HIN1 response in the US indicate that many labs faced
shortages of consumables and long re-stocking times due to shortages faced by
suppliers, because of the spike in demand. With the MALDI Biotyper all consum-
ables needed to run thousands or tens of thousands of samples can be easily stored
in a small space and at low cost as will be discussed in more detail below.

For the method to work well in the clinical routine and in state health labs and
other field labs which may respond to a bioterrorism event, the method also must
have robust and simple sample preparation that can be carried out by microbiology
technicians. While the sample preparation can be as simple as smearing a picked
bacterial colony on a sample plate and pipetting a drop of matrix solution onto it,
alternative and equally simple sample preparation methods exist for different situ-
ations. If highly infectious organisms or spores are suspected in the sample, an
extraction protocol may be employed instead, in which the sample is inactivated by
harsh treatment with organic acid and/or boiling, and extracted protein material sent
for analysis. The inactivated extract samples are stable for days, so the analysis may
also be carried out at central labs; there is no need for culture or shipment of
putatively “live” samples to a central lab.

1.1 Prinicples of Microorganism Identification
by the MALDI Biotyper

In this section, the principles of microorganism ID by MALDI-TOF mass spec-
trometry will be discussed. While a full discussion of the development of MALDI-
TOF mass spectrometry for microorganism ID is beyond the scope of this chapter,
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a brief discussion of previous work in the field is important and will be used to
highlight aspects of the MALDI Biotyper that make it robust, easy to use and have
led to its adoption by the clinical microbiology community. References to recent
reviews and other work are given for those wishing to do further reading in this
area. Next, the MALDI Biotyper workflow, including sample preparation, acquisi-
tion of data, and interpretation of the results will be presented.

1.2 Development of MALDI-TOF Mass Spectrometry
Jor Microorganism Identification

The first efforts of t Anhalt and Feneslau to identify bacteria based on mass spec-
trometry date back to 1975 and several recent reviews and papers cover the devel-
opment of the technique up to the present.”” Many of the early efforts in mass
spectrometry tried to mimic the biochemical techniques that were standard at the
time, and remain as the most commonly used ID method today. These biochemical
techniques rely on the fact that different bacteria produce different sets of metabo-
lites, e.g. fatty acids, and tests were developed that could identify the species pres-
ent by determining what subset of metabolites are present from a given cultured
colony. Mass spectrometry can also be used to measure and identify small molecule
metabolites, but the advantages of mass spectrometry for this type of measurement
were limited. Furthermore, culture conditions can easily influence relative ratios of
metabolites. The development of Electrospray Ionization (ESI) and Matrix Assisted
Laser Desorption Ionization (MALDI) enabled the measurement of larger mole-
cules, including proteins. The advantages in terms of reproducibility were noted in
two early papers on the use of MALDI-TOF for identification of bacteria.®° ESI
will not be discussed further here, but a brief description of MALDI-TOF mass
spectrometry is included as the rest of this work will focus on the use of this tech-
nique for the identification of microorganisms. The field of MALDI-TOF mass
spectrometry is vast, and this summary is not meant to be an exhaustive introduc-
tion, but only a summary of the key features of the technique that are important for
understanding why it is so useful for the identification of microorganisms.

While there are variations in the exact methodology, the first step in MALDI-
TOF mass spectrometry involves mixing the sample with one to a few microliters
of a matrix solution. For protein measurements, the most common matrix solutions
are concentrated solutions of organic acids with strong absorption in the UV in the
range of 320-350 nm. The concentration of the matrix is usually in the millimolar
range, commonly in a mixture of acetonitrile and water. Ideally the amount of pro-
tein sample used is adjusted so that the molar excess of the matrix is about 10¢,
though this ratio is not extremely critical, and the technique works in the presence
of salts, low amounts of detergents, and other small molecules. This insensitivity to
the ratio of sample to matrix, and to the presence of small molecule contaminants
is one of the characteristics that makes MALDI-TOF very easy to use and suitable
for situations where non-experts will be preparing the samples. A common tech-
nique is to apply a microliter of the protein sample to a target plate first, and then
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apply a microliter of the matrix solution from another pipet and mix the two by
stirring or sucking the drop back into the pipet tip and pushing it back out a few
times. The drop is allowed to dry, which results in the matrix crystallizing, with
protein molecules dispersed in the crystalline matrix. This is the first key function
of the matrix; it separates the protein molecules from each other, preventing aggre-
gation of the protein molecules on the target. The target is then inserted into the
MALDI-TOF mass spectrometer, in what is known as the ion source region. As
mentioned above the matrices are chosen such that they have a strong absorption in
the UV, and as shown in Fig. 1, a laser is fired at the crystals on the target, the
matrix absorbs the energy of the laser and desorbs into the gas phase carrying the
intact protein molecules with it. This is the second important function of the matrix,
it absorbs the energy of the laser allowing intact proteins to be carried into the gas
phase in the ion source region. Finally, the energy of the laser desorption event
causes plasma to be formed, containing both positive and negative ions. The acidic
nature of the matrix enables matrix ions to transfer protons to the basic sites in the
protein molecules, producing positively charged proteins, this is the third important
function of the matrix.

As shown in Fig. 1, the ions are formed in the source of a Time Of Flight (TOF)
mass spectrometer, the target plate is at ground potential and is close to a set of
electrodes with a high positive potential (in the MALDI Biotyper this potential is
20 kV). After traversing the source region between the target plate and the grid all
of the protein ions have the same kinetic energy of 20 kV. Since E = 1/2 (mv?), the
lighter ions will have a higher velocity and will traverse the field free region of the
flight tube to the detector faster and hit the detector first. A plot of the intensity of
protein ions hitting the detector as a function of time can be converted to a plot of
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Fig.1 A schematic of the MALDI-TOF mass measurement. The target plate with the dried crystal-
line matrix containing embedded proteins is placed in the source region of the mass spectrometer.
The details of the measurement are described in the text
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signal intensity as a function of protein mass, and this is the protein mass finger
print, as shown schematically in Fig. 1.

Ryzhov and Feneslau observed that MALDI-TOF done directly on bacteria
produces very reproducible patterns of proteins, primarily ribosomal proteins.” In
the MALDI Biotyper, when a bacterial colony is placed on a MALDI target and the
MALDI matrix solution is deposited on top of it, the high organic concentration of
the matrix solution lyses the cell membranes, and soluble proteins are extracted
from the bacteria into the matrix solution. It is these soluble proteins that are
detected and produce the protein mass fingerprint after allowing the matrix solution
to dry and carrying out the MALDI-TOF experiment as described above. Since no
fractionation or other techniques are employed, the spectrum is dominated by the
smaller, soluble and abundant proteins which are mostly ribosomal proteins in
agreement with the work by Ryzhov and Feneslau.’ Figure 2 shows a typical pro-
tein mass fingerprint of E. coli produced by the MALDI Biotyper, where many of
the observed proteins have been identified by a combination of accurate mass mea-
surements on higher performance MALDI-TOF instruments, and are mostly ribo-
somal proteins. Genetic techniques have been used to provide further evidence for
these identifications, mutations in codons for the ribosomal proteins result in cor-
responding mass shifts in the observed peaks.'” This observation is key to the speci-
ficity and reproducibility of the MALDI Biotyper. The ribosome is a complex of a
large number of proteins and RNA, where the ratio of the proteins that make up the
ribosome is constant. Ribosomes are key components of the cell and are produced
by all living cells regardless of health state. Thus the protein mass fingerprints
obtained from these ribosomal and other abundant proteins are easy to obtain and
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Fig. 2 A typical spectrum of an E. coli from the MALDI Biotyper. The labeled masses were
identified as shown in the inset table, using accurate mass from a higher performance MALDI-
TOF instrument and other evidence
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highly reproducible regardless of culture conditions or state of the bacteria. One
exception to this rule is spore forming bacteria, the spore state of these bacteria
produce very different patterns from the vegetative state, but those patterns are also
reproducible and can be used to identify the bacteria, as will be discussed sepa-
rately. As an illustration of the independence of the protein mass fingerprint pattern
from growth conditions, the protein mass fingerprint from a Pseudomonas oleo-
vorans grown on a variety of common growth media, is shown in Fig. 3. From
species to species there is sufficient variation in the masses of these common pro-
teins that the protein mass fingerprints allow identification of bacterial genus and
species with high specificity. Based on the fingerprints, identification on species
level is possible. For this purpose, results obtained by usage of the MALDI Biotyper
were evaluated in comparison to 16 S rRNA gene sequencing.'!

1.2.1 The MALDI Biotyper Workflow

In this section the workflow for the identification of bacteria and bacterial spores
using the MALDI Biotyper will be covered. The basic MALDI Biotyper workflow
as used in the clinical routine is illustrated in Fig. 4.

Generally, the starting point for the analysis is a single colony from an agar plate,
a few microliters of a liquid culture or a small amount of “white powder”. In the
simplest case, non-pathogenic biological material from an agar plate can be trans-
ferred directly onto the MALDI target plate and overlaid with MALDI matrix.
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Fig. 3 Pseudomonas oleovorans grown on a variety of growth media (the codes for the media are
labeled on the spectra)
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Fig. 4 The MALDI Biotyper workflow for microbial identification

Up to 96 samples can be prepared on a single target. Additionally, a commercially
available calibration standard is placed on the target. However, in case of an
unknown sample or white powder the biological material should be inactivated
before analysis. Several extraction/inactivation protocols using ethanol/formic acid
and/or trifluoroacetic acid (TFA) can be applied prior to target preparation.
Especially, spores of Bacillus sp. have to be inactivated and disrupted by 80% TFA.
The use of single cultured colony generally insures that only a single species is used
for analysis, but mixed cultures can be analysed if the relative abundance ratio
between the species in the mixture is not less than 1:10. If the ratio is too low, the
less abundant microorganism may not be identified in the analysis of a mixture, but
it will not lead to a wrong classification of the more abundant species.

For analysis by MALDI-TOF mass spectrometry the prepared sample is depos-
ited onto a MALDI target plate. After drying, the same sample position on the
target is covered with matrix solution (alpha-cyano-4-hydroxycinnamic acid). The
target is then placed in the source of a MALDI-TOF mass spectrometer, and the
instrument then automatically measures the protein mass fingerprint for each
sample spot. Mass spectra are acquired between 2,000 and 20,000 Da, automati-
cally controlled via dedicated easy-to-use software interface.

Microorganisms are then identified by comparison of their individual peak lists
(MS fingerprint spectrum) via pattern matching with reference library entries.
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Library spectra were generated by measurement of known bacterial species and
strains. Pattern matching is accomplished through the calculation of a matching
score. This score is calculated using a dedicated, proprietary algorithm on the basis
of the number of matched peaks and the correlation of the overall intensity profile
of the spectra. Matching peaks with each library spectrum are determined by a
patented alignment procedure which can correct for mass measurement differences
between the experimental and library peak lists. The scores are calculated on a log
scale, with 3.0 being a perfect match, and 0.0 representing no correlation between
the experimental result and the library spectrum. Identification results with high
reliability are based on significant matching scores which are clearly separated
from worse matches. Correct matches with highly probable species identification
(score greater than 2.0) are displayed in green, whereas matches with scores so low
that they are not matches are shown in red (scores < 1.7). Scores in between 1.7 and
2.0 are considered reliable enough to indicate the genus of the microorganism. The
influence of peak intensities is reduced in the applied algorithm and identification
is mainly based on accurate mass determination of the peaks. Therefore, the effect
of instrument parameter settings is significantly reduced. This approach makes the
identification exceptionally robust and accurate and enables inter-laboratory com-
parability of results and the creation of standard databases.

A key element for the reliability of the MALDI Biotyper is the database itself.
The database has been developed by a group of microbiologists at Bruker Daltonics,
in collaboration with microbiologists, clinicians and scientists at a number of hos-
pitals, laboratories and institutions (e.g. German collection of microorganisms and
cell cultures). There is a high proportion of reference and type strains in the library.
Most reference spectra in the library were produced at Bruker Daltonics, either
direct from fresh cultures, or from extracts sent to us by our collaborators. The cur-
rent standard database includes 3,400 entries representing over 1,800 species. A sepa-
rate security-related database contains entries for BWA species (e.g. Bacillus
anthracis, Yersinia pestis, Francisella tularensis. Brucella melitensis...). The
security-related database contains 110 database entries from 12 different species.

2 Studies Using the MALDI Biotyper: Reliability, Speed,
Sensitivity, Specificity, and Cost

2.1 Studies of Inter-Laboratory Reproducibility

We made the claim in Section 1 that the protein mass fingerprints produced by the
MALDI Biotyper are robust, insensitive to culture conditions and are easily repro-
duced between laboratories and even by non-expert users such as microbiology
technicians in clinics. As a first example from our own experience, Fig. 5 shows
two spectra of Arthrobacter sufureus. The top spectrum was obtained on the spe-
cies grown from an strain in the library collection at the Helmholtz Center Institute
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Fig. 5 Both spectra are MALDI Biotyper results for the species Arthrobacter sulfureus, strain
DSM 20157. The top spectrum was acquired in the Bruker Daltonics applications laboratory, by
Bruker scientists in 2005 on an autoflex MALDI-TOF instrument, with the strain sourced from
the Helmholtz Center Institute for Environmental Resarch. The bottom spectrum was acquired at
the laboratories of the DSMZ, the German collection of microorganisms and cell cultures in 2006
sourced from their own collection, and run by their technologists. Despite this degree of variabil-
ity in the measurements, the observed protein mass finger prints are nearly identical

for Environmental Research, on an instrument known as an autoflex™, in the
Bruker Daltonics R&D laboratory. The lower spectrum was obtained on the same
species grown from a strain in the library of the German collection of microorgan-
ism and cell cultures (known as DSMZ from the German name), on a microflex™
instrument run by the DSMZ technologists in their own laboratories. While slight
differences in the two spectra can be seen, they are trivial compared to the varia-
tion typically seen between species, and both spectra result in high scores indicat-
ing a species match. The microflex is the instrument that is most commonly
packaged with the MALDI Biotyper software and databases for use in routine
microbiology clinical labs as it has the advantage of being an entirely self-con-
tained benchtop unit. This shows that despite tremendous variability in conditions,
the results are consistent, and that the method can easily be transferred out of the
R&D laboratory onto a routine benchtop instrument for use by clinical microbiol-
ogy lab technicians.

A recently published and more detailed study of inter-laboratory reproducibility
involved 60 samples sent with blind codes to eight laboratories worldwide.'? The 60
samples consisted of 30 pure cultures of non-fermenting bacteria and 30 prepro-
cessed ethanol cellular extracts of the same strains. The strains were a mix obtained
from culture collections or isolated from the clinical routine at the Institute of
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Hygiene in Muenster, Germany, and all strains were unambiguously identified by
16S rRNA gene sequencing prior to the study. As a further test of the method, the
strains selected were all from species classified as non-fermenters, these species are
difficult to identify using traditional biochemical methods, because they do not present
great biochemical diversity. In addition to the samples, the participating laboratories
also received a standard sample preparation guide, and all laboratories used the
MALDI Biotyper 2.0 software release and the standard Bruker Daltonics micro-
flex™ MALDI-TOF instrument. Of these 480 samples, 474 were correctly identified
in all eight laboratories. Of the six that were misidentified, four were misidentified
due to samples being incorrectly handled (samples were interchanged), one sample
was contaminated in the lab, and one sample gave insufficient signal intensity. This
represents an impressive 98.75% inter-laboratory reproducibility. The excellent
reproducibility achieved on both the freshly cultivated samples and the extracts
again shows that the MALDI Biotyper can be used in a central lab setting, with
samples sent in from field labs after cultivation and extraction, and shows that the
method is suitable by use by technicians in routine clinical microbiology labs.

2.2 Clinical Studies Demonstrating Speed, Specificity, Reliability
and Cost Advantages

The MALDI Biotyper has already been installed at more than 100 clinical micro-
biology sites in Europe as well as several in the US. There is a large and growing
list of publications demonstrating the advantages of the technique with respect to:
Advantages in performance on species that are slow growing and difficult to iden-
tify using standard biochemical test methods; Speed, accuracy, and cost advantages
when used for the identification of more routine isolates that do work well by bio-
chemical testing; Advantages in cost compared to sequencing when used for spe-
cies where sequencing has typically been used prior to the introduction of the
MALDI Biotyper. Since many of these advantages are also important in a device to
be used for BWA identification in detect to treat situations, many of these studies
are discussed in more detail below.

The problem of non-fermenting bacteria was mentioned briefly above, and was the
subject of a detailed study which showed that the MALDI Biotyper performs well for
the identification of species from this grouping.'”> Non-fermenters are a group of spe-
cies which cannot ferment sugars. Due to their limited biochemical reactivity and
variable morphology, non-fermenters are often misidentified by traditional methods,
including biochemical tests. In the study referenced here, the reference library was
enhanced with the addition of reference spectra from 248 culture collection strains of
non-fermenters. With this library, correct species identification of a clinical sampling
of 80 non-fermenting bacteria were identified by the MALDI Biotyper, and correct
identification to the species level was obtained on 85.2% of the samples and to the
genus level on 95.2% of the samples. While species level identification is preferred,
genus level identification is often clinically useful as well. Correct identifications
were determined by comparison to results obtained by sequencing. These results were
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significantly better than results obtained by identification techniques relying on
biochemical methods for similar sets of samples.

Another genus which has proven challenging to commonly used biochemical
methods for identification, and for which genomic methods such as 16S RNA gene
sequencing is often used, is Clostridium. In a study published in 2008, Grosse-
Herrenthey and co-workers showed that 64 Clostridal strains representing 31 dif-
ferent species produced unique MALDI-TOF protein fingerprints, which were
added to the MALDI Biotyper library. Using this library 25 clinical isolates were
correctly identified in minutes after cultivation using the MALDI Biotyper.'* The
genus Clostridia is also anaerobic and contains spore forming species as well.
Other biochemical methods for identifying these bacteria require closely controlled
and precise culture conditions. For the work presented in this study, the bacteria
were grown on standard agar media, under anaerobic conditions, and at a variety of
culture times, and the MALDI-TOF protein fingerprint patterns were still highly
reproducible and identifications could be obtained under all conditions studied.
While the number of isolates identified in this study was limited, it shows the
potential advantages of the MALDI Biotyper for working with bacteria that present
challenges for identification by other methods.

Several more recent studies have looked at larger clinical sample sets for a direct
comparison of the MALDI Biotyper against various biochemical identification
systems and sequencing. One study compared identification of bacteria and yeast
with the MALDI Biotyper to biochemical methods including the widely used API
and Biomerieux Vitek II system.'* In this study, 16S RNA gene sequencing was used
as the “gold standard” to determine the correct identification in the case of discrepan-
cies between the identification given by the MALDI Biotyper and the biochemical
methods. For 980 clinical isolates of bacteria and yeast, the MALDI Biotyper gave
92.2% correct species identification, compared to 83.1% for the biochemical methods.
Importantly, the MALDI Biotyper false positive rate is near zero, of the 980 clinical
isolates, incorrect genus identifications were generated in only 0.1% of the cases
compared with the MALDI Biotyper, compared to 1.6% false genus identifications
from the biochemical methods. In fact, mis-identifications or lack of identification from
the MALDI Biotyper was observed to be mainly due to missing or insufficient
numbers of entries in the database for those species, so the already excellent perfor-
mance of the MALDI Biotyper for identification is expected to improve as the refer-
ence spectra library is enlarged and improved. In another recently published study
involving a large number of samples run in a routine clinical setting, the performance
of MALDI Biotyper identification against the Vitek II and API biochemical methods
was evaluated.”> Again in this study, 16S RNA gene sequence was used to determine
the correct identification when there was a discrepancy between the results obtained
from the biochemical methods and the MALDI Biotyper. This study found that the
MALDI Biotyper gave confident identifications for 94.4% of 720 clinical isolates, of
which only 6 (0.9%) turned out to be incorrect, while 24 incorrect identifications
(3.3%) were given by the biochemical methods. This study also contains a detailed
analysis of time to result and costs showing advantages in both of these categories for
the MALDI Biotyper and concludes that MALDI TOF based methods will be widely
used in clinical microbiology in the future.
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2.3 New Developments, Summary and Future Perspective
on Clinical Applications

A new area of application for the MALDI Biotyper is identification direct from urine
and liquid media. Two studies have been published to date about identification direct
from positive blood culture bottles. Blood borne infections which can lead to sepsis are
extremely dangerous, and treatment with antibiotics is often started as soon as a posi-
tive blood culture bottle is observed, as identification by traditional biochemical meth-
ods takes another 12-48 h. One recent study showed that correct identifications could
be obtained in minutes directly from 76% of 584 positive blood culture bottles.'® In a
more recent study showed that correct identifications could be obtained from 80.2% of
212 positive blood culture bottles analyzed.'” Both studies concluded that the more
rapid results would have a positive impact on treatment regimens, as antibiotic treat-
ment appropriate for the infectious organism could be chosen much sooner.

Also both studies pointed to improvements in the MALDI Biotyper library and
software that will lead to increased yields of correct results direct from blood cul-
ture bottles, and work is also underway to reduce the amount of manual labor to
isolate the bacterial pellets from aliquots taken from such bottles. Continuing
improvements to the library will include the addition of new species, as well as
more strains for species already in the library to increase coverage. The MALDI
Biotyper library is extremely well curated, but with more than 3,400 entries it is
inevitable that an a few errors will be found. We continuously monitor feedback
from clinical users of the MALDI Biotyper to correct errors, as well as add annota-
tions to warn users of the occasional species that cannot be differentiated by
MALDI-TOF (e.g. Shigella species cannot be differentiated from closely related
E. coli by the MALDI Biotyper workflow).

In addition to the library, developments are underway to even further simplify
the use of the technique, and to make the instrument even more robust in a high
throughput clinical setting. We have collaborators working to integrate the system
in a fully automated microbiology lab for institutions that require extremely high
throughput. The first studies on identification directly from blood culture employed
somewhat laborious multiple centrifugation steps to isolate the bacteria from the
blood culture. A simpler one step process is under development to simplify this
procedure. These continuing improvements should only increase the already great
clinical utility of the MALDI Biotyper.

2.4 Use for the Identification of Spore Forming Bacteria
and Spores in White Powder

A special feature of a few bacterial genera is their ability to form spores under
certain conditions. Sporulation is initiated mostly under stressful environmental
conditions to ensure the survival of bacteria. Bacterial spores are characterized by
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a high resistance to physical and chemical agents. Regarding their macromolecular
constituents spores consist of a germ cell, where the DNA is embedded in small,
acid-soluble proteins (SASP) to protect the spore from UV radiation and heat, and
a surrounding cortex and coat, which excludes large toxic molecules.

The most important spore-forming bacteria belong to the genera Clostridium and
Bacillus.'® Besides the importance as food-poisoning agents of e.g. Clostridium
botulinum, and Bacillus cereus the identification of B. anthracis spores — as caus-
ative agent of anthrax — is of particular interest. Discrimination of B. anthracis from
closely related B. cereus, B. thuringiensis and B. mycoides (B. cereus group) is a
challenging task because of their very close phylogenetic relationship, reflected also
by DNA homology."” SASPs were found to be biomarkers for spore differentiation/
identification by Mass Spectrometry developed a MALDI-TOF mass spectrometry>*!
compatible inactivation method for highly pathogenic microbial cells and spores.
SASPs could be inactivated and extracted from spores after treatment with 80% TFA
followed by a filtration through a TFA resistant filter (pore size: 0.22 um). Mass
spectra of B. anthracis spores and B. cereus spores exhibit discriminating biomarkers
due to the existence of these SASPs. Spore spectra were run against the regular
Bruker MALDI Biotyper database as well, but no matches with common microor-
ganisms exhibiting a reliable score could be observed. Calculation of a dendrogram
comprising MALDI-TOF MS spectra of Bacillus sp. (vegetative cells and spores)
belonging to the Bacillus cereus group (Fig. 6) confirmed that the pattern of spore
spectra are completely different compared to spectra of corresponding vegetative
cells. Moreover a clear separation of B. anthracis strains from the rest of the
B. cereus group was apparent.

Furthermore, some “white powders” which have been reported to be potentially
used as hoaxes/fakes in a terrorist attack were analyzed in the same way. In this
context powders available in typical households or pharmacies (e.g. flour, coffee
whitener, baby powder) were analyzed. However, only a few powders gave profile
spectra (e.g. flour, sauce thickener, whole-wheat flour and white pepper). But, the
analysis of these spectra using the MALDI Biotyper revealed no matches with
bacteria or spore spectra of the reference database.

3 Conclusion

As noted in some recent publications, the MALDI Biotyper represents nothing
short of a revolution in clinical microbiology.® As the technique is adopted by more
clinical and public health labs the library and software will continue to be refined
and the clinical utility will only increase. Many of the advantages of the MALDI
Biotyper over commonly used genotypic and biochemical identification methods
outlined here are not only useful for clinical applications, but also for BWA analysis
in detect to treat situations. The section on spores demonstrates that the MALDI
Biotyper also has applications in the detection of BWA in the detect to protect
mode. We expect MALDI TOF identification of microorganisms to be even more
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Mass Spectrometric Detection of Botulinum
Neurotoxin by Measuring its Activity
in Serum and Milk

Suzanne R. Kalb, James L. Pirkle, and John R. Barr

Abstract Botulinum neurotoxins (BoNTs) are bacterial protein toxins which are
considered likely agents for bioterrorism due to their extreme toxicity and high
availability. A new mass spectrometry based assay called Endopep MS detects
and defines the toxin serotype in clinical and food matrices via toxin activity
upon a peptide substrate which mimics the toxin’s natural target. Furthermore, the
subtype of the toxin is differentiated by employing mass spectrometry based pro-
teomic techniques on the same sample. The Endopep-MS assay selectively detects
active BoNT and defines the serotype faster and with sensitivity greater than the
mouse bioassay. One 96-well plate can be analyzed in under 7 h. On higher level
or “hot” samples, the subtype can then be differentiated in less than 2 h with no
need for DNA.

Keywords Botulinum neurotoxin ¢ Mass spectrometry * MALDI ¢ Antibody extraction

1 Introduction

Botulinum neurotoxins (BoNTs) are produced by some species of the genus
Clostridium, particularly Clostridium botulinum, C. butyricum, C. baratii, and
C. argentinese. BONTs cause the disease known as botulism, which can be lethal if
untreated. Rapid determination of exposure to BoNT is an important public health
goal. By weight, BoNT is the most lethal substance known with an estimated oral
LD,, in humans of approximately 70 pg for the average weight human.' This
extreme toxicity has led to its current CDC designation as a category A agent, mak-

ing it one of the most likely agents for bioterrorism.!?
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Botulinum neurotoxins are currently classified into seven serotypes, labeled
A-G, and serotypes A, B, E, and F are known to cause disease in humans. BoNTs
are highly specific proteases which target neuronal proteins. BoNT/A, /C, and /E
cleave SNAP-25 (synaptosomal-associated protein)*® whereas BoNT/B, /D, /F, and
/G cleave synaptobrevin—2 (also known as VAMP-2).>""* Only BoNT/C is known
to cleave more than one protein as it also cleaves syntaxin.*'*!* Cleavage of any of
these proteins which form the SNARE (Soluble NSF Attachment Protein Receptors)
complex depicted in Fig. 1 results in an inability to form this complex and therefore
stops nerve impulses and causes paralysis.

Our laboratory has developed an assay for BoNT termed the Endopep-MS
method.'®* This method involves incubation of BoNT with a peptide substrate that
mimics the toxin’s natural target. Each BoNT cleaves the peptide substrate in a spe-
cific, toxin-dependent location. The reaction mixture then is introduced into a mass
spectrometer, which detects any peptides within the mixture and accurately reports
the mass of each. Detection of the peptide cleavage products corresponding to their
specific toxin-dependent location indicates the presence of a particular BoNT serotype.
If the peptide substrate either remains intact or is cleaved in a location other than the
toxin-specific site, then that BoNT serotype is not present. We have demonstrated that
this method can detect BoNT at levels comparable with or lower than levels detected
with mouse bioassays, which historically have been the major means for BoNT detec-
tion.” Endopep-MS is made both more selective and more specific through the addi-
tion of an antibody-extraction step prior to the enzymatic reaction. Magnetic protein
G beads coated with antibodies to a specific serotype of BoNT are incubated with the
sample matrix which may or may not contain the toxin. If the toxin of that particular
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Fig. 1 Depiction of the SNARE complex and sites cleaved by BoNTs
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serotype is present, it binds to the antibodies on the beads. Other proteins in the
sample matrix are washed away, and the beads containing toxin are then incubated
with the peptide substrate. Therefore, in its entirety, the Endopep-MS method has
three layers of specificity; the first is antibody affinity, the second is enzymatic activ-
ity of the toxin upon the peptide substrate, and the third is an accurate mass measure-
ment of the cleavage products of the peptide substrate. The combination of these
techniques has led to the development of a highly specific and selective assay for a
dangerous protein toxin considered to be a likely agent for bioterrorism. Additional
information about the toxin can be obtained through tryptic digestion of the toxin and
mass spectral analysis of the resultant tryptic peptides.

2 Detection of BoNT Activity in Clinical and Food Matrices

The detection of BoNT in any matrix is currently accomplished through antibody-
extraction of the toxin from the matrix and subsequent incubation of the toxin with
its peptide substrate.

2.1 Detection of BONT/A

The peptide substrate which mimics BoNT/A’s natural target is Biotin-
KGSNRTRIDQGNQRATRXLGG K-Biotin, where X is norleucine and the average
molecular weight (MW) is 2,879.4 Da. Cleavage by BoNT/A produces two peptides
with the sequence Biotin-KGSNRTRIDQGNQ (average MW = 1,699.9 Da) and
RATR XLGGK-Biotin (average MW = 1,197.5 Da). These peaks are present in
Fig. 2a, which is the mass spectrum of 100 mLD,, of BoNT/A spiked into 0.5 mL of
serum, extracted with antibody-coated beads, and analyzed via MALDI-TOF mass
spectrometry. Peaks at m/z 1,197.7 and 1,700.0 (marked with asterisks) are indicative
of the presence of BoNT A in this sample. Similar results are obtained from an anti-
body-extraction of 100 mouse LD, (mLD, )of BoNT/A spiked into 0.5 mL of milk
followed by incubation of the beads with the peptide substrate. Figure 2b is slightly
different from Fig. 2a as it is the spectrum of 100 mLD, of BoNT/A spiked into 0.1
mL of stool extract. Stool extract is a more complicated matrix consisting of a greater
number of proteases, some of which bind nonspecifically and cleave the peptide sub-
strate, resulting in a more complex mass spectrum. However, the presence of peaks at
m/z 1,197.7 and 1,700.0 indicates that BONT/A can be detected in this sample.

2.2 Detection of BONT/B

The peptide LSELDDRADALQAGASQ FESSAAKLKRKYWWKNLK with an
average molecular weight of 4,025.5 Da mimics the natural target of BoNT/B.
Cleavageby BoNT/Byieldstwopeptides withthe sequence LSELDDRADALQAGASQ
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Fig. 2 Mass spectra of BONT/A from serum (a) and stool extract (b)

(average MW = 1,759.9 Da) and FESSAAKLKRKYWWKNLK (average MW =
2,283.7 Da). Figure 3a is the mass spectrum of the reaction of 100 mLD_ of BoONT/B
spiked into 0.5 mL of serum, extracted with antibody-coated beads, and analyzed via
MALDI-TOF mass spectrometry. Peaks at m/z 1,759.9 and 2,283.4 (marked with
asterisks) indicate the presence of BoNT B in this sample.

Similar results are obtained from an antibody-extraction of 100 mLD_ of
BoNT/B spiked into 0.5 mL of milk followed by incubation of the beads with the
peptide substrate. However, like with BoNT/A, Fig. 2b is slightly different from
Fig. 2a as it is the spectrum of 100 mLD, of BoNT/B spiked into 0.1 mL of stool
extract. Nonetheless, the presence of BoONT/B can still be detected in this sample
due to the peaks at m/z 1,759.9 and 2,283 .4.

2.3 Detection of BONT/E

BoNTY/E readily cleaves a peptide of sequence IGNLRHMALDMGNEIDTQNRQ
IDRIMEKADSNKTT with an average molecular weight of 4,042.6 Da, resulting
in cleavage products IIGNLRHMALDMGNEIDTQNRQIDR (average MW =
2,924.3) and IMEKADSNKT (average MW = 1,136.3). These peaks are present at
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Fig. 3 Mass spectra of BoONT/B from serum (a) and stool extract (b)

m/z 1,136.6 and 2,922.7 in the mass spectrum in Fig. 4a, which result from the
reaction of 10 mLD,, of BoNT/E spiked into 0.5 mL of serum, extracted with
antibody-coated beads, and analyzed via MALDI-TOF mass spectrometry.

Peaks at m/z 1,136.6 and 2,922.7 (marked with asterisks) indicate that BONT E
is present in this sample. Similar results are obtained from an antibody-extraction
of 10 mLD, of BoNT/E spiked into 0.5 mL of milk followed by incubation of the
beads with the peptide substrate. Similar to BoNT/A and /B, Fig. 4b demonstrates
that extraction from stool extract results in a slightly different mass spectrum.
Figure 4b is the spectrum of 100 mLD,, of BoNT/E spiked into 0.1 mL of stool
extract. Detection of BONT/E in stool samples is demonstrated through the pres-
ence of peaks at m/z 1,136.6 and 2,922.7.

2.4 Detection of BONT/F

Thepeptide substrate whichmimics BONT/F’snaturaltargetisLQQTQAQVDEVVD
IMRVNVDKVLER DQKLSELDDRADAL with an average molecular weight of
4,497.0 Da. Cleavage of this peptide by BoNT/F results in the cleavage products
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Fig. 4 Mass spectra of BONT/E from serum (a) and stool extract (b)

LQQTQAQVDEVVDIMRVNVDKVLERDQ (average MW = 3,169.6 Da) and
KLSELDDRADAL (average MW = 1,345.5 Da). These peaks are present and
marked with asterisks in Fig. 5a, which is the mass spectrum of the reaction of 10
mLD,; of BoNT/F spiked into 0.5 mL of serum, extracted with antibody-coated
beads, and analyzed via MALDI-TOF mass spectrometry.

Similar results are obtained from an antibody-extraction of 10 mLD,  of
BoNT/F spiked into 0.5 mL of milk followed by incubation of the beads with the
peptide substrate. Figure 5b, the spectrum of 100 mLD, of BoNT/F spiked into
0.1 mL of stool extract, demonstrates that extraction from stool extract results in
a slightly different mass spectrum than extraction from serum or milk. Peaks at m/z
3,168.9 and 1,345.9 indicate the presence of BoNT F in a sample.

3 Detection of Multiple Subtypes of BONT

BoNT serotypes A, B, E, and F can be further differentiated into different subtypes.
It is important to be able to detect multiple subtypes within a serotype as any of the
subtypes could be used in a terrorist event and the specific subtype may be used to
identify the perpetrator and link one event to others.
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Fig. 5 Mass spectra of BONT/F from serum (a) and stool extract (b)

3.1 Detection of Multiple Subtypes of BONT/A

All BoNT/A can currently be classified as BONT/A1, /A2, /A3, /A4, or /AS. The
current definition of a new subtype of BoNT has been established as a variance of
2.5% or more in the amino acid sequence.24 Our laboratory was able to obtain
toxins /A1, /A2, /A3, and /A4 and we have tested these toxins to ensure that detec-
tion by mass spectrometry is possible. Figure 6 shows the mass spectra acquired
from the extraction of BoONT/A1 (6A), /A2 (6B), /A3 (6C), and /A4 (6D) from
culture supernatant media in which the bacteria were cultured.

All spectra contain peaks at m/z 1,197.7 and 1,700.0, indicating the presence of
BoNT/A in these samples. Furthermore, these spectra indicate that all of these
subtypes of BONT/A demonstrate the same activity against the peptide substrate.

3.2 Detection of Multiple Subtypes of BONT/B

BoNT/B are currently classified as BoNT/B1, /B2, /B3, /B4, or /BS5. To date, we have
tested BoNT/B1, /B2, /B3, and /B4 and all of these subtypes can be detected by mass
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Fig. 6 Mass spectra of BONT/A subtypes/Al (a), /A2 (b), /A3 (c), and /A4 (d)21

spectrometry. Figure 7 shows the mass spectra acquired from the extraction of BoNT/
B1 (7A), /B2 (7B), /B3 (7C), and /B4 (7D) from culture supernatant medium.

Peaks at m/z 1,759.9 and 2,283.4 indicate the presence of BoNT/B in all of the
samples. Those peaks also demonstrate identical action of BoNT/B upon the peptide
substrate regardless of the subtype.

3.3 Detection of Multiple Subtypes of BoNT/E

Currently, BoNT/E is divided into six subtypes; /E1 through /E6. To date, we have tested
BoNT/El, /E2, /E3, and /E4 and the Endopep-MS method is able to detect those four
subtypes. The mass spectra from those reactions are in Fig. 8 and represent BoNT/El
(8A), /E2 (8B), /E3 (8C), and /E4 (8D) extracted from culture supernatant medium.

Peaks at m/z 1,136.6 and 2,922.7 indicate the presence of BONT/E in all of the
samples. Those peaks also demonstrate that the action of BoNT/E upon the peptide
substrate is the same regardless of the subtype.

3.4 Detection of Multiple Subtypes of BoNT/F

BoNT/F are currently classified as BoNT/prot F, /np F, /bv F, or /F baratii. Our labo-
ratory has obtained three of the four toxin subtypes in sufficient quantities, and we
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Fig. 7 Mass spectra of BoONT/B subtypes/B1 (a), /B2 (b), /B3 (c¢), and /B4 (d)21

have tested these toxins to ensure that detection by mass spectrometry is possible.
Figure 9 shows the mass spectra acquired from the extraction of BoNT/prot F (9A),
BoNT /np F (9B), and BoNT /bv F (9C) from culture supernatant medium in which
the bacteria were cultured.

All figures contain peaks at m/z 1,345.9 and 3,168.9, indicating the presence of
BoNT/F in these samples. Furthermore, these spectra indicate that all of these sub-
types of BONT/F demonstrate the same activity against the peptide substrate.

4 Differentiation of BoNT/A Subtypes

Four of the five currently known subtypes of BoNT/A, have been tested and shown
to be detectable with the Endopep-MS assay. However, the assay yields the same
data for each of the subtypes; i.e. the Endopep-MS assay cannot be used to differen-
tiate the subtypes of BoNT/A. Differentiation of the subtype can be very useful
information for forensic or epidemiologic purposes as it can help determine whether
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Fig. 8 Mass spectra of BONT/E subtypes/El (a), /E2 (b), /E3 (c), and /E4 (d)21

multiple samples originate from a single source and might yield information about
the source of the toxin. The mouse bioassay does not provide any information on the
subtype of the toxin. Typically, subtype identification is determined through DNA
analysis via polymerase chain reaction (PCR),** or more recently through real-time
PCR (RT-PCR).” However, these methods can only be used if the bacterium that
produces the toxin is present, and BoNT can potentially be present in a sample that
does not contain the bacterium. In such a situation, subtype identification would not
be possible using traditional, DNA-based methods. Therefore, we have devised a
method to identify the subtype using the toxin protein itself rather than bacterial
DNA. This method involves tryptic digestion of the toxin and mass spectrometric
analysis of the tryptic fragments.

Figure 10 shows the MALDI-TOF mass spectra acquired following tryptic
digestion of BoNT/A1 (10A) and /A2 (10B).

It is apparent from these spectra that there are many similarities between
these two spectra. BONT/A1 and /A2 are approximately 90% homologous,*® so
most of the peptides generated from a tryptic digest are homologous. However,
there are some peaks which are unique to either BONT/A1 or /A2, and these can
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Fig. 9 Mass spectra of BONT/A subtypes/prot F (a), /np F (b), and /bv F (¢)21

be used to identify a subtype as BONT/A1, /A2, or perhaps another, yet unknown,
A subtype. Some of these peaks were subjected to MS/MS for sequence identi-
fication, and an example of that is in Fig. 11, which shows the LC-MS/MS
spectra of peptides SFGHEVLNLTR from BoNT/Al and SFGHDVLNLTR

from BoNT/A2.
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Fig. 10 Mass spectra of tryptic digests of BoNT /Al (a) and /A2 (b). Peaks in red are unique to
that particular subtype

It should be noted that the toxin subtype identification requires much higher
levels of toxin than the toxin type identification; however, this level of toxin is
comparable to some reports of BONT/A present in food samples.>!

It is especially important to note that this technique to differentiate the BONT
subtype is used as an addendum to the Endopep-MS method which identifies the
serotype of toxin present in a sample. Once the serotype of toxin is identified by
Endopep-MS, the toxin responsible for that activity can be tryptically digested and
then analyzed for subtype identification. The subtype identification does not
require a separate sample, provided that a sufficient level of toxin is present in the

original sample.

5 Conclusions

We have demonstrated that BoNT/A, /B, /E, and /F can be detected via their
activity by mass spectrometry. We have shown that this method can be used to
detect these toxins in food or clinical samples. This method has three layers of
specificity; the first is antibody affinity, the second is enzymatic activity of the
toxin upon the peptide substrate, and the third is an accurate mass measurement of
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Fig. 11 MS/MS spectra of peptides SFGHEVLNLTR and SFGHDVLNLTR from BoNT/A1 (a)
and /A2 (b) respectively. Fragment ions marked in blue indicate common fragment ions; fragment
ions marked in red indicate fragment ions which can be used to distinguish BoONT/A1 from /A2

the cleavage products of the peptide substrate. Additionally, this method can detect
the presence of BoNT/A, /B, /E, or /F in human serum at levels below that of the
current standard, the mouse bioassay. Furthermore, this method can be used to
detect the presence of the majority of BoNT/A, /B, /E, and /F subtypes. Finally,
differentiation of the subtype of toxin is possible through tryptic digestion of the
toxin itself and a mass spectral analysis of the tryptic fragments.
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Functional Assays for Ricin Detection

Eric Ezan, Elodie Duriez, Francois Fenaille, and Francois Becher

Abstract In this review, we provide background information on ricin structure,
present available functional assays for other toxins that are potential biothreat
agents, and finish by describing the functional assay of ricin itself. Using appropri-
ate sample preparation and optimized detection based on N-glycosidase activity, we
demonstrate that specific detection of whole ricin at a level of around 0.1 ng/mL is
possible and applicable to environmental samples.

1 Introduction

Ricin is a toxic protein found in the seeds of the castor oil plant, Ricinus communis,
at concentrations ranging from 1% to 5% (Fig. 1) and was first isolated by Stillmark
in 1888." Ricinus communis is widespread in tropical regions, grown as an orna-
mental plant elsewhere, and is cultivated industrially for the production of castor oil
(used in lubricants, hydraulic fluids, paints, inks, soaps, synthetic fibers, and also
as a purgative).” Ricin constitutes a substantial risk because of its toxicity, wide-
spread availability and ease of extraction. A highly toxic crude extract is easily
prepared by treating ground Ricinus communis seeds with acetone to eliminate oil
and then with acetic acid to extract proteins.’ These proteins include water-soluble
ricin, which is not extracted with the oil, but remains in the slurry, which is detoxi-
fied by heat treatment (85°C) and used as fertilizer or as cattle feed.” Ricin is a
high-molecular-weight protein (~62 kDa) and filters with a molecular weight cut-
off of 30 kDa are used to eliminate smaller contaminants.?

There are no precise toxicological data on ricin, and its toxicity has been
assessed in humans from domestic and industrial accidents, cases of suicide or
murder by ingestion, inhalation or injection, and also in animal studies. In humans,
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Fig. 1 Glycan structures of ricin D from Ricinus communis

the estimated lethal dose is 1 mg by ingestion, 1 pg/kg by injection and 5-10 pg/kg
by inhalation, which is a wide range of LD, . As for any agent, the methods of
detection of ricin must have a sensitivity cut-off that is consistent with the LD, . To
give a concrete example, in a man who drinks 1 L of water a day, a ricin concentra-
tion of 1 pg/mL in that water would be needed to reach the LD, . The aim therefore
is to develop analytical methods able to detect a quantity of ricin below the LD,
i.e., below 1 pg/mL.

The Centers for Disease Control and Prevention in Atlanta put ricin in cate-
gory B (Table 1) because there is currently no specific treatment for exposure to
it, just treatments of signs and symptoms.> Given its toxicity at low doses, ricin
is a potential bioterrorism agent and was, for example, used to murder the
Bulgarian journalist Georgi Markov in London in 1978, by injection of about 500 ng
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(i.e., equivalent of five seeds).® Among potential pathways to exposure, aerosol
release of ricin is likely to be favored, and would constitute the greatest risk.’
More simply, ricin could be used to adulterate food or beverages. So the diversity
of sample types to analyze leads to methodological complications in developing
specific assays.

Numerous proteins structurally and functionally related to ricin have been char-
acterized from a great variety of plants. Like ricin, these proteins irreversibly inac-
tivate eukaryotic ribosomes, and so collectively are known as ribosome-inactivating
proteins(RIPs).” Abrin of Abrus precatorius and volkensin of Adenia volkensii are
examples.® Ricin is a glycoprotein of molecular weight ~62 kDa comprising two
polypeptide chains, A and B, respectively of 267 and 262 amino acids, linked by a
disulfide bridge.”'° Ricin binds to eukaryotic cells by its B chain, a lectin which
binds to terminal B-D-galactopyranose residues of cell surface glycolipids and gly-
coproteins.”!!" After binding, ricin is internalized by clathrin-dependent endocytosis
and is transported to an intracellular compartment of the Golgi apparatus.’> To
reach the ribosomes in the cytosol, ricin must first cross the endomembrane system
to be internalized in the endoplasmic reticulum, where the A and B chains are
cleaved at the interchain disulfide bridge.”* Chain A is then recognized by a trans-
membrane complex of the endoplasmic reticulum, Sec61p, which facilitates its
translocation to the cell cytosol." Once in the cytosol, the A chain, which has toxic
activity, catalyzes the cleavage of the N-glycoside bond of adenosine 4324, specific
to the GAGA sequence of the 28S ribosomal RNA of the large eukaryotic 60S
subunit. This depurination irreversibly inactivates the ribosome by altering the
binding sites of the elongation factor EF-2."5 As rRNA is modified, protein synthe-
sis is stopped, and this leads to apoptosis of the cell. Note that a single ricin toxin
A chain in the cytosol can inactivate a 1,000 ribosomes a minute.” In addition, ani-
mal experiments (e.g., in mice) have shown that the toxicity of the ricin A chain is
significantly lower (~fivefold) than that of whole ricin because of problems of
internalization.'® As for any potential bioterrorist agent, the formal establishment of
poisoning by ricin is based on identification of the toxin in exposed individuals or
at the presumed scene of exposure, meaning that there is a wide range of types of
samples to analyze (e.g., solid or liquid foodstuffs, or both, soil, plasma). The use
of two or more different technologies is required for unambiguous identification of
ricin."” Furthermore, ricin toxicity depends on maintenance of its native structure,
particularly the disulfide bridge between the A and B chains." For this reason, it is
important to study not only its biological activity, but also its structural integrity.
Various analytical methods have been developed to detect and quantify ricin, based
on two types of approaches.

Sensitive methods for detection of ricin usually rely on immunoassay. ELISA
generally shows high sensitivity with reported detection limits between 0.1 and 80
ng/mL."®" Recently, a more sensitive immuno-polymerase chain reaction assay
was reported with a detection limit of 10 fg/mL.*° However, the major limitation of
these assays is their detection of both functional and nonfunctional ricin. Measuring
the functional toxin specifically is important because only active toxin poses a
threat to human health and life.
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Other alternatives, such as mass spectrometric methods, can generally achieve
rapid, sensitive, and highly specific characterization of proteins. A recently
published method uses both MALDI-TOF- and LC-ESI-MS/MS.?! MALDI-
TOF-MS was used to screen for ricin peptides after trypsinization, and LC-ESI-MS/
MS detected the peptides in the multiple reaction monitoring (MRM) mode. The
sensitivity was 50, 100 and 1,000 ng/mL, as described for analysis of other
proteins or toxins with similar technology.?>?* These methods appear very specific,
but less sensitive, and like immunoassays they do not specifically measure
functional ricin.

Clearly, there is a need for specific detection of active ricin reaching the sensitiv-
ity of the best ELISA, i.e., at least 0.1 ng/mL. Immunorecognition of antibodies
combined with mass spectrometric detection is considered one of the most specific
analytical approaches, and has been applied to the detection of peptides/proteins in
biological samples such as botulinum toxins.*

In this review, we provide background information on ricin structure, present
available functional assays for other toxins that are potential biothreat agents, and
finish by describing the functional assay of ricin itself. Using appropriate sample
preparation and optimized detection based on N-glycosidase activity, we demon-
strate that specific detection of whole ricin at a level of around 0.1 ng/mL is pos-
sible and applicable to environmental samples.

2 Ricin Structure

Ricin is a glycoprotein of molecular weight ~62 kDa comprising two polypeptide
chains, A and B, respectively of 267 and 262 amino acids,'® which are linked by a
disulfide bridge.’

There are two subtypes of ricin — D and E — of similar overall toxicity, but activi-
ties that differ slightly because of a difference in affinity for certain cells.”® This
seems to be the result of structural variants of the B chain,?!® since ricins D and E
differ only by the amino acid composition of the B chain (93% homology). The B
chain of ricin E is a hybrid of the B chains of ricin D and of Ricinus communis
agglutinin (RCA).'"” RCA is a protein of sequence analogous to that of ricin that is
also found in ricin seeds, but is not toxic. The A chains of RCA and ricin share 94%
homology, and the B chain of RCA shares respectively 85% and 89% homology
with the B chains of ricins D and E.?! Ricin D and RCA seem to be present in
all ricin seeds, whereas ricin E appears to be present solely in small seeds."
Also, ricins D and E as well as RCA would appear to be present in analogous
proportions.*’

Ricin is a highly heterogeneous protein in terms of posttranslational modifica-
tions,?® and four consensus sequences of N-glycosylation Asn-X-Ser/Thr are pres-
ent in its primary sequence. The corresponding sites of N-glycosylation are Asn-10
and Asn-236 of the A chain and Asn-95 and Asn-135 of the B chain.?®?° Figure 1
shows the glycan composition and structures of ricin D from R. communis.***
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It is suspected that ricins of different origins have distinct glycan motifs and
primary structures. In a study of seeds from five varieties of R. communis — R. zan-
zibariensis, R. carmencita, R. impala, R. sanguineus and R. gibsonii — Despeyroux
et al. combined mass spectrometry (ESI-MS), capillary-zone electrophoresis
(CZE), capillary isoelectric focusing (CIEF) and multianalyte resonant mirror to
distinguish R. zanzibariensis clearly from the four other varieties?. These differ-
ences cannot be attributed solely to variants of glycoside motifs, but to primary
sequence variations also. Databases give different amino acid sequences, probably
because these sequences were determined using different seed varieties. Ricin from
Ricinus sanguineus seeds differs from ricin of Ricinus communis seeds by two
amino acids in the A chain: asparagine is replaced by serine in position 136,* and
isoleucine by valine in position 173. Despeyroux et al. also found functional differ-
ences between ricins.”

We recently developed a method of detecting ricin through off-line coupling of
immunocapture and MALDI-TOF-MS analysis after tryptic digestion®'. In applying
this method to 17 varieties of ricin seed from various geographical areas (Spain,
Tanzania, Pakistan, India, China), the antibodies used recognized with similar affini-
ties the B chains of the different ricins, and the three diagnostic peptides were also
found in the different species. An in-depth study of the mass spectra of the MALDI-
TOF-MS analysis of ricin extracts from different varieties of Ricinus did not reveal
discriminant peptides, potentially corresponding to structural variants.

Figure 2 illustrates the great resemblance of the two mass spectra of seed
extracts (after immunocapture) of R. communis and R. zanzibariensis. The only
intensity variations are attributable to the enzymatic digestion and to the mass spec-
trometry analysis itself.

With or without prior immunocapture, the MALDI-TOF-MS analysis of purified
ricin samples from R. communis, R. impala and R zanzibariensis did not provide
evidence of important structural differences. Approaches involving nanoLC-ESI-
MS/MS are under development to confirm or refute the existence of structural
variants.

3 Functional Assays for Toxins

Numerous toxins consist of a component that binds to cell surfaces and a catalytic
unit that modifies cell homeostasis, resulting in deleterious effects on cell targets.
The exquisite specificity of their enzymatic components and high turnover provide
the basis for the development of assays for pharmacological study of these toxins.
Since these toxins or their expression vectors are also considered as potential ter-
rorist weapons, there is considerable interest in using these activities as a means to
monitor infection in human plasma as well as the biological threat in various envi-
ronmental media.** For instance, this was applied to the development of bioassays
for botulism toxins and anthrax toxins with the lowest limit of detection in the pico-
and femtomolar range.
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Botulinum neurotoxins (BoNTs/A-G) produced by the genus Clostridium are
responsible for the paralytic illness botulism, and are one of the most toxic bio-
weapons. Because of this extreme toxicity, their availability and ease of prepara-
tion, BoNTSs have been identified as a major biothreat agent. Therefore, in suspected
intentional contamination, analytical techniques for prompt detection and diagnosis
are essential, and must identify the causal agent rapidly to expedite suitable con-
finement and treatment. Currently, the widely accepted test for the identification of
BoNTs in both clinical specimens and food is the mouse bioassay. Its main advan-
tage is sensitivity, with detection of 10-20 pg/mL of toxin, which is estimated to
correspond to one mouse LD50.3** However, although mice often exhibit signs of
botulism within a few hours after a BoNT sample injection, 4 days are required to
confirm a negative result.

There is clearly a place for alternative in vitro assays. One strategy has been to
make use of the catalytic activity carried by the light chain of the toxin. BoONTs are
composed of two chains, a heavy chain (=100 kDa) and a light chain (=50 kDa)
held together by a disulfide bond.* The heavy chain is responsible for binding to
the presynaptic membrane and translocation of the light chain into the cytosol of
neuronal cells. The light chain cleaves specific proteins (SNAP-25, VAMP, syn-
taxin) involved in forming the soluble N-ethylmaleimide—sensitive fusion attach-
ment protein receptor (SNARE) complex.* This complex is required for fusion of
the synaptic vesicle with the presynaptic plasma membrane and communication
between neurons.

Protein cleavage by BoNTs has been exploited for the development of sensitive
in vitro assays, using peptide substrates mimicking the natural target of BoNTs.
Peptide cleavage has been monitored either by fluorimetry?’” or ELISA.%!
Recently, it has been demonstrated that mass spectrometry is an alternative that
can differentiate toxin types specifically (Endopep-MS assay). Each BoNT type
cleaves a unique site on substrate peptides, generating products with different
masses. Based on MALDI-TOF-MS or LC-ESI-MS/MS analysis of the product
fragments, the Endopep-MS assay differentiates all seven BoNTs (A, B, C, D, E,
F and G types). Sensitivity of between 0.039 and 0.625 LD_/mL in buffer sam-
ples, so better than that of the mouse assay, was demonstrated for types A, B, E
and F.*> This Endopep-MS assay has been applied to environmental and clinical
samples, using an antibody capture step to purify and concentrate the toxins.>**
This step, using antibody-coated magnetic beads, was necessary to remove most
proteases from the sample and to concentrate the toxin from higher volumes
such as 0.5 mL of serum. Sensitivity similar to that of the mouse bioassay was
obtained in spiked serum, with a 4-h detection time. These results should be
compared with those of the reference mouse assay, where 4 days are required to
obtain definitive results in the case of negative findings.

Bacillus anthracis, which causes anthrax, is another major agent considered in
CBRN (chemical, biological, radiological, and nuclear) risk management, nota-
bly because of its ease of diffusion as spores, the high mortality (close to 100%)
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of inhalation anthrax, and the nonspecific symptoms of gastrointestinal anthrax
and inhalation anthrax, which delay diagnosis. Anthrax toxin comprises three
proteins that together account for its virulence: protective antigen (PA), a com-
mon component in receptor binding and internalization of two enzymatically
active moieties — a metalloprotease (lethal factor, LF) and an adenylate cyclase
(edema factor, EF).

Diagnostic techniques designed for use when Bacillus anthracis infection is
suspected include detection of the bacteria by phenotypic (API strips, morphological
characteristics of cultured colonies) or genomic (real-time PCR) methods, or toxin
detection. Toxins in serum can be quantified by Western blot** or more sensitively
by ELISA.*4¢ Antibodies to PA or EF can be detected by an indirect microhemag-
glutination test,*” antibodies to PA and LF by electrophoretic immunotransblot,*
antibodies to PA,* EF, and LF*° and poly-D-glutamic acid capsule by ELISA,>" and
antibodies to PA by fluorescent covalent microsphere immunoassay.’’ However,
DNA-based and antibody-based techniques do not indicate whether the pathogens
are still viable or whether the anthrax toxins are still functional.

Indirect detection of B. anthracis in serum has been developed, based on the
activity of EF and LF. LF is a zinc endoprotease, which acts on the N-terminal part
of six mitogen-activated protein kinases.™

Its action blocks the signaling pathway and deregulates production of cytokines.
EF is an adenylate cyclase, which catalyzes the transformation of adenosine
triphosphate (ATP) to cyclic adenosine monophosphate (cAMP), in the presence of
calmodulin and calcium. This excess of cAMP results in edema. These two
enzymes have high catalytic activities which explains the potential gain in sensitiv-
ity when using an activity-based assay.’**

Detection based on the enzymatic approach has a sensitivity of between 1 and
10 pg/mL for EF depending on the matrix, which represents a 50- to 1,000-fold
gain in sensitivity over that of classic immunological tests.>> The cAMP produced
by the toxin from ATP is quantified using an immunoassay (ELISA). The enzy-
matic reaction can be done directly in serum, without prior extraction of the
toxins. The cAMP formed, greatly exceeds endogenous cAMP. Only EF catalyzes
the ATP transformation reaction this efficiently, which gives the test its specific-
ity. The incubation of the serum with the substrates is brief (10 min for LF and
30 min for EF) and the time of analysis is short. Results can be obtained in less
than 1 h.

The Centers for Disease Control and Prevention in Atlanta have developed
MALDI-TOF mass spectrometry to detect products of LF,’ whose particular cleav-
age of peptide substrate distinguishes it from other plasma proteases or toxins. LF
is first isolated by immunocapture using antibody-coated magnetic beads to elimi-
nate endogenous antiprotease, which could degrade the substrate. The enzymatic
reaction is then performed with a 45-amino-acid peptide mimicking the natural
protein substrate. The entire analytical method time requires 4 h and detects LF
levels as low as 0.05 ng/mL in serum from infected monkeys.
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4 Functional Assay for Ricin

Like the other toxins mentioned above, ricin can be detected in its bioactive form,"
by using its catalytic activity for indirect detection. However, RIPs have the same
catalytic activity, so this type of method requires specificity.

To detect ricin using its functional activity, two types of tests are described in the
literature: biological tests, i.e., in vivo lethal dose tests,'® (reference test in mice)
and in vitro cytotoxicity tests.'”’*® The LD_ is 75 ng and 500 pg/mL, respectively
for these two tests.'"'® The two main drawbacks of these tests are that they are time-
consuming (3—10 days) and problems of standardization and reproducibility, linked
to variability between animals and cultured cells.

In a second type of test, based on biochemical methods using the N-glycosidase
activity of ricin,*® bioactive ricin is detected by measuring the product of its
enzymatic activity, adenine, or the degraded substrate, the depurinated
oligonucleotide.

Kalb’s team has developed the detection of functional ricin by MALDI-TOF-MS
assay of the depurinated oligonucleotide,** which differs in mass by 118 Da from
the initial substrate, owing to the release of adenine. Note that immunocapture was
performed upstream to increase specificity. The limit of detection of ricin is 1.2 ng/
mL. The feasibility of the method developed by Kalb et al. has been evaluated on
clinical samples (e.g., serum and saliva) and on food samples spiked with 2 pg/mL
ricin.**** However, no information on the various detection limits in these complex
media is given.

Various teams have used the strategy of quantifying the adenine released by ricin
from synthetic DNA or RNA substrate.> This work has led to quantification of
adenine by colorimetry,® by chromatography coupled to fluorescence,’' to radioac-
tivity®? or to mass spectrometry>® and more recently by electrochemiluminescence.®
Table 1 summarizes the main characteristics of these methods.

Of current methods of detection of bioactive ricin, only those of Hines et al.* by
LC-ESI-MS/MS quantification of adenine, and Keener et al.*® by measurement of
electroluminescence, are sufficiently sensitive, i.e., of the order of ng/mL ricin. The
advantage of the analysis by mass spectrometry is the inherent specificity of the
detector itself. Nevertheless, these methods have important limitations. They lack
specificity for ricin because there are other proteins able to depurinate an RNA or
DNA substrate.®® The analytical signal recorded therefore does not confirm the pres-
ence of ricin, but shows that RIPs are present, particularly in complex media. These
methods have been developed using buffered solutions of ricin, and have not been
applied to biological or environmental samples, and so cannot be used to extract ricin
from complex media, in which certain compounds, notably endogenous adenine
(e.g., milk) and RNA degradation enzymes (RNAses), may interfere with assays.

The sensitivity of detection of bioactive ricin depends on the mode of detection
and also on the substrate of the enzymatic reaction itself. Key among factors affect-
ing the efficiency of the depurination reaction is the nature of the substrate. In the
methods described above, the specific substrate used is natural or synthetic DNA
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or RNA. Table 1 shows that methods using synthetic RNA as substrate seem to be
the most sensitive™® because ricin is catalytically more efficient when the substrate
more closely mimics its endogenous substrate. However, experimental manipula-
tion of RNA calls for special precautions owing to its lability, notably its degrada-
tion by RNAses.

Our objective has been to develop a biochemical method of detection specific to
functional ricin, i.e., whole ricin with N-glycosidase activity. In comparison with
existing methods, additional specificity has been provided by the combined use of
mass spectrometry and immunocapture using antibodies directed against the B
chain of ricin. Immunocapture also extracts and concentrates ricin from complex
samples. In the event of a biothreat, the response time is vital, and special attention
has been paid to minimizing the overall analysis time.

The first step of the assay consists of specific capture of ricin by its B chain
(Fig. 3), on magnetic beads coated with antibodies. The captured ricin is then incu-
bated with a 14 mer RNA substrate containing the GAGA sequence and mimicking
the natural RNA ribosomal substrate of the toxin. Finally, detection is based upon
the LC-ESI-MS/MS analysis of adenine released by the ricin A chain. During
development of the method of detecting bioactive ricin, attempts at optimization
have focused on three main points: chromatographic analysis, enzymatic reaction
conditions, and immunocapture.

Utilization of LC-ESI-MS/MS (MRM mode) confers great sensitivity on the
assay of adenine. This assay was developed by Hines et al., 2004, but lack of repro-
ducibility (i.e., poor chemical stability of the column regarding pH) and of sensitivity
(i.e., limit of detection 2.4 ng/mL adenine) in their conditions prompted us to opti-
mize the chromatographic analysis of the released adenine.”® Being a small, polar,
positively charged molecule, adenine is not easily retained chromatographically
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Fig. 3 Detection of functional ricin by combination of immunocapture and LC-ESI-MS/MS
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and it was necessary to test the efficiency of different columns and elution conditions.
Chromatographic analysis at the pH of adenine neutralization on an Atlantis® C18
column was chosen for further development and enabled us to achieve a limit of
detection of 1 ng/mL (500 pg) ricin by direct LC-MS/MS analysis and of 0.1 ng/mL
after immunocapture. So, our method of detection of ricin is approximately ten times
more sensitive than that analyzing the depurinated oligonucleotide by MALDI-
TOF-MS after immunocapture.®

Another determinant step is depurination of the ricin, and such methods use the
enzymatic activity of ricin to amplify the signal to be detected. Optimization of the
enzymatic reaction conditions increases sensitivity. The natural substrate of ricin is
eukaryotic 28S rRNA, which contains the nucleotide sequence GAGA in the sarcin-
ricin loop. Ricin can also depurinate a synthetic oligonucleotide of RNA or DNA
that bears this GAGA sequence. We chose RNA as substrate as it gave the best
limits of detection. The mechanism and specificity of the A chain of ricin were
studied by Chen et al. using ten to 18-nucleotide RNA strands containing the spe-
cific motif, the GAGA loop.®> A pH of 4 is optimal for the action of ricin on strands
of synthetic RNA. Although this pH is far from physiological, ricin is enzymati-
cally active inside the cell, or certain cell compartments (e.g., lysosomes) may be
at a pH well below physiological.®® At the optimal pH for depurination, the pre-
ferred substrate is an RNA of 14 bases, which is hydrolyzed at a rate of 219 moles
per min, withak_/K ratio of 4.5.10° M™'s™" (i.e., K_=8.1 uM) in stable conditions
of catalysis. Smaller or longer substrates have lower K values, but all are close to
~5 uM. Substrates of ten and 18 bases have k_/K ratios close to 10* M~'s™.%
In our method, we use a synthetic RNA substrate of 14 bases, which enables the
best catalytic efficiency. Although Chen® established the optimal conditions of
depurination, adjustments have made the in vitro enzymatic reaction more efficient,
notably by optimizing substrate concentration. Increased release of adenine up to
3.55 nmol of RNA has been observed, a quantity for which ricin seems to be at peak
efficiency. So, we have fixed the quantity of RNA used for the depurination reac-
tions at 3.55 nmol (i.e., 89 uM), which corresponds to ~10 K according to Chen®
for an identical 14-base RNA substrate. Complementary results have shown that the
utilization of a synthetic RNA substrate is beneficial (gain by a factor of ~5) by
comparison with a synthetic DNA substrate. These results are consistent with those
of Chen.® The synthetic RNA substrate mimics more closely the endogenous sub-
strate of ricin. As a function of the quantity of adenine released, the native form
(i.e., whole ricin) has greater enzymatic efficiency than the A chain, at equivalent
molar concentrations. Barbieri group has observed the same tendency (enzymatic
activity of ricin three times that of the ricin A chain).®' Although these analyses
were done in vitro, the structural integrity of ricin seems to play a part in its
activity.

The optimum incubation time for maximum sensitivity was found to be 24 h.
This delays the results of the assay, which may be prejudicial in the case of bioter-
rorist attack. However, a preliminary result at threefold lower sensitivity can be
given after 6 h, i.e., 4 h of incubation and two additional hours for sample process-
ing, and confirmed 20 h later if more sensitivity is needed.
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We found that three other samples of ricin purified from Ricinus communis (no. 2),
Ricinus impala and Ricinus zanzibariensis had different activities at equivalent
quantities of ricin. These results could be explained by sample instability or non-
specific binding, or because of variations in the activity of ricins dependent on
naturally occurring sequence variants.”* For example, there are ricin isoforms
depending on the variety of seeds from R. sanguineus* and the Despeyroux team
have found numerous glycoforms.?

The ultimate aim of this method is to detect ricin in complex biological or envi-
ronmental samples, which often contain an abundance of proteins and enzymes that
degrade nucleic acids (i.e., RNAse, DNAse) and may interfere with detection. So,
sample treatment is needed to extract the ricin from complex samples. The advan-
tage of immunoaffinity extraction is that it increases specificity for RIPs, compared
with the abovementioned methods of detection.®%* Immunoaffinity extraction of
ricin on conventional supports like agarose gel or protein A/G magnetic beads
allows direct depurination of the captured ricin. Nonetheless, the second mode
favors the incubation time and ease of use by using magnetic beads functionalized
with antibodies, directly suspended in the biological sample. The advantage of this
type of support is that it presents a greater surface area for capture and does not
need chemical reactions to graft the antibodies. Before this study, this format of
extraction by immunoaffinity proved effective in isolating and concentrating other
protein toxins.?* Immunocapture of the B chain was therefore set up as illustrated
on Fig. 3.7

The feasibility of ricin detection by LC-ESI-MS/MS analysis coupled with
immunocapture by anti-B chain antibodies has been demonstrated using food
samples, such as milk, tap water and mineral water. On analysis of milk samples
spiked with ricin, no inhibition by endogenous lactose of antigen-antibody recogni-
tion during immunocapture was noted, suggesting that this method could be used
to detect ricin in other matrices with the same efficiency. Validation of the method
with a wider range of samples should be envisaged, together with tests of ricin
stability. However, the results obtained with three other samples of ricin purified
from different seed varieties suggest that there may be between-variety differences
in enzymatic activity. In view of these results, completed by analysis of other
samples of ricin purified from different seed varieties, it may be interesting to
evaluate and confirm these differences in enzymatic activity and to determine their
origin for a better understanding of the biological process. These differences point
to valuable studies, notably in vivo, to determine the LD, of ricin as a function of
seed variety.

5 Conclusion

The presence of ricin in the environment in the wake of a suspected bioterrorist
incident should be confirmed using several analytical methods. Immunoassays are
highly sensitive, and mass spectrometric methods very specific, but less sensitive.
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However, none can distinguish between functional and nonfunctional ricin. Our
approach based on immunocapture by anti-B chain antibodies coupled to mass
spectrometry determination of the release of adenine by the A chain allows sensi-
tive and specific determination of functional ricin. This is the first method capable
of specifically detecting functional ricin with sensitivity similar to that of enzyme
immunoassay and easily applicable to environmental samples. The assay requires
26 h, which may appear long in the event of a bioterrorism incident. However, a
preliminary response can be given after 6 h with threefold lower sensitivity, but still
below the ng/mL scale. Means for shortening assay time or enhancing sensitivity or
both must be considered. The first possibility is to work with a larger sample vol-
ume. The catalytic efficiency of the depurination reaction by ricin could then be
increased by developing a modified RNA substrate. For instance, introduction of a
2'-deoxyribonucleoside at the second position of the GAGA sequence, i.e.,
GdAGA, increases the catalytic constant.®® A last approach would be to optimize
the sensitivity of adenine detection using improved analytical methods, such as
nanoLC/MS.

We have demonstrated the feasibility of using immunocapture and mass spec-
trometry. The method should now be validated in a separate study to establish more
precisely the sensitivity and precision and also to confirm the specificity when
applied to environmental matrices or even clinical samples.
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Challenges of Detecting Bioterrorism Agents
in Complex Matrices

Erica M. Hartmann and Rolf U. Halden

Abstract This chapter offers an overview of the shift from the use of mass
spectrometry for studying purified bioterrorism agents to the development of meth-
ods for rapid detection thereof in environmental and clinical samples. We discuss
the difficulties of working with such complex matrices and present methods for
quickly and effectively reducing complexity through sample preparation. Finally,
we examine a success story wherein the common pathogen and potential bioterrorism
agent norovirus is detected at clinically relevant levels in human stool.

Keywords Environmental samples ¢ Clinical samples ® Norovirus ¢ Stool

1 Introduction

1.1 The Target Signal: Non-Target Signal Problem

Historically, we have used mass spectrometry (MS) to analyze bioterrorism agents as
pure samples, but we are now in the position to examine them in more realistic set-
tings, such as environmental or clinical samples. One major obstacle that has tradi-
tionally stood in the way of such analyses is the target signal-to-non-target signal
(S:N) problem. Probing for peptide biomarkers in environmental samples equates to
searching for the proverbial needle in a haystack, even when starting with relatively
concentrated samples. These biomarkers must be reproducible and unique to the
bioterrorism agent in question. Screening for suitable characteristic biomarkers can
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involve the investigation of hundreds of candidate proteins and peptides before finding
success. Matrix effects, i.e. the presence of legitimate, albeit undesirable signals from
non-target substances in the sample, make it vastly more difficult to find these bio-
markers in more complex samples. As the number of non-target peaks increases,
signal from the target is more difficult to recognize and observe (see Fig. 1).

To avoid ambiguity, it is appropriate to pause here for a few definitions. In this
chapter, we use the term “non-target signal” to encompass both true background
“noise” and undesirable, interfering signals from sources other than the biomarker(s)
of the bioterrorism agent of interest. Detector response from the required after
biomarker(s) is referred to as the “target signal.” The “sample matrix” is comprised
of everything present in the sample aside from the targets themselves.

Throughout this chapter, we will refer to the spectrum of sample matrix complexity.
The spectrum ranges from the simplest sample possible, a purified protein, to the ulti-
mate challenge of environmental or clinical samples, bearing in mind that not all
environmental or clinical matrices are equally complex.

While there are many methods of overcoming the S:N problem, many of them
involve labor- and time-intensive sample preparation. Since MS-based techniques
should be rapid and designed for high-throughput, these additional measures taken

== Background Noise ==== Non-Target Signals == Target = S:N

Signal Intensity

- T T T T T T T T T T T T T T T T T T 1

i Protein in
Pure protein Sample Matrix Complexity o'tel ! .
environmental matrix

Fig. 1 A graphical representation of analytical challenges arising from increasing levels of sample
matrix complexity. As the sample becomes more complex, phenomena such as ion suppression may
reduce the intensity of the signal from a given target. At the same time, signals from non-target
masses increase in number and intensity. The ratio of target signal to other signal sources (back-
ground chemical noise plus all non-target, signal producing sample constituents) decreases corre-
spondingly, thereby making it progressively more challenging to identify and quantify the target in
samples of increasing complexity
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for sample purification may diminish significantly the intrinsic advantages of MS.
In the quest for the optimal MS assay, it is therefore desirable to evaluate sample
preparation based not only on its effectiveness but also on the time it requires.

1.2 Potential Matrices

A general list of sample matrices of interest for the analysis of bioterrorism agents
includes air/aerosols, water, soil, sediment, food,'? as well as biological specimens
of exhaled breath condensate, urine, saliva, blood and stool. Each of these matrices
presents its own unique challenges and considerable differences exist with
respect to non-target sample content that may interfere with successful analysis of
the target. Matrix signals result from cells and tissues of non-target organisms,
proteins, peptides, as well as from other sample constituents including surfactants
and/or salts.’

2 Potential Solutions

As with many obstacles, there are multiple avenues for addressing the S:N problem.
The following discussion of potential solutions is not meant to be exhaustive.
Rather, it highlights a few areas where progress has already been made and then
focuses on sample preparation techniques because these represent an accessible and
practical avenue in many situations.

2.1 Instrumentation

Since the invention of soft ionization, the field of biopolymer MS has already seen
progressive technical amelioration over many generations of instrumentation. In
general, mass spectrometers have become less expensive and smaller.* At the same
time, resolution, mass accuracy and sensitivity have all improved.**

The main soft ionization techniques currently used are electrospray ionization
(ESI) and matrix-assisted laser desorption/ionization (MALDI). A variation on ESI
known as nanospray has also been developed. Nanospray grants favorable ioniza-
tion efficiencies, low limits of detection and enhanced signal intensity.” MALDI has
seen a number of technical improvements as well. In addition to the hardware, the
selection of MALDI matrix—not to be confused with sample matrix—also dramatically
impacts the mass range and ionization efficiencies.®

These ionization techniques can then be coupled to a suite of MS detectors.
MALDI is most commonly paired with a time-of-flight (TOF) detector. While the
flight tubes for these TOFs can be quite long, reflectors and, for tandem MS,
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orthogonal systems have helped to condense the dimensions of these systems.
Additional mass analyzers include linear ion traps (LTQ), triple quadrupoles, qua-
drupole ion traps, orbitraps, Fourier-transform ion cyclotron resonance (FTICR)
systems, and others.*’

The advent of tandem MS (MS/MS) has also greatly expanded the realm of pro-
tein investigation, making it possible to study all levels of protein structure, from
primary to quaternary.” It is now possible to determine many post-translational
modifications and partial or full amino acid sequences by MS/MS.? This latter devel-
opment has been particularly beneficial for protein identification. The generation of
fragment ions for analysis in the second MS can be as simple as post-source decay
in MALDI. Here, a small population of ions spontaneously dissociate, when induced
with high energy during passage through the first flight tube. For more complete
fragmentation and the formation of predictable fragment ion series, a host of disso-
ciation techniques, including collision induced dissociation, surface-induced disso-
ciation, black-body infrared radioactive dissociation and electron-capture-induced
dissociation* are available. For improved performance and other advantages, MS
detectors can be paired in hybrid MS/MS instruments, resulting in mass accuracy
below one part per million.’

Whereas MS/MS historically was reserved for specialists, this technique is
now increasingly accessible.*” Software packages that take advantage of constantly
increasing computing power make it relatively easy to analyze the thousands of
spectra that are generated in an MS/MS run. Especially with on-line systems, where
a pre-separation step such as liquid chromatography (LC) is incorporated into the
analysis, much of the process is or can be automated.’ This degree of automation
goes hand in hand with the high-throughput capabilities of MS and MS/MS analyses
of proteins.

The increased capacity for proteomics studies is also spurred on by the ever
expanding genomic databases and developments in bioinformatics.** Without the
vast genomic dataset, many of the techniques and studies discussed in this chapter
would not be possible.

It is also worth noting that several methods for peptide quantitation have been
crafted, including isotope-coded affinity tags® and stable isotope labelling.”!
Bioinformatics-based quantitation, such as Exponentially Modified Protein
Abundance Index (emPAI)'"'> and spectral counting,'” are also being employed. The
ability to both detect and quantify targets greatly adds to the appeal of using MS for
studying protein and peptide biomarkers.

2.2 Target Selection

One approach to detecting bioterrorism agents using MS is fingerprinting whole
cells to obtain mass spectral “barcodes”.'*!* This technique can be very informative,
providing identification at the sub-strain level for pure samples'> and at the species
level for mixtures." For bacterial source tracking the reproducibility of MS-based
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techniques can surpass that of DNA fingerprinting.”” As an added benefit, MS of
whole cells can also be performed with minimal sample preparation requirements.

However, whole cells cannot be identified without extremely pure samples and
a library of standard spectra, a bioterrorism monitoring scenario representing the
exception rather than the norm. The need for purity, a minimum amount of biomass,
and dependence of the method’s outcome on the growth condition (vegetative state)
of the biomass assayed often necessitate cultivation of the sample. Because of the
wide mass range required for whole cell fingerprinting, the resolution of the peaks
is relatively low, and the number of reproducibly detectable peaks typically is lim-
ited.'® This results in poor statistical power of the identification. Ultimately, this
technique is limited by the size of the fingerprint (microbial barcode) library.

MS also has been combined with bioinformatics-driven proteomics. In the top-
down approach, intact proteins are introduced into the first MS, fragmented in a
collision cell, and the fragment ions are analyzed in the subsequent MS. This
approach yields better peak resolution than whole cells because the mass range
queried is smaller. The greater resolution allows for the determination of post-
translational modifications and amino acid sequence information.'” This technique
also includes as targets genetically engineered novel pathogens if the latter express
a known toxin or virulence factor, as proteins can potentially be identified from
transformed organisms.'®

Top-down approaches are potentially powerful but require expensive high-
resolution instrumentation, such as an FTICR-MS, and the analysis of fragmenta-
tion spectra can be challenging and time-consuming because fragmentation patterns
are complicated and few databases exist."” Several improvements are required for
this approach, including better fragmentation and faster and more reproducible
methods for introducing the sample into the MS.” Furthermore, this technique can
require more sample preparation because cells typically have to be lysed, and the
protein content of the cell separated from the lipids and nucleic acids.

In contrast, the bottom-up proteomics approach currently is more common,
easier to perform, and more tools and inexpensive techniques are available for per-
forming such analyses.’ In this technique, proteins are digested to render multiple
peptides. These peptides provide multiple reference ions, which boost the statistical
power of target identifications. Identifications can be obtained using peptide mass
fingerprinting (PMF), in which observed peptide masses are compared with theo-
retically generated mass values, or using tandem mass spectrometry, in which
characteristic peptides are further fragmented.

Although the bottom-up approach confers many advantages, it can also involve
the longest sample preparation protocols, primarily due to time required for protein
digestion. Similar to the top-down approach, this technique also is limited by the
available genomic dataset.

All of these methods are valid approaches to identifying bioterrorism agents.
Depending on the situation, individual methods may be more or less suited to the
task at hand than others. As previously mentioned, time is a very important factor
in determining which methods will be used for monitoring of bioterrorism agents
in environmental media.
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2.3 Sample Preparation

Regardless of the target selected, some sample preparation is necessary. Some
steps may simply be required for proper functioning of the mass spectrometer. For
example, desalting may be used to prevent the formation of adducts that would
shift the observed peaks. Other steps are more geared towards boosting the signal
of the target relative to non-target sample constituents. These latter steps often are
essential and thus shall be discussed further.

Many different avenues of purification and signal amplification have been inves-
tigated, and a few will be discussed further in Section 3. Commonly employed
purification options include size fractionation by sorting, physical screening,
chemical treatment (e.g., precipitation), concentration via affinity and chromato-
graphic separation. Additional options exist but, in the interest of brevity, are not
discussed here. Culturing may also be used to increase the biomass available for
analysis, thereby amplifying the target mass and improving the target to non-target
ratio within the sample matrix. However, this approach may not always be practical
and may be time-prohibitive.

As with target selection, the choice of sample preparation methods greatly
impacts the time it takes to get from sample collection to identification. Some
methods may also make the protocol prohibitively costly or difficult. It is there-
fore crucial to consider not just the efficacy of the preparation but also whether
or not it is appropriate for the situation, i.e. routine high-throughput monitoring
for bioterrorism agents.

3 Overview of Non-Bioterrorism Agent Studies

While not concentrating explicitly on the issue of bioterrorism monitoring, the
following studies can serve to highlight the challenges of the task at hand. All studies
discussed in this section concentrate on the identification of proteins and bacteria
in complex sample matrices using MS. The methods used in these studies also are
directly applicable to the monitoring for bioterrorism agents. For a brief comparison
of these methods see Table 1.

3.1 Detection of Toluene Dioxygenase from
Pseudomonas putida F1

This study aimed to identify the toluene dioxygenase (gi|148548093) expressed by
Pseudomonas putida F1 as a marker for growth on toluene."

Previous work indicated that it is possible to identify, with almost no sample
preparation, catabolic biomarkers for biodegradation from a pure culture of aerobic,
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biodegradative bacteria grown on minimal media supplemented with the substrate
of interest.”® The procedure involved the extraction and digestion of the whole
soluble proteome of Sphingomonas wittichii RW 1, a dioxin mineralizing bacterium
that, for convenience, was grown on inexpensive and readily available dibenzofuran
for expression of the dioxin degradation pathway. This digest was then analyzed
using MALDI-TOF MS. The dioxin dioxygenase could then be identified from
these spectra using PMFE.?

Successful detection of a defined target protein in bacterial whole cell extracts
by PMF is extraordinary because bacteria express hundreds, if not thousands, of
proteins at any given point in time. That a single protein can be identified from the
whole soluble proteome without any sort of separation implies that this protein is
very highly expressed, yields tryptic peptides in the mass range examined, and ion-
izes favorably using the chosen ionization technique, in this case MALDI. Indeed,
when the protocol was applied to other bacteria grown on other toxic substrates for
expression of distinct catabolic enzymes other than the dioxin dioxygenase, their
signals, while present, were drowned out by non-target proteins.'”

The problem of competing signals from other proteins within the organism is the
first increment in the spectrum of sample matrix complexity from purified protein
to environmental samples. To reduce the sample complexity, the whole cell lysates
were separated using SDS PAGE, and individual bands were excised for MALDI-
TOF MS analysis.” This simple step was enough to allow for the identification
of several proteins—including the target enzyme for P. putida F1." However,
the additional time required to run the gel, stain it, excise the bands, destain
them, and extract the sample from the gel amounted to about 4 h. The gel-based
step also theoretically raises the limit of detection.?' although quantitative work was
not done.

Although these disadvantages reduce the attractiveness of this technique for the
detection of bioterrorism agents, the results demonstrate that it is possible to obtain
meaningful identifications of specific proteins in complex digests of pure cultures
when employing only a single separation step, i.e., one-dimensional SDS PAGE.
More rapid separation steps that result in less sample loss would be more amenable
to counterterrorism work.

3.2 Characterization of Mastitic Escherichia coli in Bovine Milk

The goal of this study was to determine if growth on milk, as opposed to Luria-
Bertani (LB) broth, influenced the expression of proteins linked with pathogenicity
in Escherichia coli.'” To that end, the researchers cultured E. coli on both bovine
milk and LB broth. They collected two fractions of the proteome, cytosolic and
membrane-associated.'?

To separate the targets from interfering proteins from the media, especially
caseins, the researchers washed the harvested cells twice with cold Dulbecco’s
Phosphate Buffered Saline, centrifuged twice in a sucrose gradient, and then washed
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six more times. Although Western blots indicated that the caseins were removed
from the E. coli cultures, proteins of bovine origin were still identified."?

Prior to MS analysis, samples were further fractionated using strong cation
exchange (SCX) followed by reverse-phase high performance (RP-HP) liquid
chromatography (LC). These steps are useful to separate proteins from within the
target organism, as was seen in the previous example. The researchers successfully
identified 633 proteins from E. coli, several of which had biologically relevant
functions for growth in milk and some may be involved in pathogenesis. However,
they also identified 25 bovine proteins. Using emPAI, they determined that there
were over 100 bacterial proteins that were more abundant than the most abundant
bovine protein identified in the cytosolic fraction. However, the most abundant bovine
protein in the membrane-associated fraction was the 24th most abundant protein
identified in that fraction.'

Returning to the spectrum of sample matrix complexity, we have added interfer-
ing signals from the matrix, i.e., bovine proteins, as well as signals from endoge-
nous proteins. The procedure to counter these non-target sample constituents takes
an estimated 20 h from sample collection to protein identification, excluding the
substantial time required for microbial cultivation. It would therefore take roughly
3 days for an analyst to perform this protocol. Much of the time involved in this
protocol is devoted to the column-based SCX and RP-HPLC separations. The most
interesting step, in terms of overcoming challenges presented by a complex matrix,
is the additional centrifugation performed to separate in a sucrose gradient the milk
proteins from the target proteins, a process requiring approximately 160 min. These
results demonstrate that, for relatively simple liquid sample matrices, centrifugation
may be sufficient to remove a sufficient amount of non-target interferences to
enable successful identification of the biological agent of interest.

3.3 Metaproteomics of Bacteria in the Sargasso Sea

The purpose of this study was to observe proteins expressed by SAR11, a clade
(phylogenetically related group) of abundant marine bacteria.! Samples were
taken from the Sargasso Sea, where bacterial growth is often nutrient-limited.
These samples contain interferences from the medium, i.e., seawater, and from
other bacteria, especially of the Synechococcus and Prochlorococcus genera. The
presence of multiple SAR11 proteins also confounds the analysis because the
multiple targets must be unequivocally identified, and some peptides are not
unique to a single protein.' As such, this study used a true environmental sample,
one towards the far extreme of the spectrum of sample matrix complexity and
target-to-non-target ratios.

To separate and concentrate the bacterial biomass, samples were passed through
tandem Millipore Pellicon systems with 30 kDa regenerated cellulose filters.! No
attempt was made to separate bacterial species prior to MS analysis. Cells were
lysed and their contents digested. Resultant peptides were processed using either
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solid phase extraction (SPE) or SCX and then separated using LC coupled to
ESI-MS/MS.! This procedure takes approximately 12 h, excluding sample
collection.

To identify proteins from the SAR11 clade, the investigators constructed a data-
base of environmental protein coding sequences (eCDSs). One problem that they
encountered was that not all of these eCDSs were unique to SAR11. To test the
specificity, they queried the observed SAR11 peptides against similarly constructed
databases for Synechococcus and Prochlorococcus as well as a database compiled
from the rest of the metagenomic data from the Sargasso Sea. Of the total of 2,215
peptides they used toidentify SAR11 proteins, 24 overlapped with the Synechococcus
eCDSs, 20 with the Prochlorococcus eCDSs, and 1,226 with the remaining
Sargasso Sea eCDSs. Despite this overlap, the investigators were able to confi-
dently identify 236 proteins of SAR11 origin.'

Again, we see the use of column-based techniques to separate out both peptides
from within the target organism and those from without. In contrast with the previ-
ous study, additional signals from the media were removed by filtration, as opposed
to centrifugation. To deal with the additional species, the investigators added a
bioinformatics component to the analysis. The results of this study demonstrate
how bioinformatics, when used in complement with sample preparation, can be
used to compensate for sample matrix complexity.

4 Case Study: Norovirus Detection in Stool

This is a landmark study because it tackled both an extremely difficult target and
an extremely difficult sample matrix. Notable here is the simplicity of the method,
which also is very rapid and enabled successful detection at clinically relevant copy
numbers of the bioterrorism agent. Because of the relevance of the target and the
speed of the method, this study highlights the possibilities and current limitations
of MS-based monitoring of bioterrorism agents in complex samples.

Norovirus refers to the Norovirus genus of viruses that cause acute gastroen-
teritis.”> The CDC has classified norovirus as a Class B bioterrorism agent,
meaning that it is “moderately easy to disseminate” with “moderate morbidity
rates” and necessitates “specific enhancements of CDC’s diagnostic capacity
and enhanced disease surveillance.”” It is estimated that as few as ten virus
particles can cause an infection, although clinical virus titers in stool range
from 100 to 1,000 fmol/ml.*

One of the difficulties of working with human norovirus is that it cannot be
cultured outside of human hosts. This limitation rules out culturing of samples to
increase the amount of target copies. On the upside, norovirus capsids are assem-
bled from a single protein that occurs at a high copy number. To protect analysts
from infection, this study made use of virus-like particles (VLPs), each consisting
of 180 identical capsid proteins which are identical to the bioterrorism agent
except for the fact that they are devoid of any viral, infectious RNA. Capsid proteins
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comprising virus capsids are attractive targets for protein-based detection methods
because they frequently occur in multiple copies per virus particle. In the case of
the human norovirus, the sequence of the protein (gi|34223984) already had been
determined and entered into online genomic databases. An in silico tryptic digest
showed 15 possible fragments, equating to a potential sequence coverage of up to
58.8% in the 500 to 5,000 m/z range.**

Along the continuum of sample matrix composition, stool is localized at the far
side of extreme complexity.” In addition to the target, stool samples may contain
host (human) cells, animal and plant (food) cells, microbial cells from the gut com-
munity,” and non-proteinaceous organic and inorganic chemicals.”

Before attempting to identify the VLPs in samples of increasing complexity, the
investigators examined the pure, intact protein using 1D MS.** With this method,
monomers and dimers of the capsid protein were detectable at 60 pmoles. This
relatively high detection limit was due to the aggregation of the capsid proteins.
Nevertheless, the resultant spectra demonstrated the purity of the synthesized
VLPs.*

Using the PMF approach with trypsin digestion, the investigators next assayed
dilutions of the VLP standard and confidently detected the capsid protein down to
levels of 50 fmoles. Detection at 100 fmoles were highly reproducible.’* These
detection limits are comparable to the clinically relevant range in which norovirus
may occur in watery stool of acutely ill individuals.

The investigators then applied PMF to VLPs spiked into processed human stool
extract.” As could be expected, the S:N ratio was unfavorable and effectively pre-
vented successful identification of the target. However, a putative target peak of m/z
1,495.8 was consistently observable in norovirus-fortified samples. To capitalize on
this finding, sample splits were introduced into a nanospray-ESI-MS/MS instru-
ment to force fragmentation and identification of the putative 1,495.8 Da target
peptide. In the nanospray single MS spectrum, the peptide was observable at m/z
748.4 as the double charged ion. The investigators therefore selected this peak for
collision induced dissociation using MS/MS. Analysis of the VLP-fortified stool
extract with this approach produced a nano-ESI-MS/MS spectrum showing 16 frag-
ments corresponding to eight of the 12 y ion series fragments of the capsid protein
peptide of sequence TLPDTIEVPLEDVR.*

This MS/MS-based method yielded a detection limit of 3 ¢ 10® viruses per
sample. This detection limit translates to a sample volume requirement of approxi-
mate 125 pl of stool to enable successful analysis using this approach.>

The entire method would take about 8 h to complete when leveraging rapid digestion
techniques. As performed, the sample processing scheme involved dilution of stool
samples in ammonium bicarbonate buffer, extraction with Vertrel XF to remove lipids,
passage through a 0.22 um filter followed by a 100 kDa MW cutoff filter, and concen-
tration down to 100 pl in final sample volume.?* For the purposes of this study, samples
were digested overnight with trypsin.** More rapid digestion procedures, such as
immobilized trypsin columns, could easily be substituted for the overnight digestion.
This would allow for a significant reduction prep time, thereby facilitating execution
of the analysis in a single work shift, taking no longer than 8 h.
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The approach taken here for increasing S:N ratios differs from the aforemen-
tioned studies. The investigators did not rely on gels or LC-separation to concen-
trate their target and remove undesirable sample constituents. Instead, they reduced
chemical interferences by treating with Vertrel XL and they concentrated their tar-
get by employing a physical screening approach involving size fractionation by
sequential filtration. In the two-step filtration process, the first step serves to
remove unwanted, large cells from the sample. The second step served to separate
the VLPs present in the initial filtrate by passing it through a molecular cutoff filter
that retained the VLPs but not the smaller dissolved molecules stemming from stool
and cell debris. Finally, MS/MS and bioinformatics tools were used to cope with
other endogenous and exogenous proteins present.

As an extension of this method, the investigators also developed a quantitative
method using stable isotope-labeled standards and single reaction monitoring. They
were able to detect their target at 500 attomoles.'” However, this method was not
tested in environmental samples and thus remains to be proven as a viable method
for the detection of norovirus in stool.

5 Conclusions

During monitoring of environmental samples for bioterrorism agents, the concen-
tration of the target and the complexity of the sample vary widely. Best-case scenarios
of samples to be analyzed involve pure or semi-pure powders of dry microbial
spores or vegetative cells. In these instances, traditional methods including mass
spectral “barcoding” of samples may be sufficient to enable successful analysis.
More likely, however, is that the analyst is challenged with the detection of minute
target quantities in relatively dilute samples of great complexity. In this situation,
sophisticated MS equipment and sample preparation techniques may still allow to
determine a given biological agent reproducibly and with confidence. The success-
ful detection of norovirus particles in stool at clinically relevant concentrations
served to illustrate the applicability of MS approaches even in these extremely
unfavorable conditions.

However, the analysis of dilute environmental samples for bioterrorism agents
is still in its infancy. More work will be required in future years to abridge existing
sample preparation protocols and to introduce new ones to advance the field.
Insights can be gained from reviewing medical and environmental studies that do
not fall into the domain of monitoring for bioterrorism agents. Alongside with the
development of streamlined sample processing techniques, advances in instru-
ment development, bioinformatics and computing power will be critical to propel
the research field of bioterrorism monitoring forward.
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DESI-MS/MS of Chemical Warfare Agents
and Related Compounds

Paul A. D’Agostino

Abstract Solid phase microextraction (SPME) fibers were used to headspace
sample chemical warfare agents and their hydrolysis products from glass vials and
glass vials containing spiked media, including Dacron swabs, office carpet, paper
and fabric. The interface of the Z-spray source was modified to permit safe intro-
duction of the SPME fibers for desorption electrospray ionization mass spectromet-
ric (DESI-MS) analysis. A “dip and shoot” method was also developed for the rapid
sampling and DESI-MS analysis of chemical warfare agents and their hydrolysis
products in liquid samples. Sampling was performed by simply dipping fused
silica, stainless steel or SPME tips into the organic or aqueous samples. Replicate
analyses were completed within several minutes under ambient conditions with no
sample pre-treatment, resulting in a significant increase in sample throughput. The
developed sample handling and analysis method was applied to the determination
of chemical warfare agent content in samples containing unknown chemical and/or
biological warfare agents. Ottawa sand was spiked with sulfur mustard, extracted
with water and autoclaved to ensure sterility. Sulfur mustard was completely
hydrolysed during the extraction/autoclave step and thiodiglycol was identified by
DESI-MS, with analyses generally being completed within 1 min using the “dip
and shoot” method.
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1 Introduction

The likelihood of battlefield use of chemical warfare agents has decreased with the
ending of the Cold War and the widespread acceptance of the Chemical Weapons
Convention. However there remains serious concerns world-wide that other parties
may use chemical warfare agents against civilian or military targets. The Aum
Shinrikyo sect used sarin, a nerve agent, during the 1995 terrorist attack on the
Tokyo subway system, killing a dozen people and injuring thousands more. Public
concern about the use of chemical or biological warfare agents reached a new peak
following the al-Qaeda terrorist attacks of September 2001 and the subsequent
delivery of anthrax letters in Washington DC. Early detection and identification of
the agents used in a terrorist attack is critical and considerable effort has been
expended by many nations to improve both field and laboratory based analytical
methods for chemical warfare agents.

Detection and identification methods for chemical warfare agents, their degrada-
tion products and related compounds have been thoroughly reviewed with different
emphases on numerous occasions.''® Most methods utilize mass spectrometry for
identification purposed with gas chromatography-mass spectrometry (GC-MS)
being the most commonly employed technique.® Organic extracts of chemical war-
fare agents may be analysed directly by GC-MS, but the hydrolysis products of
chemical warfare agents usually require derivatization prior to GC-MS analysis.?

The value of LC-MS as a complementary or replacement method for GC-MS,
particularly for the confirmation of hydrolysis products of chemical warfare agents
in aqueous extracts or samples, has been recently demonstrated.!' Hydrolysis
products may be analysed directly by LC-MS without the need for additional
sample handling and derivatization. In addition, LC-MS may also be utilized for the
determination of organophosphorus chemical warfare agents and related com-
pounds in water, snow and aqueous extracts of soil or other samples.!'*->%-23-23

Cooks’ group recently described a novel mass spectrometric method for sample
ionization and analysis, and referred to it as desorption electrospray ionization
(DESI).” During the DESI experiment charged droplets in the solvent being elec-
trosprayed impact the surface of interest, desorbing and ionizing the analyte. Cooks
recently reviewed DESI and other ambient mass spectrometry approaches,?” includ-
ing discussion on direct analysis in real time (DART),” a related direct analysis
technique.

DESI-MS has been used for a variety of direct analyses *° including the analysis
of pharmaceutical products, ***° dyes on thin layer chromatography plates,*' explo-
sives on a variety of surfaces,**>* polymers,* alkaloids on plant tissue,* chemical
warfare agents on solid phase microextraction (SPME) fibers.”>* DESI (and
DART) allow rapid, direct sample analysis and have generated interest in the
chemical defence and public security communities due to the minimal sample han-
dling requirements and potential for rapid sample throughput.

Sarin, soman and sulfur mustard have been successfully analysed by DESI-MS
from SPME fibers used to sample the headspace above chemical warfare agents and
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chemical warfare agents spiked onto Dacron sampling swabs and office media
including office carpet, office fabrics and photocopy paper.>*” Sulfur mustard, a
chemical warfare agent that does not produce ions during LC-ESI-MS, was also
ionized during DESI-MS. It is possible that sulfur mustard and other compounds
are being ionized during DESI-MS by an atmospheric chemical ionization mecha-
nism where ionization results from gas phase proton transfer to a neutral analyte
that has evaporated from the SPME surface.* It was also noted after removal of a
highly exposed SPME fiber that the signal for an analyte remained for some time.
Vaporized chemical warfare agent could be ionizing by either an ESI like mecha-
nism where the surface is now a gas or by the atmospheric pressure chemical ion-
ization mechanism described above. The possibility of both mechanisms occurring
during DESI-MS analyses of chemical warfare agents cannot be ruled out.

Common hydrolysis products of chemical warfare agents, including methyl
phosphonic acid, isopropyl methylphosphonic acid, ethyl methylphosphonic acid,
pinacolyl methylphosphonic acid and thiodiglycol have also been analysed by
DESI-MS.*#4° Sufaces analysed include SPME fibers used to collect headspace
samples above spiked glass surfaces and/or canola oil* and glass or Teflon.” A
variant of DESI, reactive DESI using boric acid, was also employed to determine
the presence of methyl phosphonic acid, isopropyl methylphosphonic acid and
ethyl methylphosphonic acid at nanogram levels in urine applied to a glass
surface.*

SPME has been used frequently for chemical sampling,” including direct and
headspace sampling of chemical warfare agent samples and solutions.’’” This
approach to rapid sampling and subsequent analysis has been developed for coun-
terterrorism purposes within Canada. Direct analysis of SPME fibers by DESI-MS
complements existing thermal desorption GC-MS based identification methods for
chemical warfare agents and provides several advantages. The hydrolysis products
of chemical warfare agents may be analysed directly without the need for derivati-
zation procedures associated with GC-MS analyses and DESI-MS may ultimately
enable higher sample throughput with less sample handling. SPME sampling and
analysis can take minutes and a more rapid method of sampling for DESI-MS analysis
would be desirable to increase throughput. Many of the collected samples during
scenario-based counter-terrorism training exercises are liquids and a “dip and
shoot” method using fused silica or stainless steel tips should reduce sampling and
analysis times to less than 1 min. Unlike SPME fiber sampling, the method has
application to both organic and aqueous samples and does not require fiber condi-
tioning prior to sampling. Analysis times are much quicker as desorption is imme-
diate, tips are disposable and useful for rapid sampling and identification of both
chemical warfare agents and their hydrolysis products (without derivatization).

DESI-MS was successfully used to analyse SPME fibers used to sample the
headspace above chemical warfare agents and related compounds. This technique
was also evaluated for the detection and identification of common chemical war-
fare agents and their hydrolysis products using stainless steel and fused silica tips
to rapidly sample organic and aqueous samples spiked with these compounds.
This developed approach to rapid sampling and DESI-MS analysis was applied
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to the analysis of sulfur mustard spiked sand samples using accepted DRDC
Suffield procedures for sample sterilization where chemical/biological warfare
agent contamination is unknown. Thiodglycol, the hydrolysis product of sulfur
mustard, was identified in the sterilized aqueous extract.

2 Experimental

2.1 Samples and Sample Handling

Standard stock solutions of chemical warfare agents and their hydrolysis products
were prepared in water or dichloromethane in the 0.01-1 mg/mL range.

Spiked media samples were prepared by loading small volumes (typically 5-20
pL) of chemical warfare agent standard solutions in dichloromethane to silanized
20 mL headspace vials or onto media (e.g. Darcon swab, office carpet, sand) in the
same vials. The dichloromethane solvent was allowed to evaporate and stand for 10
min. The vials were placed in a heated block at temperatures ranging from 40°C to
80°C (headspace temperature) for 10 min. Headspace sampling was typically con-
ducted for up to 10 min using polydimethylsiloxane/divinyl benzene (PDMS/DVB)
SPME fibers (65 pum film thickness, Supelco). Exposed fibers were analysed by
DESI-MS and DESI-MS/MS. Blanks were handled in a similar manner.

Ottawa sand samples (3.0 g) were spiked in triplicate at the 47 pg/g level with sulfur
mustard to simulate a chemical sample where the chemical and biological content is
unknown. Each sample (and blank) was ultrasonically extracted with water (10 mL)
for 10 min in a 20 mL scintillation vial. The lid on the scintillation vial was tightened
finger tight (still allows airflow) and then autoclaved for 2 h at 121°C and 15 psi (liquid
cycle) to ensure sterilization of any biological content. The sterilized aqueous extract
was allowed to cool and an aliquot (1.5 mL) was removed, centrifuged for 10 min at
14,000 rpm and retained for DESI-MS and LC-ESI-MS analysis.

“Dip and shoot” sampling and analysis was performed by quickly dipping a
stainless steel and/or fused silica tip (or Supelco carbowax/divinyl benzene SPME
fiber for the Ottawa sand extracts) into the liquid samples. The dipped tip (sealed
in a Supelco SPME manual injector) was introduced immediately through the
septum port on the modified ESI interface during DESI-MS analyses.

2.2 Instrumental

Mass spectrometric data were acquired in the laboratory using a Waters (Milford,
MA, USA) Q-ToF Ultima tandem mass spectrometer equipped with a Z-spray elec-
trospray interface. The electrospray capillary was operated in the 1.5-3 kV range.
The collision energy was generally maintained at 5 V for MS operation and was
varied from 3 to 12 V (depending on the precursor ion selected) for MS/MS operation.
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Fig. 1 DESI-MS analysis of a SPME fiber in the modified Waters Z-Spray source

RF1 was varied between 20 and 60 V during MS/MS/MS experiments to ensure
product ion formation in the ESI interface. Argon was continually flowing into the
collision cell at 9 psi during all analyses. Nitrogen desolvation gas was introduced
into the interface (80°C) at a flow rate of 300 L/h and nitrogen cone gas was intro-
duced at a flow rate of 50 L/h. MS data were typically acquired from 70 to 700 Da
and MS/MS (product ion mass spectra) data were acquired for the protonated
molecular ions of the spiked compounds (0.3—1 s). All data were acquired in the
continuum mode with a resolution of 8,000 (V-mode, 50% valley definition).

During DESI-MS analyses a laboratory stand was used to hold and position the
SPME manual holder so that the fiber could be introduced into the ESI plume. A plexi-
glass sleeve was machined for the Z-spray interface. It contained a septum port to facili-
tate the safe introduction of SPME fibers or tips contaminated with chemical warfare
agents (Fig. 1). 50:50 acetonitrile/water (0.1% trifluoroacetic acid), were sprayed at 10
pL/min during DESI analyses.

3 Results and Discussion

DESI-MS has been applied to the analysis of numerous chemicals including common
chemical warfare agents, explosives, pharmaceuticals and polymers. The technique
offers some distinct advantages over traditional chromatographic-mass spectrometric
methods. Analysis times are typically in the seconds to minutes time-frame as
opposed to tens of minutes. The sample is easily introduced under ambient conditions
into the instrument with little or no sample preparation required. Sensitivity is similar
to chromatographic approaches and adduct formation may be reduced.



168 P.A. D’ Agostino

DRDC Suffield first reported the usefulness of DESI-MS for chemical warfare
agent applications in 2005 at the ASMS® and has successfully used this technique
for the direct analysis of SPME fibers exposed to a variety of spiked office environ-
ment and consumer product media.>>*"*° Hydrolysis products of chemical warfare
agents were also identified by DESI-MS as well as sulfur mustard and several other
compounds related to sulfur mustard that do not ionize by ESI-MS.

SPME forms a cornerstone in the analytical strategy developed at DRDC
Suffield for the identification of chemical warfare agents under realistic field
sampling and analysis conditions. Samples (i.e., swabs, liquids, soil, materials)
taken in the field would usually be contained in a septum-sealed vial, the head-
space above which may be sampled by SPME using a manual holder without
exposing the analyst to potentially harmful chemicals.®' Analyses would typically
be performed by fast gas chromatography-mass spectrometry (GC-MS) with
DESI-MS and/or LC-ESI-MS being used to confirm identification. DESI-MS
could be considered for primary analysis for large number of samples, as analysis
times are typically faster than GC-MS. DESI-MS would also be preferred if iden-
tification of chemical warfare agent hydrolysis products was also required.
DESI-MS does not require the derivatization step associated with GC-MS analyses,
enabling identification of the actual compound with reduced sample handling and
analysis time.

SPME headspace sampling can take as little as a few seconds for concentrated
samples with higher volatility. For less volatile analytes, particularly at lower con-
centration levels, heating and sampling times of 5 or more min may be required.
Direct sampling of liquid solutions with SPME fibers generally requires more time
and mixing and is limited to aqueous liquids as swelling occurs following exposure
to organic solutions. Many of the samples taken in the field are organic or aqueous
liquids containing unknown toxic chemicals, including chemical warfare agents.
Their concentration is often relatively high (mg/mL or higher), which might allow
DESI-MS identification by a simple “dip and shoot” method. This would reduce
sampling time, minimize the amount of analyte introduced into the MS instrument
and ultimately increase throughput. Uncoated fused silica and fused silica and/or
stainless steel tips associated with a SPME manual holder where the SPME coating
was stripped away were investigated for sampling of organic and aqueous solutions
of chemical warfare agents and their hydrolysis products at concentrations ranging
from 0.01 to 1 mg/mL. The dipped tips were introduced directly into the mass
spectrometer for DESI analysis.

3.1 Headspace Sampling of Munitions Grade Tabun

Terrorist use of chemical warfare agents may involve the use of crude or munitions
grade chemical warfare agent that contains not only the chemical warfare agent but
also related co-synthetic, degradation or other products. Identification of these
additional sample components could be helpful in establishing a link between the
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chemical warfare agent used in the incident and a source, or provide an indication
of synthetic route used to prepare the chemical warfare agent. A munitions grade
sample of tabun'® containing related organophosphorus compounds was selected to
evaluate the applicability of SPME headspace sampling and DESI-MS/MS analysis
for the identification purposes.

A Dacron sampling swab were placed in a headspace sampling vial and spiked
with a munitions grade tabun standard at the 20 pg/g level (approximately 1-10 pg/g
per sample component). The headspace above the spiked media was sampled for 10
min, with increased uptake being observed at higher temperatures. Figure 2 illus-
trates the DESI-MS total ion current profile (70-300 Da) and DESI-MS/MS prod-
uct ion profiles collected during analysis of a Dacron sampling swab spiked with
munitions grade tabun.

Tabun and a number of related organophosphorus compounds were identified by
DESI-MS/MS. During DESI-MS/MS analysis, product ion data were acquired for
the MH" ions of tabun and eight related organophosphorus compounds previously
identified during LC-ESI-MS/MS experiments.'® Tabun, the most abundant sample
component (approximately 70% of the organic content) was easily identified on the
basis of acquired DESI-MS data as well.

MS/MS m/z 182
CE: 10V
MS/MS m/z 196
CE: 7v
MS/MS m/z 211
CE: 7V

0

P
N T MS/MS m/z 163
3 CE: 7V
N(CHs),
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MS (TIC)
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0 1 2 3 4 5 6 7 8 9 10
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Fig. 2 DESI-MS total ion current profile (70-300 Da) and DESI-MS /MS product ion profiles for
tabun (m/z 163), diisopropyl ethyl phosphate (m/z 211), ethyl isopropyl dimethylphosphoramidate
(m/z 196) and diethyl dimethylphosphoramidate (m/z 182) obtained during analysis of a SPME
fiber exposed to the headspace above of a Dacron swab spiked at the 20 pg/g level with munitions
grade tabun (approximately 1-10 pg/g per sample component)
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Fig. 3 Product ion mass spectra obtained for diethyl dimethylphosphoramidate (m/z 182,
Collision energy: 10 V), diisopropyl ethyl phosphate (m/z 211, Collision energy: 7 V) and tabun
(m/z 163, Collision energy: 7 V) during DESI-MS/MS analysis of SPME fiber exposed to the
headspace above a Dacon swab spiked with munitions grade tabun

Figure 3 illustrates typical product ion mass spectra obtained for diethyl
dimethylphosphoramidate, diisopropyl ethyl phosphate and tabun at collision
energies that provided evidence of both the protonated molecular ion and charac-
teristic product ions. Product ions due to the loss of the alkene associated with the
alkoxy group were significant and the identity of these ions was confirmed by
accurate mass measurement. Errors associated with mass measurement were typi-
cally <0.001 Da, consistent with previously acquired LC-ESI-MS/MS data.”
Similar data were also acquired for the other office media samples spiked with
munitions grade tabun, with the DESI-MS and DESI-MS/MS data being identical
to that obtained during LC-ESI-MS and LC-ESI-MS/MS analyses.*’

3.2 Headspace Sampling of Sulfur Mustard

One of the shortcomings of LC-ESI-MS for chemical warfare agent analysis has
been the inability of this technique to analyse for the presence of the organosulfur
chemical warfare agent, sulfur mustard, although this technique may be used for the
sulfur mustard hydrolysis products.?' Sulfur mustard (10 pg) was deposited into a
20 mL headspace sampling vial and sampled with a SPME fiber to assess the poten-
tial of DESI-MS for sulfur mustard analysis.
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Fig. 4 DESI-MS of a SPME fiber used to sample the headspace above sulphur mustard spiked
into a sealed glass vial. Inset: Typical mass spectrum

Figure 4 illustrates the DESI-MS/MS product ion profile acquired for product
ions of m/z 159, the MH* ion for sulfur mustard. The product ion mass spectrum
obtained for sulfur mustard with a collision energy of 5 V contained a product ion
at m/z 123 (due to loss of HCI), an ion that increased in relative intensity with
increasing collision energy.

Sulfur mustard may be ionizing during DESI-MS by an atmospheric chemical
ionization mechanism where ionization results from gas phase proton transfer to a
neutral analyte that has evaporated from the SPME surface.*> This implies that it
would be possible to protonate analytes, including sulfur mustard, based on the
ability of the analyte to accept a proton from a donor ion in the ESI plume with less
proton affinity.* The DESI-MS/MS (and DESI-MS) data acquired for sulfur mus-
tard appears to be consistent with this mechanism.

3.3 “Dip and Shoot” Analyses

“Dip and shoot” analyses involve simply dipping the tip into the liquid followed by
DESI-MS analysis. DESI-MS analysis was rapid with individual analyses being
completed in 1 min or less. Samples were typically screened for the presence of
target compounds by DESI-MS and confirmed using this approach or by DESI-MS/
MS when more specificity was required. Sarin, soman, cyclohexyl sarin, VX and
tabun were all successfully analysed.

Tabun was analysed by DESI-MS/MS repeatedly over several minutes to dem-
onstrate the ability to analyse a number of samples over a short period of time.
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Figure 5 illustrates repeated analysis of a tabun sample (0.04 mg/mL in
dichloromethane) using a stainless steel tip. Area measurements (arbitrary units)
for repeated analysis of the tabun samples were 59 + 20 (34%) consistent with
the semi-quantitative nature of the method. In total, nine “dip and shoot” analyses
were completed in less than 10 min with all the sample manipulation and analysis being
done manually by the operator. The acquired DESI-MS/MS data for tabun con-
tains a protonated molecular ion at m/z 163 and a product ion at m/z 135 (due to
loss of ethylene).

Additional structural information for tabun was obtained by promoting the for-
mation of additional characteristic ions during DESI-MS/MS/MS analyses (Fig. 6),
a novel approach that makes use of higher RF1 settings.

The voltage in the RF1 region of the source was increased to promote product
ion formation prior to the quadrupole. This setting was increased to 60 V from the
usual setting of 20 V resulting in significant m/z 135 product ion formation (from
the m/z 163 ion for tabun). The m/z 135 ion was selected with the quadrupole mass
analyser and subjected to increasing collision energies (7—12 V) in the collision cell
located between the quadrupole and time-of-flight mass analysers. Increasing
collision energies led to increasing relative intensities of the product ions at m/z 117
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Fig. 5 Replicate DESI-MS/MS analyses of a stainless steel tip dipped into a 0.04 mg/mL tabun
sample (in dichloromethane). Inset: Typical product ion mass spectrum
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Fig. 6 DESI-MS/MS/MS analyses (vary collision energy) of a stainless steel tip dipped into a
0.2 mg/mL tabun sample (in dichloromethane)

and m/z 108, due to loss of water and HCN, respectively, from the m/z 135 ion.
Acquisition of complementary MS/MS/MS data typically increases the number of
ions associated with identification of a given compound. Acquisition of this addi-
tional data improves the certainty of identification and would be quite valuable for
structural elucidation of unknowns.

Chemical warfare agent hydrolysis products analysed by GC-MS require an
additional (undesirable) derivatization step that is not required for DESI-MS (or
LC-ESI-MS) analysis. The hydrolysis products would typically be associated with
aqueous samples and the “dip and shoot” method was evaluated for the hyrdolysis
products of VX, sarin, soman and sulfur mustard at the 1 mg/mL level in water.

Figure 7 illustrates repeated analysis of thiodiglycol, the hydrolysis product of
sulfur mustard, using a fused silica tip. Eight analyses were completed within 8



174 P.A. D’Agostino

[MH-H,OT*
105
100 MSMS m/z 123

— MH* .
HO/\/SV\OH § 123 CE: 5V

O'I""I'I"'ll""l
75 100 125 150

100 4 m/z

%Rl

S NN RGN0 9 L

0 2 4 6 8
Time (minutes)

Fig.7 Replicate DESI-MS/MS analyses of a glass tip dipped into a 1 mg/mL thiodiglycol sample
(in water). Inset: Typical product ion mass spectrum

min. The acquired DESI-MS/MS contained the MH* ion at m/z 123 and a product
ion at m/z 105 due to loss of water.

3.4 Autoclaved Soil Sample

Samples contaminated with unknown chemical and/or biological warfare agents pose
a unique problem to chemical and biological specialists tasked with determining the
presence of chemical or biological warfare agents. Such a sample would initially be
received into biocontainment level 3 (BL-3) at DRDC Suffield where biological iden-
tification may be safely carried out. A sterility check may take up to 2 weeks and a
more rapid means of analysis for chemical warfare agent content is required.

The most rapid and effective means of sterilizing a sample contaminated with
biological warfare agents that allows removal of the sample from BL-3, without a
sterility check, involves autoclaving the sample for 2 h. Any sample undergoing this
process is necessarily exposed to water vapour at a high temperature, making the
likelihood of chemical warfare agent hydrolysis high. An analytical method for
chemical warfare agent identification must therefore be able to identify the princi-
pal hydrolysis products of the common chemical warfare agents. DESI-MS (and
LC-ESI-MS) may be used for this purpose and have the added benefit of being able
to also detect and identify intact organophosphorus chemical warfare agents and
many related compounds in the aqueous sample extracts.
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In the present application the actual chemical warfare agent, sulfur mustard, was
spiked onto Ottawa sand at the 47 pg/g level for method evaluation. Each sample (and
blank) was ultrasonically extracted with water for 10 min in a scintillation vial. The lid
on the scintillation vial was tightened finger tight (still allows airflow) and then auto-
claved for 2 hat 121°C and 15 psi (liquid cycle) to ensure sterilization of any biological
content. The sterilized aqueous extract was allowed to cool and an aliquot (1.5 mL)
was removed, centrifuged and retained for DESI-MS (and LC-ESI-MS) analysis.

A variety of Supelco SPME fibers were initially investigated for their ability to
sample thiodiglycol (and any residual sulfur mustard) directly from the aqueous
extract. None were effective as the thiodiglycol largely remained in the aqueous
layer. However it was noted that the more polar carbowax/divinyl benzene SPME
fiber did adsorb a small amount of thiodigycol from the autoclaved aqueous extract
of the spiked Ottawa sand samples. This was independent of the dip time so the
“dip and shoot” approach was applied to the actual SPME fiber.

Figure 8 illustrates the reconstructed-ion-current chromatograms (m/z 123) for
the aqueous extract of the spiked Ottawa sand sample and blank. Thiodiglycol was
not detected in the blank extract, but was readily identified in the spiked Ottawa sand
sample extract (maximum concentration of thiodiglycol 14 ng/uL). The acquired
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Fig. 8 DESI-MS analysis of a SPME fiber dipped into aqueous extract of blank sand (upper) and
an aqueous extract of sand spiked at the 47 ng/g level with sulphur mustard after autoclaving
(lower — Thiodiglycol (TDG), the hydrolysis product of sulphur mustard was detected. Inset:
Typical mass spectrum
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mass spectrum, containing the MH" ion and its product due to loss of water, is inset
in Fig. 8. Sulfur mustard was not detected by DESI-MS, consistent with the expecta-
tion of complete hydrolysis under the relatively harsh autoclave conditions.

4 Conclusions

DESI-MS complements existing LC-ESI-MS and GC-MS methods for chemical
warfare agents. It was successfully used for the direct analysis of SPME fibers
exposed to the headspace above media spiked at the pg/g level with common
chemical warfare agents. Sulfur mustard, a compound that does ionize during
LC-ESI-MS, was also analysed from a SPME fiber exposed to the headspace above
10 pg of sulfur mustard using the DESI-MS method.

A “dip and shoot” method was developed for the rapid sampling and DESI-MS
analysis of chemical warfare agents and their hydrolysis products in liquid samples.
Sampling was performed by simply dipping fused silica, stainless steel or SPME
tips into the organic or aqueous samples. Replicate analyses were completed within
several minutes under ambient conditions with no sample pre-treatment, resulting
in a significant increase in sample throughput.

This method was applied to the determination of chemical warfare agent content
in samples containing unknown chemical and/or biological warfare agents. Ottawa
sand was spiked with sulfur mustard, extracted with water and autoclaved to ensure
sterility. Sulfur mustard was completely hydrolysed during the extraction/autoclave
step and the hydrolysis product, thiodiglycol, was identified by DESI-MS.
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Mass Spectrometry Applications

for the Identification and Quantitation

of Biomarkers Resulting from Human Exposure
to Chemical Warfare Agents

J. Richard Smith and Benedict R. Capacio

Abstract In recent years, a number of analytical methods using biomedical sam-
ples such as blood and urine have been developed for the verification of exposure
to chemical warfare agents. The majority of methods utilize gas or liquid chroma-
tography in conjunction with mass spectrometry. In a small number of cases of
suspected human exposure to chemical warfare agents, biomedical specimens have
been made available for testing. This chapter provides an overview of biomark-
ers that have been verified in human biomedical samples, details of the exposure
incidents, the methods utilized for analysis, and the biomarker concentration levels
determined in the blood and/or urine.

Keywords Biomarkers ¢ Biomedical samples * Chemical warfare agents
* Chromatography ¢ Mass spectrometry ® Nerve agents ¢ Sulfur mustard

1 Introduction

The Tokyo subway and Matsumoto apartment terrorist attacks in the mid-1990s by
the Aum Shinrikyo cult resulted in a renewed interest in the development of meth-
ods with the capacity to verify human exposure to chemical warfare agents (CWA).
The potential application of such methods is varied. Laboratory based forensic
analytical methods are currently the primary use. The military, political, and legal
ramifications resulting from the potential use of CWA by rogue nations or terrorist
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organizations have generated a requirement for methods that are extremely accurate
and able to measure relevant biomarkers at very low concentrations. While medical
treatment used for CWA exposure is currently based on signs and symptoms of the
victims, the incidents have demonstrated the critical need to identify individuals
that were not exposed, the “worried well,” in order to avoid unnecessary psycho-
logical stress and burden on the medical system. Pre-exposure tests, and subsequent
medical surveillance, can be used to monitor potential exposure of laboratory per-
sonnel that handle CWA. Such tests may also be warranted for military and first
responders who must enter or operate in a chemically contaminated environment.
Low-level exposure to CWA has been implicated as a possible cause of some long-
term health effects. The ability to accurately diagnose or verify exposure can be
used to monitor both immediate and long-term effects of CWA exposure.
Quantitative assays of CWA biomarkers have also been used to gain greater insight
from animal studies on the toxicology and pre-treatment/treatment of CWA
exposure.

Analysis of biomedical samples such as blood and urine for CWA biomarkers is
inherently difficult due to the complex composition of the matrix and the fact that
the analytes are usually present in trace quantities. Recent developments in analyti-
cal chemistry, particularly in the areas of chromatography and mass spectrometry,
have aided significantly in the quest for new or improved methods. Assay tech-
niques for CWA verification rarely target the intact agent due to the limited longev-
ity of agents in vivo. Following exposure, many agents are rapidly converted and
appear in the blood as hydrolysis products resulting from reactions with water and
are excreted in the urine. Due to the rapidity of formation and subsequent urinary
excretion, the use of these products as biomarkers provides a limited window of
opportunity for collecting a viable sample. While the metabolites can be present in
relatively high concentrations if the sample is obtained shortly after exposure, the
urinary excretion of the analytes is generally rapid (hours to days). More long-lived
biomarkers can be found in the blood resulting from agent interactions with mac-
romolecules such as proteins or DNA to form adducts. The macromolecule acts as
a depot for the covalently bound adduct. If the bond is stable, the residence time
should be similar to the half-life of the target molecule.

The process of validating an analytical assay for human samples generally will
proceed from in vitro method development to in vivo animal exposure models. The
final stage is the analysis of actual patient samples. Validation of methods and bio-
markers for CWA verification is limited to the analysis of biomedical specimens
obtained following accidental or intentional exposure to CWA. The number of
samples made available for analysis has been extremely limited. Another important
aspect of method validation is the determination of background levels for the identi-
fied CWA biomarkers. Some of the biomarkers have been shown to exist in nonex-
posed individuals making interpretation of results in potential incidents difficult.
Therefore studies to determine potential background levels and incidence of the
biomarker in nonexposed human populations are essential.

This chapter will review some of most current methods used in the verification
of exposure to CWAs. The review will be limited to biomarkers that have been
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identified in blood and urine samples obtained from human casualties of intentional
or accidental exposure to sulfur mustard or nerve agents.

2 Sulfur Mustard

2.1 Background

The chemical warfare agent sulfur mustard (HD) is generally associated with World
War I (WWI) when vast numbers of allied troops suffered incapacitating injuries
following exposure. Since WWI, the use of sulfur mustard has been implicated in
a number of conflicts, most notably during the Iran—Iraq war. In addition to the use
of this chemical warfare agent in military operations or by terrorist groups, sulfur
mustard poses a potential public health threat due to abandoned WWI munitions
and stockpiled materials.

Sulfur mustard is classified as a vesicant chemical warfare agent and upon expo-
sure can result in extensive damage to the skin, eyes, and lungs. It is a highly reac-
tive, small molecular weight compound. An important reaction is the formation of
a sulfonium ion produced following cyclization of an ethylene group. The sulfo-
nium ion readily reacts with nucleophiles, such as water, or can combine with a
variety of nucleophilic sites that occur in macromolecules.' The chemical reactions
have the potential to produce a number of both free metabolites and stable adducts
to macromolecules that can be exploited for analysis in urine, blood, or tissue
samples.”™

The laboratory analysis of biomedical samples following a suspected CWA
exposure has rarely been performed, but has occurred most frequently following
suspected exposure to sulfur mustard. Many of the samples made available for test-
ing were obtained from casualties of the Iran—Iraq war in the 1980s. Some of the
victims exhibiting clinical signs and symptoms consistent with sulfur mustard
exposure were transported to hospitals in Europe for medical treatment. Published
reports at that time on the laboratory analysis of their urine specimens utilized
methods for the determination of unmetabolized sulfur mustard or for thiodiglycol
(TDG), a hydrolysis product of sulfur mustard.> Fortunately, some of the urine
specimens as well as some blood samples were frozen, stored as archived samples,
and reanalyzed years later using more recent techniques.

Since 1995, a number of significant advances have occurred and are reflected in
the published reports from that time to the present. Large strides have been made
in the number of new metabolites that have been identified from sulfur mustard-
exposed individuals. Developments in the field of mass spectrometry (MS) have
resulted in large increases in sensitivity and selectivity. Analytical methods incor-
porating MS techniques have enabled the use of isotopically labelled forms of the
analytes for use as internal standards during the earliest stages of sample prepara-
tion. This has resulted in greater reproducibility of the assays and made them more
amenable to quantitative analysis.
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In addition to biomedical samples received from the Iran—Iraq war, a small
number of laboratory or field exposures to sulfur mustard have occurred where
specimens were made available for verification testing. One recent case study in
particular will be the primary focus of this review.

2.2 Urinary Biomarkers

There are currently five urinary metabolites that are of primary interest for verifica-
tion of human exposure to sulfur mustard. Two of the metabolites, TDG and thio-
diglycol sulfoxide (TDG-sulfoxide), are derived primarily from chemical hydrolysis
reactions. The other three products are formed following the reaction of sulfur
mustard with glutathione. Each of the five analytes has been identified in the urine
of sulfur mustard-exposed individuals.

Efforts to analyze for specific biomarkers of sulfur mustard exposure in urine
prior to 1995 targeted either unmetabolized sulfur mustard or TDG. Some of the
urine samples obtained from casualties of the Iran—Iraq war exhibiting injuries
consistent with a sulfur mustard exposure yielded positive results. Unfortunately,
positive results were also found in some of the control specimens obtained from
non-exposed individuals.’®

More recently, a number of additional methods have been developed for the
trace level analysis of TDG and/or TDG-sulfoxide in urine.'>"® They are all gas
chromatography-mass spectrometry (GC-MS) methods and require derivatization
of the analyte. Some of the methods incubate the urine samples with glucuronidase
with sulfatase activity to release glucuronide-bound conjugates. Some of the meth-
ods use titanium trichloride (TiCl,) in hydrochloric acid to reduce TDG-sulfoxide
to TDG. The strong acid also appears to hydrolyze acid-labile esters of TDG and
TDG-sulfoxide. Ultimately, each of the methods will convert all target analytes into
the single analyte TDG for analysis. All of the methods have similar limits of detec-
tion, approximately 0.5-1 ng/mL.

Unfortunately the TDG and TDG-sulfoxide methods all suffer from the observa-
tion that background levels have consistently been found in urine samples obtained
from non-exposed individuals. In the most extensive study of background levels to
date, urine samples from 105 individuals were examined for TDG and TDG-
sulfoxide."” Quantifiable background levels were observed in 82% of the samples
that were evaluated. The study indicated that the free and bound forms of the TDG-
sulfoxide rather than TDG were primarily responsible for the observed background
levels.

Observed background levels in control urine samples prevent the use of TDG
and TDG-sulfoxide as definitive biomarkers of sulfur mustard exposure. Their
analysis can still have utility on an individual level if multiple specimens over a
period of time can be obtained to produce an excretion profile. A rare occurrence
of this is the excretion profile generated from an individual that was the victim of
an accidental laboratory exposure to sulfur mustard.'* The erythematous and
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vesication areas on the individual were estimated to be less than 5% and 1% of the
total body surface area, respectively. The analytical method used for the urine
analysis measured both the free and the conjugated TDG."" A maximum TDG uri-
nary excretion rate of 20 pg/day was observed on day 3. TDG concentrations of 10
ng/mL or greater were observed in some samples for up to a week after the expo-
sure. A first-order elimination was calculated from days 4 through 10, and the
elimination half-life of TDG was found to be approximately 1.2 days. A second
example is discussed in the case study later in this chapter.

Black et al. identified a series of metabolites formed from the reaction of sulfur
mustard with glutathione, a small molecular weight tripeptide that acts as a free
radical scavenger.”>"'” While a large number of metabolites were identified in ani-
mal experiments, three reaction products have been verified in urine samples
obtained from sulfur mustard-exposed individuals. Two of the reaction products are
believed to result from the further metabolism of the sulfur mustard-glutathione
conjugate by P-lyase enzyme: 1-methylsulfinyl-2-[2-(methylthio)ethylsulfonyl]
ethane (MSMTESE) and 1,1'-sulfonylbis[2-(methylsulfinyl)ethane] (SBMSE).
MSMTESE and SBMSE can be reduced using TiCl, and analyzed by GC/MS/MS
as a single analyte: 1,1’-sulfonylbis[2-(methylthio)ethane] (SBMTE).'3!* Black
et al. reported a limit of detection of 0.1 ng/mL," while Young et al. extended the
lower limit of detection to 0.038 ng/mL." To date, no background levels have been
found in the urine of unexposed individuals including studies where urine samples
from over 100 individuals were analyzed using two different methods.'>"
Alternatively, MSMTESE and SBMSE can be analyzed individually without reduc-
ing the two analytes to a single analyte using electrospray LC/MS/MS.*° Lower
limits of detection were reported as 0.1-0.5 ng/mL for each of the analytes. The
third urinary biomarker derived from the reaction of sulfur mustard with glutathi-
one is 1,1'-sulfonylbis[2-S-(N-acetylcysteinyl)ethane]. Using solid-phase extrac-
tion (SPE) for sample cleanup and analyte concentration followed by analysis with
negative ion electrospray LC/MS/MS, Read and Black were able to achieve detec-
tion limits of 0.5-1.0 ng/mL.*

The presence of the B-lyase metabolites has been verified in urine samples
obtained from multiple incidents of sulfur mustard exposure. Several archived
samples obtained from Iranian casualties were reanalyzed using the B-lyase metab-
olite assay. Concentrations found in the urine ranged between 0.5 and 5 ng/mL,
except for one individual with a reported concentration of 220 ng/mL that died 5
days after hospital admission.'” Two casualties of an alleged sulfur mustard attack
on the Kurdish town of Halabja in 1988 also tested positive for the B-lyase metabo-
lites."? Urine samples were analyzed using both GC/MS/MS'? and LC/MS/MS.*

Black and Read also analyzed the urine from two individuals that were acci-
dentally exposed to a WWI munition containing sulfur mustard using both the
GC/MS/MS"® and LC/MS/MS methods.”® When the -lyase metabolites were ana-
lyzed individually by LC/MS/MS, their concentrations ranged from 15 to 17 ng/mL
and from 30 to 34 ng/mL for the mono-sulfoxide and bis-sulfoxide, respec-
tively. When analyzed as the single, reduced form SBMTE using GC/MS/MS,
observed concentrations were 42 and 56 ng/mL. Samples were also analyzed for
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the bis-(N-acetylcysteine) conjugate using LC/MS/MS.?" While it is a major
metabolite in rats exposed to sulfur mustard, it had not been previously reported
to be found in urine samples from exposed individuals. The metabolite was found
in urine samples from both exposed individuals, but concentrations were near the
lower limit of detection of 0.5-1 ng/mL. A final incident is described in more
detail in the case study below.

2.3 Case Study — Field Exposure to WWI Munition Containing
Sulfur Mustard, Part 1

In 2004 an exposure incident involved two explosive ordnance technicians tasked
with the destruction of a suspected WWI 75-mm munition. The munition had
been discovered in a clamshell driveway and was believed to have originated
from material dredged from a seafloor dumping area. Following demolition pro-
cedures, the two individuals came into contact with a brown oily liquid that was
found leaking from the remnants of the munition. During the disposal operation,
none of the ordnance team members complained of any eye and/or throat irrita-
tion, or breathing difficulties. The clinical sequence of events for one of the
individuals has been reported, *>>* but will be described in brief here. Within 2 h
of the munition’s destruction, patient #1 noticed a tingling sensation on one arm
and then showered. The next morning (approximately 14 h after the liquid con-
tact), he had developed painful areas of the hand with noticeable reddening and
the formation of small blisters. He went to a local emergency room where the
blisters were observed to grow and coalesce, and he was subsequently transferred
to a regional burn center. Blisters developed on the patient’s arm, hand, ankle, and
foot. The erythema and blistering area on the patient was estimated to be 6.5%
body surface area. The patient never suffered any ocular or respiratory complica-
tions; consequently it appeared that the patient’s injuries were only the result of
a cutaneous liquid exposure. Patient #2 had a small, single blister and was not
hospitalized. Urine samples from patient #1 were collected on days 2 through 11
and days 29, 35, and 42 after exposure and collected from patient #2 on days 2,
4, and 7 after exposure.

Hydrolysis metabolites were determined using GC/MS/MS with two different
sample preparation methods. The first assay measured only free and glucuronide-
bound TDG. The second assay used a reduction step to analyze free and
glucuronide-bound TDG, free and glucuronide-bound TDG-sulfoxide, and acid-
labile esters of TDG and TDG-sulfoxide as a single analyte.”* The individual with
the single blister (patient #2) did not have detectable levels in any of the urine
samples using the assay for only TDG. Positive results were observed using the
second assay, but the observed concentrations (2—4 ng/mL) fell within the range of
concentrations previously observed in urine samples of unexposed individuals
(approximately 20 ng/mL)."® Using the first assay (TDG only), patient #1 had the
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highest observed TDG concentration of 24 ng/mL at day 2. TDG concentrations
ranged between 6 and 11 ng/mL over the next 5 days and decreased to a range of
1-2 ng/mL for the following 4 days; TDG was undetected after day 11. The second
assay (TDG, TDG-sulfoxide, and acid-labile esters) also had the highest observed
concentration of 50 ng/mL at day 2. Only days 2, 5, and 6 produced concentrations
that were greater than the highest observed background control levels, 50, 28, and
24 ng/mL, respectively. While these analytes would not be considered confirmatory
due to their presence in background controls, the excretion profile provides strong
evidence of a sulfur mustard exposure.

B-lyase metabolites were measured as the single analyte SBMTE using GC/MS/
MS.* Levels for both patients decreased dramatically by day 3 after exposure.
Patient #2 urine SBMTE concentrations were 2.6, 0.8, and 0.08 ng/mL for samples
taken 2, 4, and 7 days after exposure, respectively. Patient #1 SBMTE concentra-
tions decreased from 41 ng/mL at day 2 after exposure and continued to decrease
to 7, 3.3, and 1.3 ng/mL over the next 3 days. For days 6—11, concentrations ranged
between 0.07 and 0.02 ng/mL, and SBMTE was not detected beyond day 11. The
urine from days 2 and 3 of patient #1 was also examined for the presence of the
bis-(N-acetylcysteine) conjugate using LC/MS/MS. It was detected at a concentra-
tion of 3.1 ng/mL in the urine sample collected 1 day after exposure, but was not
detected in the day 3 sample.

Results to date suggest that the analytes of choice for assessment of potential
exposure to sulfur mustard in urine samples would be the two B-lyase metabolites.
They have been verified in human exposure cases, sensitive and selective assays
have been developed, and to date, no known examples of background levels have
been found in the urine from unexposed individuals. The -lyase analytes can be
measured individually using LC/MS/MS or reduced to a single analyte (SBMTE)
and measured using GC/MS/MS.

Assays for several other potential urinary metabolites have been developed, but
the analytes have yet to be confirmed in human exposure samples. N7-(2-
hydroxyethylthioethyl) guanine is a breakdown product from alkylated DNA that
has been observed in animal studies. Fidder et al. developed both a GC/MS method
that requires derivatization of the analyte and a LC/MS/MS method that can ana-
lyze the compound directly.”® Other possible urinary analytes are an imidazole
derivative formed from the reaction of sulfur mustard with protein histidine resi-
dues? and sulfur mustard adducts to metallothionien.”

2.4 Blood Biomarkers

Whereas urinary metabolites undergo relatively rapid elimination from the body,
blood components offer biomarkers that have the potential to be used for verifica-
tion of sulfur mustard exposure long after the exposure incident. Three different
approaches have been utilized for blood biomarker analysis. The intact macromolecule
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such as protein or DNA with the sulfur mustard adduct(s) still attached can be
analyzed. For proteins, an alternate approach is to enzymatically digest the pro-
teins to produce a smaller peptide with the adduct still attached. Methods of this
type have been developed for both hemoglobin and albumin. A third approach has
been to cleave the sulfur mustard adduct from the macromolecule and analyze in
a fashion similar to that used for free metabolites found in the urine. The latter two
approaches have both been successfully utilized to verify human exposure of
sulfur mustard.

Hemoglobin is an abundant and long-lived protein in human blood. Alkylation
reactions between sulfur mustard and hemoglobin have been shown to occur with
six histidine, three glutamic acid, and two valine amino acids of hemoglobin.?®?
While the histidine adducts appear to be the most abundant type, their analysis
using mass spectrometry techniques is problematic, and the method does not appear
to be as sensitive as the method for the analysis of the N-terminal valine adducts.*
Adducts to the N-terminal valine amino acids represent only a small fraction of the
total alkylation of the macromolecule, but their location on the periphery of the
molecule allows them to be selectively cleaved using a modified Edman degrada-
tion. Following isolation of the globin from the red blood cells, the globin is reacted
with pentafluorophenyl isothiocyanate to form a thiohydantoin compound, which is
further derivatized prior to analysis. The derivatized compound can then be ana-
lyzed using negative ion chemical ionization GC/MS.*-* The lower limit of
detection for the assay was determined using in vitro exposures of sulfur mustard
in human whole blood and was determined to be equivalent to a 100 nM exposure
level %

The sulfur mustard adduct to the N-terminal valine of hemoglobin has been veri-
fied from the blood of multiple casualties of sulfur mustard exposure.****3 Archived
blood samples from two Iranian casualties believed to have been exposed to sulfur
mustard 22 and 26 days prior to blood collection tested positive for the valine
adduct. The same samples also tested positive for DNA sulfur mustard adducts
using an ELISA method.* A separate set of archived blood samples from four
Iranian casualties was examined for both the valine and histidine sulfur mustard
adducts of hemoglobin.* Blood samples were collected 5 or 10 days following the
suspected exposure incident. Levels of the valine and histidine adducts ranged
between 0.3 and 0.8 ng/mL and 0.7 and 2.5 ng/mL, respectively. Similar values
were observed following an accidental exposure of an individual with a WWI sulfur
mustard munition.*?

Following the administration of a single dose of sulfur mustard to a marmoset
(4.1 mg/kg; i.v.), the valine adduct was still detected in blood taken 94 days later.?
Intact hemoglobin with the sulfur mustard adducts attached have been examined
using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry,
but to date the technique has only been utilized for in vitro experiments at relatively
high concentrations of sulfur mustard.”

Human serum albumin has been found to be alkylated by sulfur mustard at the
cysteine-34 position. Following isolation of the albumin from the blood, the
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albumin can be reacted with Pronase enzyme to digest the protein. One of the
resulting peptide fragments is a tripeptide of the sequence cysteine-proline-phe-
nylalanine, which contains the sulfur mustard alkylated cysteine-34. After SPE
extraction, the tripeptide can be analyzed using LC/MS/MS.*® The lower limit of
detection for the assay is 1 nM, once again reported as an equivalent exposure
level as determined using in vitro exposures of sulfur mustard in human whole
blood. Recently, a modification to the isolation of the albumin from blood was
reported using affinity chromatography rather than the precipitation procedure
used previously?’” The modified procedure reduced the sample preparation time
significantly.

Blood samples obtained from nine Iranian casualties, collected between 8 and 9
days after a suspected exposure and previously found to be positive for the
N-terminal valine sulfur mustard adduct of hemoglobin using GC/MS,* were ana-
lyzed for the albumin cysteine adduct using LC/MS/MS.*® Adduct levels for both
the hemoglobin valine adduct and for the albumin cysteine adduct were in very
close agreement with each other, between 0.3 and 2 pM and 0.4 and 1.8 uM for the
hemoglobin and albumin adducts, respectively. More recently the albumin adduct
assay was used to analyze a series of blood samples collected from the accidental
exposure detailed in the case study section above. The albumin adduct results along
with a final blood protein assay are presented below in a continuation of the sulfur
mustard exposure case study. A summary of the biomarkers that have been verified
in urine and blood samples obtained from casualties of intentional or accidental
exposure to sulfur mustard is provided in Fig. 1.

Human Exposure to Sulfur Mustard (HD)

Reactions of HD with: Reactions of HD with:
H,0 Glutathione RBC'’s Plasma DNA
TDG  B-lyase metabolites(2) N-terminal valine Cysteine-34 N7-2’-
TDGSO bismercapturate of hemoglobin of albumin deoxyguanosine
Histidine residues Aspartic & glutamic

of hemoglobin acids of plasma proteins

Fig.1 Summary of biomarkers that have been verified in urine and blood samples obtained from
casualties of intentional or accidental exposure to sulfur mustard
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2.5 Case Study — Field Exposure to WWI Munition Containing
Sulfur Mustard, Part 2

Details of an accidental exposure of two individuals to a WWI munition in 2004
were given in the urine section above. Generally, biomedical samples that are made
available for verification analysis are from a single time point after the exposure. In
this rare instance, the patient with the more severe injuries had blood and urine col-
lected almost daily for a 10-day period soon after exposure and then again on days
29, 35, and 42. The blood from both individuals was analyzed using two different
assays. The first assay targeted the sulfur mustard adduct to cysteine-34 of albumin
as described in the section above. Based on in vitro exposures of sulfur mustard in
human whole blood, concentrations of albumin adducts found in the plasma of the
more severely injured patient were 350 nM on day 2 after the exposure and had
decreased by 74% (90 nM) on day 42. The rate of decrease over that time period
was consistent with the reported half-life of human albumin of 21 days. Albumin
adduct concentrations for the patient with a single blister ranged between 16 and
18 nM over the sample collection period of 2-7 days after exposure.®

A second method was used for the analysis of the blood samples in which
adducts to blood proteins are targeted using a more general approach. It was previ-
ously shown that sulfur mustard adducts of glutamic and aspartic acids to keratin
could be cleaved using base.* Using a similar approach, precipitated proteins from
plasma, whole blood, or red blood cells were treated with base to liberate the sulfur
mustard adduct (hydroxyethylthioethyl) from the protein. Upon release, the adduct
(in the form of thiodiglycol) was derivatized and analyzed using negative-ion
chemical ionization GC/MS. The lower limit of detection for the assay in plasma
was 25 nM as determined using in vitro exposures of sulfur mustard in human
plasma.®® This was the first reported use of this assay in the verification of a human
exposure to sulfur mustard. Concentrations of the plasma protein adducts for the
severely injured patient were 97 nM on day 2 and decreased by 76% (23 nM) on
day 42 based on in vitro exposures of sulfur mustard in human plasma.* The assay
could not detect plasma protein adducts in the patient with the single blister. The
assay was modified slightly to lower the reported lower limit of detection of 25 nM,
but the limited amount of plasma received did not permit reanalysis using the modi-
fied method. More recently, additional improvements to the assay have resulted in
a lower limit of quantitation of 1.6 nM.*!

Blood provides several options for assessing potential exposure to sulfur mustard
since a variety of different metabolites have been verified in human exposure cases.
Most of the assays are sensitive and selective, and the majority of the methods
utilize gas or liquid chromatography combined with mass spectrometric techniques.
Background levels have not been found in the blood from unexposed individuals.
The time period between exposure and when the sample is collected and the sever-
ity of the injury, both of which will impact sensitivity requirements of the assay, are
probably the most important factors to consider when selecting the appropriate
assay.
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3 Nerve Agents

3.1 Background

The organophosphorus (OP) nerve agents are considered to be extremely toxic
compounds due to their binding and inhibition of the enzyme acetylcholinesterase
(AChE). Inhibition of AChE results in excessive accumulation of acetylcholine,
which in turn produces hyperstimulation of cholinergic tissues and organs. It has
the potential to produce a life-threatening cholinergic crisis in humans.*’ The nerve
agents most commonly referenced are tabun (GA), sarin (GB), soman (GD),
cyclosarin (GF), and VX. They inhibit AChE by the formation of a covalent bond
between the phosphorus atom of the nerve agent and a serine residue of the
enzyme active site. That interaction results in the displacement or loss of fluorine
from GB, GD, and GF. Binding of GA and VX is different in that the leaving
group is cyanide or a thiol group, respectively.** Spontaneous reactivation of the
enzyme or hydrolysis reactions with water produce corresponding alkyl meth-
ylphosphonic acids (AMPA). Alternatively, the loss of the O-alkyl group while
bound to the enzyme produces a highly stable organophosphoryl-ChE bond, a
process referred to as aging. Once aging has occurred the enzyme is resistant to
reactivation by oximes used for post-exposure therapy or by other nucleophilic
reagents.”” The spontaneous reactivation and aging rates of the agents vary
depending on the O-alkyl group. For example, VX-inhibited red blood cell (RBC)
AChE reactivates at an approximate rate of 0.5—-1% per hour for the first 48 h with
minimal aging. On the other hand, GD-inhibited AChE does not spontaneously
reactivate and has a very rapid aging rate with a half-time of approximately 2
min.*

Analysis of the parent nerve agents from biomedical matrices such as blood or
urine is not a viable option for a diagnostic technique or retrospective detection of
exposure.” The parent agents are relatively short-lived due to rapid hydrolysis reac-
tions and from binding of the nerve agent to plasma/tissue proteins. The short resi-
dence time is especially profound with the G-agents relative to VX.** The initial
methods developed for nerve agent verification targeted the AMPAs. Many of the
more recent assays developed for exposure verification are based on the interaction
of nerve agents with AChE and other cholinesterase (ChE) enzymes or with blood
proteins.

3.2 Urinary Biomarkers

AMPAs are produced in vivo as a result of hydrolysis with water and/or split off
following spontaneous regeneration of the AChE enzyme. Studies with radiolabeled
parent nerve agents in animals suggest that they are rapidly metabolized/hydrolyzed
in the blood and appear in the urine as their respective alkyl methylphosphonic
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acids.*** This observation led to the development of the initial assay for AMPAs in
biological samples,* the applicability of which was subsequently demonstrated in
animals exposed to nerve agents.”® The common products found are isopropyl meth-
ylphosphonic acid (IMPA), pinacolyl methylphosphonic acid (PMPA), cyclohexyl
methylphosphonic acid (CMPA), and ethyl methylphosphonic acid (EMPA) derived
from GB, GD, GF and VX, respectively. Over time, numerous variations for the
analysis of AMPAs in biological fluids such as plasma and urine have been devel-
oped. These include GC separations with MS>'=* or tandem MS (MS-MS),>!92:53455
and liquid chromatography (LC) with MS-MS.* The AMPASs require derivatization
prior to GC analysis.

To date, only the presence of IMPA has been verified in urine samples following
a human exposure to an OP chemical warfare nerve agent. The terrorist attacks by
the Aum Shinrikyo cult in Japan utilized GB on two separate occasions. The first
was in an apartment complex in Matsumoto City. Approximately 12 L of GB were
released using a heater and fan resulting in 600 casualties and 7 deaths. Urine speci-
mens were collected from one individual that was found unconscious and believed
to be suffering from an inhalation and possibly a cutaneous exposure. The patient
was hospitalized and found to have a depressed AChE level, but was not given
oxime therapy. Nakajima et al.’” demonstrated the presence of IMPA and the sec-
ondary hydrolysis compound methyl phosphonic acid (MPA) in the urine using GC
with a flame photometric detector (FPD). Sample preparation included C18 SPE
prior to derivatization. Urinary concentrations of IMPA were 0.76, 0.08 and 0.01
ug/mL for IMPA on the 1st, 3rd, and 7th day after exposure, respectively. MPA
concentrations were 0.14 and 0.02 ug/mL on the st and 3rd day after exposure,
respectively.’’

In the second attack, GB was released into the Tokyo subway, resulting in greater
than 5,000 casualties and 12 deaths. Minami et al.”® demonstrated the presence of
IMPA and MPA in the urine from two individuals collected over a 7-day period. One
patient was comatose while the second patient was discharged from the hospital
within 3 days. The method utilized a SPE ion-exchange cartridge prior to derivatiza-
tion followed by GC-FPD analysis. Although the report on the Tokyo incident did not
directly indicate urinary concentrations, calculations were made on estimates of total
sarin exposure. Estimates on the two individuals involved were 0.13-0.25 mg/person
in the comatose patient and 0.016-0.032 mg/person in a less severely exposed casu-
alty.” These numbers are approximately tenfold less than those reported by Nakajima
et al.”’ for the severely intoxicated patient. Consistent with the rapid elimination of
these compounds, the maximum urine concentration was reported to be within 12 h
of exposure for IMPA and between 10 and 18 h for MPA.

The AMPAs provide a convenient marker for determining exposure to nerve
agents and multiple methods have been developed for their analysis. It is important
though to consider the extent of exposure and time of sample collection following
the suspected exposure incident. Except in cases of severe exposure, the results
above indicate that the hydrolysis products would not be present for more than a
few days at most following exposure.
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3.3 Blood Biomarkers

AMPAs should also be present in blood samples. Noort et al., using isobutanol/tolu-
ene extraction followed by negative ion electrospray LC-MS-MS analysis, detected
IMPA in the serum of 15 individuals poisoned in the Tokyo and Matsumoto inci-
dent.>® Samples were obtained 1.5 h after the incident. IMPA serum concentrations
ranged from 2 to 135 ng/mL.*** For some patients a second sample was obtained at
2-2.5 h after the incident. In those samples the authors reported significantly lower
IMPA concentrations consistent with the rapid elimination of these compounds.™

Tsuchihashi et al. demonstrated the presence of EMPA in the serum of an indi-
vidual assassinated with VX in Osaka, Japan, in 1994.°" The authors also reported
the presence of diisopropyl aminoethyl methyl sulfide (DAEMS), which is believed
to result from the in vivo methylation of diisopropyl aminoethanethiol (DAET)
subsequent to cleavage of the P-S bond. The serum sample was subjected to both
aqueous and organic extractions with EMPA in the aqueous fraction and DAEMS
in the organic portion. Following the extraction, the samples were analyzed using
GC-MS-MS. Reported concentrations in serum that was collected 1 h after expo-
sure were 143 ng/mL for DAEMS and 1.25 ug/mL for EMPA.

From the standpoint of exposure verification, the relatively rapid excretion and
short-lived presence of hydrolysis products imposes time restrictions for collecting
a viable sample. Efforts to increase the sampling window have taken advantage of
interactions of CWAs with macromolecules such as proteins. The reaction of CWAs
with biomolecules provides a pool of the adducted compound that can be utilized
to verify exposure. Theoretically, the longevity of the marker is consistent with the
in vivo half-life of the target molecule, provided that the binding affinity is high
enough that spontaneous reactivation does not occur. Binding of nerve agents to
ChE or blood protein targets can be leveraged to develop assays with an increased
window of opportunity for detecting exposure. Several assays have been developed
based on variations of this concept.

Polhuijs et al.® developed an assay based on earlier observations that ChE inhib-
ited by GB could be reactivated with fluoride ions.®’ The displacement of GB
covalently bound to butyrylcholinesterase (BChE) was accomplished by incubation
of inhibited plasma with fluoride to form free enzyme plus the parent agent (iso-
propyl methylphosphonofluoridate). Following isolation from the matrix with
solid-phase extraction techniques, the agent was then analyzed using GC with MS
or other appropriate detection systems. The fluoride ion regeneration procedure
was used to analyze serum from exposed individuals in the Aum Shinrikyo terrorist
attacks at Matsumoto and in the Tokyo subway. The same set of serum samples was
previously found to be positive for IMPA in 15 of 18 samples® (see above).
Regenerated GB was found in 12 of the serum samples. Concentrations ranged
from 1.8 to 2.7 ng/mL in the Matsumoto samples and between 0.2 and 4.1 ng/mL
in the Tokyo samples.®

The fluoride ion regeneration procedure has also been applied to VX exposure
verification. For VX, the thiol group initially lost upon binding to the enzyme is replaced
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by fluorine, resulting in a fluorinated analog of VX (ethyl methyl-phosphonofluoridate;
VX-G).®* The assay was used to analyze biomedical samples obtained from one
individual following an accidental, low-level laboratory exposure to vaporized VX.
Urine specimens were collected from 1 to 6 days post-exposure and were found to
be negative for EMPA using GC-MS-MS. Blood specimens were collected from 1
to 27 days post-exposure. Plasma was analyzed using GC high resolution MS, and
RBCs were analyzed using positive chemical ionization GC-MS-MS. The concen-
tration of regenerated plasma VX-G decreased from 81 pg/mL on dayl post-expo-
sure to 7 pg/mL by day 27. The estimated half-life was 7.5 days® Regenerated
RBC VX-G concentrations decreased from 220 to 97 pg/mL between days 1 and
27, respectively, with an estimated half-life of 24.5 days.*

With regard to the ability of the fluoride ion to regenerate GD bound to
BChE, it is well known that the process of aging would preclude release from
the enzyme. However, studies have indicated that the fluoride ion regeneration
process as applied to GD-poisoned animals has produced successful results.®
These studies suggest that soman can be displaced from sites where aging does
not play a significant role. Black et al.®® have demonstrated that both GB and GD
bind to tyrosine residues of human serum albumin. The observation that the
alkyl group remained intact in particular for GD strongly argues that binding to
this site does not result in aging as seen with cholinesterases.®® Currently it is
unclear as to the utility of fluoride regeneration in human exposures involving
GD, but animal studies indicate that binding to other sites may offer potential for
using this procedure.

An alternate approach based on OP binding to BChE has been reported by
Fidder et al.” Using a procainamide affinity gel, BChE can be isolated from serum.
Following pepsin digestion of BChE to produce nonapeptide fragments containing
the serine-198 residue to which nerve agents are known to bind, the peptide frag-
ments were analyzed using positive ion electrospray LC-MS-MS. The utility of the
method was demonstrated by analyzing archived samples from two victims of the
Tokyo subway terrorist attack. Concentrations of GB-inhibited BChE in the serum
samples ranged between 10 and 20 pmol/mL.%” An advantage of this technique is
that aged or non-aged OP adducts should be identifiable. A limitation to the assay
is that advance information on the agent identity is needed for MS analysis. For this
reason, an extension of this procedure utilizing a generic approach has been devel-
oped.®® The methodology employs the chemical modification of the phosphyl group
on the serine residue to a common nonapeptide regardless of the specific agent
involved. Therefore, since a common nonapeptide is the outcome, a single MS
method would be employed in the analysis.®

Nagao et al.* developed a GC-MS procedure using an alkaline phosphatase
digestion process to measure IMPA following its release from the GB-AChE com-
plex. The method was used to analyze blood RBC specimens from four victims of
the Tokyo subway attack. Initially they attempted to detect MPA or IMPA directly
from the blood and were not successful. They were able to detect the compounds
following release from erythrocyte-derived AChE, using the alkaline phosphatase
digestion method. Although the authors indicated that all four RBC specimens were
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Human Exposure to OP Nerve Agents

Sarin (GB) & VX
Urine Blood
Reactions of OP’s with: Reactions of OP’s with:
RBC Plasma/Serum
H,0 H,0 AChE BuChE
GB > IMPA > MPA GB > IMPA  fluoride regeneration fluoride regeneration
of phosphylated AChE of phosphylated BuChE
(VX-G) (sarin, VX-G)
VX > EMPA
DAEMS ) )
release of bound sarin nonapeptide fragment of
adducts (IMPA, MPA) sarin phosphylated BuChE

Fig. 2 Summary of biomarkers that have been verified in urine and blood samples obtained from
casualties of intentional or accidental exposure to nerve agents

positive for GB adducts, they did not report MPA or IMPA concentrations. A
summary of the biomarkers that have been verified in urine and blood samples
obtained from casualties of intentional or accidental exposure to OP nerve agents
is provided in Fig. 2.

4 Conclusions

Due to the limited number of human exposures involving sulfur mustard and nerve
agents, fully ascertaining the advantages and disadvantages of the various definitive
methodologies that have been developed is difficult. Several factors can influence
the choice of sample and the method of analysis. One of the primary considerations
is the length of time between the suspected exposure event and the time of sample
collection. Human exposure results to date indicate that hydrolysis products in blood
or urine undergo relatively rapid elimination. Consequently, urine specimen collec-
tion will provide a more limited opportunity to obtain a viable sample than will
blood specimens. The advantage of utilizing adducts formed with macromolecules
such as protein targets in the blood is a longer window of opportunity to verify
exposures relative to that of hydrolysis products. Another important consideration is
the route and duration of exposure. In instances of mild exposure to CWAs, the
sensitivity and selectivity of the assay will become a critical factor in the verification
process. Mass spectrometry and, in most instances, tandem mass spectrometry based
methods are currently the methods of choice to accomplish this critical task.
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Applications of Mass Spectrometry
in Investigations of Alleged Use
of Chemical Warfare Agents

Robert W. Read

Abstract Chemical warfare agents were used extensively throughout the twentieth
century. Many such uses are well documented; however some allegations of use of
chemical warfare agents were not easily confirmed. During the early 1980s interest
developed into investigation of alleged use by analytical techniques, particularly
mass spectrometry. Since that time, many combined chromatographic — mass
spectrometric methods have been developed, both for application to the analysis
of environmental and biomedical samples and for investigation of physiological
interactions of chemical warfare agents. Examples are given of some of the inves-
tigations in which the author has been involved, including those into Yellow Rain
and uses of chemical warfare agents in Iraq and Iran. These examples illustrate the
use of combined chromatographic-mass spectrometric methods and emphasise the
importance of controls in analytical investigations.

Keywords Chemical warfare agents ¢ Chromatography e Mass spectrometry
« Yellow Rain e Protein adducts « Environmental samples

1 Introduction

Before World War 1 efforts were made to outlaw the use of chemicals in warfare.
The Hague Declaration on the Use of Projectiles the Object of Which is the
Diffusion of Asphyxiating or Deleterious Gases' was signed on July 29, 1899 and
entered into force on Sept 4, 1900. The Hague Convention on Laws and Customs
of War on Land' signed on October 18, 1907, forbade employment of poison or
poisoned weapons, and entered into force on Jan 26, 1910. Despite these efforts the
use of chemical warfare during World War 1 was widespread.
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The first chemicals used were irritants. Ethyl bromoacetate was used by France
in 1914 and Germany attempted to use xylyl bromide in January 1915 at Bolimow
in Poland. The latter was unsuccessful due to the low temperature and consequent
lack of volatility of the chemical. Various industrial chemicals were later employed
as weapons. Germany used chlorine for the first time during the second Battle of
Ypres in April 1915. Britain also used chlorine at Loos in September 1915.
Phosgene was widely deployed and used by both sides. The first use of a chemical
specifically designed for warfare was that of the vesicant, sulphur mustard, by
Germany at Ypres in 1917.

Following World War 1, further efforts were made to ban the use of chemical
weapons. The Geneva Protocol to the 1907 Hague Convention, the Protocol for the
Prohibition of the Use in War of Asphyxiating Gas, and of Bacteriological Methods
of Warfare,! was signed on June 17, 1925 and entered into force on Feb 8, 1928.
However, uses of chemical weapons continued.

The Rif rebellion of 1921-1927 in Morocco had already seen use of sulphur
mustard, phosgene and the irritant, chloropicrin, by Spain. Sulphur mustard was
also used by the Soviet Union in Xinjiang, China, against Japanese forces in 1934
and 1936-1937, and by Italy in Abyssinia (Ethiopia) in 1935-1940. Sulphur mus-
tard and the arsenical vesicant lewisite were used in the second Sino-Japanese War
of 1937-1945.

There were no deliberate uses of chemical weapons during World War 2 despite
the possession of significant stockpiles and great concern that they might be used
against both military forces and civilian populations. Plans were made in Britain for
use of sulphur mustard to contaminate beaches and other terrain in the event of an
invasion. However there were some mistaken uses of sulphur mustard by Germany
against Polish and Russian forces, and by Poland in an isolated incident against
German forces. The only significant event involving chemical weapons was at Bari
harbour, Italy, in 1943. The US Liberty ship John Harvey, which was carrying a
cargo of munitions containing sulphur mustard, was destroyed in an air raid, result-
ing in spillage of liquid sulphur mustard into the sea. This incident was covered up
for several years and the number of casualties, both military and civilian, is
disputed.

Post World War 2, uses of chemical weapons continued. Mustard and phosgene
were used by Egypt in North Yemen during the civil war of 1963-1967. There were
no confirmed uses of chemical weapons during the Vietnam War of 1963-1975 but
the irritant o-chlorobenzalmalononitrile (CS) was extensively used for clearing Viet
Cong forces from tunnels.

In 1975-1983 allegations were made of use of a chemical warfare agent in South
East Asia. This so-called Yellow Rain became the subject of the first major scien-
tific investigation of an alleged use and is described in more detail below.
Allegations were also made of the use of the same material in Afghanistan following
the Soviet invasion of 1979.

There was widespread use of sulphur mustard during the Irag-Iran war of
1983-1988, confirmed by chemical analysis of samples collected from the scenes
of alleged uses (see below). The use of nerve agents was strongly suspected, but no
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analytical confirmation was made. Uses of sulphur mustard and the nerve agent
sarin by Iraq against its Kurdish population, during the Anfal campaign of 1986
—1989, were confirmed by chemical analysis (see below).

Nerve agents were used by the Aum Shinrikyo cult in Japan in the 1990s. Sarin
was disseminated in Matsumoto City, June 27-28, 1994, and in the Tokyo subway,
March 20, 1995. VX was used in an assassination in 1994. These terrorist uses
were confirmed by chemical analyses, mostly carried out in Japan and The
Netherlands.

2  Yellow Rain

In the late 1970s and early 1980s allegations were made of use of chemical weap-
ons by Vietnamese and Pathet Lao forces against the Hmong tribes in northern
Laos. These allegations concerned attacks from the air with an agent in the form of
a mist of yellow droplets — Yellow Rain. Following these attacks victims reported
symptoms including burning skin, vomiting, eye pain, headache, dizziness, chest
pain, coughing fits, breathing difficulties, diarrhea, blistering of skin, subcutaneous
bleeding, bleeding from nose and gums, blindness and seizures. Domestic animals
and birds were also reported to have been killed. The agent was also said to be toxic
to plants with holes appearing in leaves and crops dying within 2 weeks. Similar
attacks were also reported in Cambodia between 1978 and 1981, and in Afghanistan
following the Soviet invasion in 1979.

The symptoms were assessed as being similar to those resulting from exposure
to trichothecene mycotoxins. These mycotoxins are produced by fusarium fungi
which occur naturally in grain stored in cold, damp conditions. Their toxicity is due
to inhibition of protein synthesis causing damage to bone marrow, skin and the
gastro-intestinal tract. When contaminated grain is consumed, a chronic condition
known as alimentary toxic aleukia (ATA) results. Trichothecene mycotoxins were
not known to be naturally occurring in South East Asia.

Samples of vegetation and yellow material collected from the scenes of alleged
attacks were analysed in US university laboratories and the presence of trichoth-
ecene mycotoxins reported. However an investigation of the yellow material by
electron microscopy at the then Chemical Defence Establishment (CDE), Porton
Down, UK, revealed that it consisted of partially digested pollen grains. This find-
ing supported a theory that the material was bee faeces and the reported mist of
yellow droplets was produced by bees defaecating as a swarm. Sensitive gas
chromatography - selected ion monitoring negative ion chemical ionization mass
spectrometry methods were developed at CDE in collaboration with the Admiralty
Research Establishment.>® Trichothecenes are detected by these methods as their
pentafluoropropionyl or heptafluorobutyryl ether derivatives. High sensitivity
was necessary owing to the very small size (a few milligrams) of many samples. A
large number of samples, both environmental and biomedical, were analysed with
strict attention to controls. Positive and negative (glassware blank) controls were
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analysed alongside each sample or set of samples. No trichothecenes were detected
in any sample associated with alleged uses of Yellow Rain. Participation in two
round-robin exercises resulted in correct identification of trichothecenes spiked into
blood and urine at ng/ml levels with no false positives.>?

In 1987 samples of foodstuffs collected in Thailand were obtained. These sam-
ples were analysed at CDE and two samples of sorghum, known to be old and
mouldy, found to be contaminated with trichothecenes — nivalenol, scirpenetriol
and 15-monoacetoxyscirpenol — at low ng/g levels. These analyses confirmed that
trichothecenes do occur naturally in South East Asia.* The major lesson learned
from these investigations was the absolute necessity of robust controls in analytical
protocols.

An informative account of the investigations into Yellow Rain is given by
Tucker.®

3 OPCW Analytical Requirements

The Convention on the Prohibition of the Development, Production, Stockpiling
and Use of Chemical Weapons and on their Destruction (Chemical Weapons
Convention, CWC)"¢ was signed on Jan 13, 1993 and entered into force on April
29, 1997. The implementing body of the convention is the Organisation for the
Prevention of Chemical Weapons (OPCW) based in The Hague, The Netherlands.

The Verification Annex to the CWC allows for the collection and analysis of
samples during inspection activities and investigations of alleged use. Any such
samples would be analysed by at least two of a worldwide group of Designated
Laboratories according to stringent criteria laid down by the Technical Secretariat
of the OPCW. Laboratories are designated on the basis of their performance in
proficiency tests held each April and October. Analytical criteria require identifica-
tion of chemicals present as defined by the Schedules of Chemicals to the CWC, by
at least two separate techniques, one of which must be spectrometric. Spectrometric
identification may be based on interpretation of spectra, comparison with library
spectra, or comparison with authentic standards. Positive and negative control
samples prepared by the OPCW are provided alongside actual samples. All chemi-
cals present in positive control samples must be correctly identified and no false
positives reported. All samples and controls are provided to the Designated
Laboratories with no information to identify them as such. An analytical report
must be produced according to strict criteria within 15 calendar days of receipt of
samples.

Would these requirements have proved successful in the investigations into
Yellow Rain? Firstly the requirements only apply to amounts of chemicals that can
be detected using scanning techniques, e.g. full scan mass spectrometry, infra-red
and nuclear magnetic resonance spectroscopy. In proficiency test samples the con-
centration of spiking chemicals is usually in the 1-10 pg/g (or pg/ml) range. Many
samples of Yellow Rain were of such a small size that only selective, trace analysis
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methods capable of detecting nanogram amounts, or less, were applicable.
Secondly, trichothecenes are not included in the schedules of chemicals and so
would not normally be included in analytical methods used by Designated
Laboratories. Finally, the 15 day timescale required is unrealistic; the Yellow Rain
investigations took several years in total. It should be noted however, that the
emphasis on control samples in the OPCW criteria is at least partly due to the expe-
rience gained during these investigations.

4 Blood Protein Adducts of Sulphur Mustard

When sulphur mustard was used on a large scale during the Iran-Iraq war of 1983
—1988, attention was focused on the development of methods for verification of
exposure in casualties. Mass spectrometric methods, predominantly gas chroma-
tography-mass spectrometry, were available for analysis of environmental samples.
Sensitive methods for analysis of biomedical samples, blood and urine, were not
available. In order to address this problem, work was carried out to elucidate the
metabolism of sulphur mustard and to identify adducts with blood proteins. Animal
studies using rats were required for identification of urinary metabolites.’

Blood protein adducts were determined from in-vitro studies’ and later con-
firmed in samples from human casualties.'" Blood was incubated with a mixture of
PC,/S and C,/*S mustard. The S radio-label allowed use of liquid chromatog-
raphy (LC) with radioactivity detection for semi-preparative fractionation; the "°C,
mass-label allowed the detection of *C, (M) and "“C, (M+4) doublets in mass
spectra of semi-preparative scale radio-LC fractions. Haemoglobin, or globin, was
isolated from incubates using a standard method and digested with the enzyme
Pronase E.

Digests were fractionated by radio-LC and the resulting fractions analysed by
gas chromatography-mass spectrometry (GC-MS), as t-butyldimethylsilyl deriva-
tives, and by liquid chromatography-mass spectrometry (LC-MS). Amino acids
alkylated on their side chains by sulphur mustard were detected by the presence of
doubletionsduetoamasslabelled2-[(hydroxyethyl)thiolethyl, HOCH,CH,SCH,CH,
(HETE), moiety. Amino acid residues were easily identified by GC-MS by assuming
derivatisation of the amino, carboxylic acid and HETE moieties and simple subtrac-
tion of the relevant masses from the mass of the molecular ion.

The identity of alkylated amino acids was confirmed by LC-MS (Fig. 1) and
LC-tandem MS (LC-MS/MS) of radio-LC fractions. The use of atmospheric pres-
sure chemical ionisation (APCI) was found superior to electrospray ionisation
(ESI) for this purpose, with the Finnigan TSQ700 triple quadrupole instrument
available at that time. Detection by LC-MS was based on the presence of mass-
labelled quasi-molecular ion (MH*) doublets (Fig. 2). Precursor ion scans of m/z
105 were also found useful for screening fractions for the presence of molecules
containing a HETE moiety (Fig. 3). The amino acid residue was then identified
using product ion scans of the quasi-molecular ion(s). Alkylated amino acids
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Fig. 1 LC-MS APCI total ion and extracted ion (m/z 105) chromatograms from a radio-LC fraction
from a Pronase E digest of human haemoglobin isolated from blood incubated with sulphur mustard
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Fig. 3 APCI precursor ion spectra of m/z 105 (a) and m/z 109 (b) for the adduct identified as

HETE-histidine

detected by these methods were histidine (His), cysteine (Cys), aspartic acid (Asp),
glutamic acid (Glu), lysine (Lys) and tryptophan (Trp). Although Pronase E should
digest proteins to individual amino acids, the dipeptides valyl leucine (Val-Leu),
valyl histidine (Val-His) and histidyl leucine (His-Leu) were also found.

In order to determine the positions of the alkylation sites in haemoglobin, fur-

ther digestions of isolated haemoglobin were performed using the enzyme trypsin.
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The protein of normal human haemoglobin consists of two identical a-globin
chains and two identical B-globin chains, the amino acid sequences of which are
known. Masses of fragment peptides produced by digestion with trypsin may be
determined knowing that the enzyme cleaves the protein at the C-terminal side of
lysine and arginine. Masses of alkylated tryptic peptides may be determined by
addition of 104 Da (HETE=105 Da) to the mass of the native peptide. Alkylated
peptides were thus detected by searching electrospray LC-MS chromatograms,
from analysis of radio-LC fractions of trypsin digests, for the presence of doublets
at masses corresponding to the alkylated peptides. Singly and doubly charged
quasi-molecular ion doublets were detected in most cases (Fig. 4).

Alkylation sites were identified using product ion scans of doubly or singly
charged quasi-molecular ions and comparison of sequence ions with those pre-
dicted using Finnigan Bioworks™ software. This software allowed the addition of
a mass modification of 104 Da (or 109 Da for "°C, label) to amino acids in a peptide
sequence and prediction of the resulting ESI-MS/MS product (sequence) ion series.
Most spectra obtained showed good coverage of y (C-terminal fragment) and b
(N-terminal fragment) series sequence ions derived from both doublet ions used as
precursors, and allowed confirmation of alkylation sites (Fig. 5).

Sites identified were a-chain Val 1, His 20, His 45 and His 50, and 3-chain Val
1, Glu 22, Glu 26, Glu 43, His 97 and His 146. Interestingly no cysteine, aspartic
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Fig. 4 LC-MS ESI spectrum of the HETE-alkylated globin -chain T1 tryptic peptide
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from HETE- alkylated globin -chain T1 tryptic peptide, (HETE)Val-His-Leu-Thr-Pro-Glu-Glu-Lys

acid, lysine or tryptophan alkylation was detected, despite these alkylated amino
acids being detected in Pronase E digests. The adduct with cysteine may originate
from glutathione present as an impurity in isolated haemoglobin. The complete
results obtained from Dutch® and UK® work on sulphur mustard adducts of haemo-
globin are shown in Fig. 6.

5 Haemoglobin Adducts in Human Casualties

Following identification of alkylation sites, attention turned to development of sen-
sitive methods for verification of exposure. Initially work focused on N-terminal
valine adducts. A method for analyzing N-alkylated valine residues in haemoglobin
for monitoring exposure to environmental carcinogens had been developed by
Tornquist et al.'® This method selectively cleaves the N-terminal valine residue
using a modified Edman reagent, pentafluorophenyl isothiocyanate (PFPITC), to
produce a pentafluorophenyl thiohydantoin (PFPTH). The method was adapted for
trace analysis of valine alkylated by sulphur mustard with an additional derivatisa-
tion of the HETE hydroxyl group with heptafluorobutyric anhydride. The resulting
derivative was analysed by GC-MS with selected ion monitoring at a resolution of



210 R.W. Read
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Fig. 6 Identified alkylated tryptic fragments (in bold) of a.- and 3- globin chains of haemoglobin.
Alkylation sites are underlined. Superscripts show N-termini of tryptic fragments. Alkylated
a-chain T9, B-chain T10 and T10-S-S-T'12 fragments were also identified but alkylation sites not
established

approximately 7,500 on a double focusing magnetic sector instrument. The method
was used to detect this adduct in samples from five human casualties, four Iranian
and one accidental exposure.'!

A second method was developed for the detection of alkylated histidine. This
residue was chosen as a target analyte as five histidines in haemoglobin had been
found to be alkylated by sulphur mustard. The method involved rather tedious
sample preparation. Globin was isolated from red blood cells (or whole blood in
the case of samples received frozen) by precipitation. A portion of the isolated
globin was digested in 6M hydrochloric acid under vacuum at 110 °C overnight.
The digest was dried in a centrifugal evaporator and the residue subjected to
solid phase extraction on a propyl sulphonic acid (PRS) cation exchange car-
tridge. The eluate was concentrated to dryness and the residue derivatised with
fluorenylmethyl chloroformate (FMOC) in pH 8 borate/acetone. The resulting
FMOC derivative was analysed by electrospray LC-MS/MS with multiple reac-
tion monitoring (mrm). In spite of the complex sample preparation, surprisingly
good linear calibrations were obtained from incubates of blood with mustard.
The method was sensitive enough to detect adduct in samples from the above
human casualties."!
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6 Blood Protein Adducts of Nerve Agents

The physiological target of organpophosphorus nerve agents is the active site
serine residue in the serine hydrolase enzyme acetylcholinesterase. The correspon-
ding residue in butyrylcholinesterase is also a target but this enzyme has no known
physiological function. LC-MS/MS detection of an active site nonapeptide following
pepsin digestion of isolated butyrylcholinesterase is the basis of the method, devel-
oped by Fidder et al., for confirmation of nerve agent exposure.'> This method is not
unequivocal for agents, for example soman, that age by loss of the O-alkyl moiety, or
V-agents (which give the same adducts as the corresponding G-agents). They may
also not be applicable following oxime therapy, although this requires further inves-
tigation. An alternative adduct with tyrosine in albumin has recently been identified
using radio- and mass-labelled agents and similar methods to those described for
sulphur mustard. In this case, deuterated (D,) and '“C labels on the P-methyl group of
sarin and soman were used. Phosphylated tyrosine was detected in protease digests of
human plasma incubated with sarin and soman' (Figs. 7 and 8).
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Fig. 7 LC-MS ESI total and extracted ion chromatograms from a radio-LC fraction of a Pronase
E digest from a human plasma incubate with soman, showing detection of adduct with tyrosine,
MH?* = m/z 344. The peak in the m/z 445 extracted ion chromatogram was tentatively identified as
the phosphonylated dipeptide Tyr-Thr
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Fig. 8 ESI mass spectrum of the soman adduct with tyrosine from data in Fig. 7

Analysis of tryptic digests of incubates showed the presence of a phosphylated
tripeptide, Tyr-Thr-Lys, consistent with phosphylation of tyrosine-411 in albumin.
Analysis of samples from guinea pigs exposed percutaneously or subcutaneously to
sarin, soman, cyclosarin and tabun showed the presence of adducts with all four agents.'*
There was no indication of ageing with soman and the adduct with tabun retains
complete structural integrity. The phosphylation is probably a chemical reaction and
applicable only to moderate exposures. Adducts have been detected ex vivo in marmo-
set plasma up to 23/24 days after agent doses of 2xLD, in the presence of oxime
therapy® (Fig. 9). No butyrylcholinesterase adducts were detected in the same animals,
except for soman and tabun in animals that died within a few hours of exposure. These
adducts were aged (soman) or de-amidated during sample preparation (tabun).
Albumin tyrosine adducts should be applicable to verification of exposure to the
G-series nerve agents in the presence of therapies containing oximes.

7 Environmental Samples from Iran and Iraq

There were many uses of chemical warfare agents during the Iraq-Iran war of
1983-1988, several of which were confirmed by analysis of environmental sam-
ples. One example concerned the analysis at the then Chemical and Biological
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Fig. 9 LC-MS/MS multiple reaction monitoring chromatograms for the transition m/z 317
(MH*) — m/z 198, from a plasma sample taken from a control (therapy only) animal, and samples
taken post mortem 6 min and 23 days after a 2X LD, intra-muscular dose of tabun together with
oxime therapy

Defence Establishment (CBDE), Porton Down, of some contaminated equipment
from a film crew who had recorded the decanting of the contents of a chemical
filled artillery shell in Iran in 1987. Some of the members of this crew later devel-
oped blisters symptomatic of sulphur mustard exposure. Analysis of samples taken
from a video camera, headphones and a plastic handled corkscrew (essential
equipment for a film crew) confirmed the presence of sulphur mustard.

The following year, some samples were collected by a journalist investigating
alleged use of chemical warfare agents in a Kurdish area of northern Iraq. The sam-
ples from a munition casing, soil and what appeared to be sheep’s wool, were initially
sent to a commercial laboratory in the UK which identified 1,4-dithiane, 1,4-thioxane
and divinyl sulphide, decomposition products of sulphur mustard. Further analysis at
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CBDE confirmed the presence of those decomposition products. Application of a
variety of analytical techniques identified a total of twenty five compounds in
four samples. The compounds identified included intact sulphur mustard and the
explosives tetryl and TNT, all easily confirmed using full scan GC-MS methods.'®

7.1 Environmental Samples from Birjinni, N Iraq

In 1992 CBDE was asked to analyse samples from the Kurdish village of Birjinni
in Iraq.'” The samples were collected in June 1992 by a team of forensic scientists
from the scene of an alleged chemical attack on August 25, 1988. The samples
consisted of soil, insect pupae and clothing from exhumed remains of two victims, and
soil and metal fragments from four of a total of twelve bomb craters. It was initially
considered unlikely that any useful data would be obtained from samples collected
almost 4 years after the alleged attack. The analytical protocol followed empha-
sized the use of stringent controls to eliminate any chance of contamination and
ensure that any traces of agent detected were real. Analyses of the samples from
exhumed remains using sensitive selected ion monitoring GC-MS methods were
negative for the presence of chemical warfare agents. However analyses of samples of
soil and metal fragments produced some unexpected results. Extracts of samples
from two of the four craters were found to contain sulphur mustard and its
decomposition products, thiodiglycol, 1,4-dithiane and 1,4-thioxane, together with
the explosive tetryl (Figs. 10 and 11). Concentrations of these compounds present
in extracts were sufficient to allow the acquisition of full scan electron ionization
(EI) mass spectra. Sulphur mustard was detected in three soil samples at estimated
concentrations of 600 ng/g to 10 ng/g.

Even more surprisingly, extracts of samples from the other two craters were
found to contain methylphosphonic acid (MPA) and i-propyl methylphosphonic
acid (iIPMPA), the main hydrolysis products of sarin, detected as their t-butyldime-
thylsilyl (tBDMS) derivatives (Fig. 12). Estimated concentrations of MPA present
ranged from 60 ng/g to 60 ng/g, and iPMPA from 6 ng/g to 200 ng/g.

Analysis of extracts from a green painted metal fragment associated with one of
these soil samples detected a trace amount of intact sarin. Because of this unex-
pected finding, a series of confirmatory analyses were carried out. Extracts were
analysed using two different phase GC columns and three ionization modes, EI
(Fig. 13) and chemical ionisation (CI) with both methane and ammonia as reagent
gas (Fig. 14), with both selected ion and MS/MS (multiple reaction monitoring).
Each analysis gave a positive result for sarin, and all associated controls showed that
no contamination had occurred in the laboratory. The paint on the metal fragment
was analysed by infra-red spectroscopy and shown to be of a military alkyd type.

Later analysis using LC-MS also confirmed the presence of the agent hydroly-
sis products, thiodiglycol, MPA and iPMPA. Ion chromatography showed the
presence of greatly elevated levels of fluoride ion in samples associated with sarin.
Probably uniquely in this investigation, samples from the craters containing mustard
residues could be used as controls for those containing sarin residues, and vice
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Fig. 12 GC-MS EI selected ion monitoring mass chromatograms of the tBDMS derivative of
i-propyl methylphosphonic acid (iPMPA) in an aqueous extract of a soil sample from a munition
crater

versa. A complete audit trail was also maintained from sample collection to analysis.
The analytical results provided the first confirmation of use of a nerve agent by
Iraq against its Kurdish population, and it remains the only such confirmation. The
results of this investigation were published in early 1994, shortly before the terror-
ist use of sarin in the Tokyo subway.

8 Conclusion

Over the last 25 years there have been several analytical investigations using mass
spectrometric methods into alleged military and terrorist uses of chemical weapons.
The scientific community involved in this type of analysis has generally taken heed
of the lessons learned from the Yellow Rain investigations. The use of positive
and negative controls is taken seriously, particularly by those working in OPCW
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showing the detection of sarin. Multiple reaction monitoring using a BPX5 non-polar GC column

designated laboratories. The impact of those lessons in the biological warfare agent
area has yet to be seen. With the exception of several examples of methods for the
forensic identification by mass spectrometry of proteinaceous toxins, particularly
ricin and botulinum, little if any emphasis has been put on the importance of
controls. The Biological and Toxin Weapons Convention (Convention on the
Prohibition of the Development, Production and Stockpiling of Bacteriological
(Biological) and Toxin Weapons and on Their Destruction),! which entered into
force in 1975, contains no requirement for verification, and is currently unlikely
ever to do so. Work on identification of biological agents by mass spectrometry, and
other techniques, appears to be focussed on homeland security requirements rather
than on any future applications to treaty verification. Work on toxins is also
focussed on homeland security and food contamination, with the exception of ricin
which, together with the marine algal toxin saxitoxin, is included in Schedule 1 of
the Chemical Weapons Convention.

Everyone carrying out investigations into alleged uses of chemical, or biological,
agents should be aware that their results need to withstand national and interna-
tional scrutiny to forensic standards. The consequences of false positive results,
either legal or military, would likely be severe.
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Mass Spectrometry for the Analysis of Low
Explosives

Bruce McCord, Megan Bottegal, and John Mathis

Abstract It is extremely important to be able to characterize a wide variety of
organic and inorganic materials which may be of potential use in improvised
explosives manufacture. As a result our research group has become increasingly
interested in the development of mass spectrometric methods for the analysis of
various classes of low explosives. We present in this document, the development
of ion chromatographic/mass spectrometric methods for the analysis of inorganic
explosives and HPLC-ESI-MS for the analysis of smokeless powders.

1 Introduction

The recent increase in terrorist activities has renewed interest in the development of
methods for the analysis and characterization of explosives. Explosives can be used
as a weapon of terror and/or as an agent for the dispersal of biological or chemical
agents. Thus it is important for anyone involved in the analysis of terrorist incidents
to understand the methodology used in explosive analysis. Generally speaking,
analysis of explosives can occur pre-blast or post blast. In pre-blast analysis, the goal
is to characterize the materials used in a bomb or to detect traces of explosives on
the hands or clothing of a bombmaker. In post blast analysis the goal is to quickly
determine the identity of the explosive based on trace levels of residues remaining
on the ground or on shrapnel from the bomb. In both situations a chromatographic
separation followed by mass spectral analysis can provide the specific information
on the type of explosive used and enable the forensic investigator to more quickly
identify potential perpetrators, forestalling explosive attacks or preventing future
explosive incidents.
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Explosives can be defined as substances, alone or in combination, which are
capable of undergoing rapid exothermic chemical reaction or decomposition with-
out the participation of atmospheric oxygen. There are two major types of explo-
sives, high explosives and low explosives. The difference between them is in their
respective reaction rates. Low explosives react slower than the speed of sound.
They are said to deflagrate, meaning they burn rapidly. Low explosives are com-
monly used as propellants in which the release of large amounts of gas during
deflagration can be used to propel rockets or fire projectiles. To do damage, low
explosives must be held in some sort of container, and it is the disruption of the
container due to the buildup of these gasses that results in the explosion. Chemically,
low explosives can be further divided into two classes, inorganic pyrotechnics
which consist of mixtures of oxidizing agents and carbon or metal based fuels, and
smokeless powders, which are based on nitrocellulose with a variety of additives to
control burn rates.

High explosives react faster than the speed of sound and do not need to be
contained to produce damage. Instead, the rapid detonation of a high explosive
produces a shock wave that propages outward from the seat of the blast and
results in a violent pressure pulse that creates damage. High explosives can be
classified as primary or secondary explosives depending on their sensitivity to
friction and shock. Common high explosives include nitrate esters such as PETN
and nitroglycerine, nitramines such as RDX, and aromatic nitrates like TNT and
DNT. A third class of high explosives are so insensitive to shock that they are
more commonly referred to as blasting agents. Ammonium nitrate is an example
of this type of material. Due to its safety, it is by far the most commonly used
explosive in the mining and construction industry with over three million metric
tons used in the USA alone.'

As a result of the increasing use of blasting agents in mines and the increasing
control over access to military and other high explosives, it has become correspond-
ingly difficult for terrorist elements to obtain high explosives. As a result, such
groups are drawn towards the use of improvised low explosives such as commercial
and improvised pyrotechnic mixtures and smokeless powders. Recipes for manu-
facturing devices from such materials are easily found on the internet. It is interest-
ing that these web sites often lack specific safety or chemical instructions, (caveat
emptor) resulting in a sort of chemical Darwinism that can be a nightmare for a
forensic investigator interested in making a clandestine explosives laboratory safe.
In any case, because such recipes exist, the investigator and chemical analyst must
keep up to date on current improved explosive methods in order to be able to rec-
ognize the method and means of preparation. An additional source of energetic
materials, for persons interested in improvised explosive manufacture are commer-
cial propellants such as black powder, black powder substitutes and smokeless
powders. These products are commonly used by hunters, sportsmen, and those
individuals interested in ancient weapons and theatrical reenactment of warfare.

Thus it becomes important to be able to characterize a wide variety of organic
and inorganic materials which may be of potential use in improvised explosives
manufacture. In addition, with the expansion in the capabilities of the forensic
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analysis there is an increasing expectation that highly specific methods such as mass
spectrometry should be used to determine absolute identities of substances. In the
USA, the technical working group on the analysis and detection of explosives
(TWGEEX) has developed a series of guidelines for explosive analysts, emphasizing
this point.

As a result our research group has become increasingly interested in the devel-
opment of mass spectrometric methods for the analysis of various classes of low
explosives. As mentioned above, there are two basic chemical preparations for
which an active explosives laboratory interested in low explosives must be prepared
to analyze, inorganic based pyrotechnics and organic smokeless powders. Thus for
this paper we have focused on the development of ion chromatographic/mass spec-
trometric methods for the analysis of inorganic explosives and HPLC/MS for the
analysis of smokeless powders.

2 IC/MS Techniques for Inorganic Explosives

Inorganic explosives include black powder, black powder substitutes, flash
powders and various improvised mixtures. These materials generally consist of an
inorganic oxidizer such as potassium nitrate, potassium chlorate, or potassium
perchlorate and a fuel such as a carbon source (charcoal, ascorbic acid, sodium
benzoate etc.), sulfur or powdered metal. Black powder, consisting of sulfur,
potassium nitrate and charcoal is by far the oldest explosive, invented in China
some hundreds of years ago.’ Flash powders contain an oxidizing agent (nitrate,
chlorate or perchlorate) combined with finely powdered metals as fuels. These
mixtures are commonly used in pyrotechnic displays producing bright lights and
sound. Both black powder and flash powder are somewhat sensitive to ignition by
friction or electrical discharge and as a result, sporting goods manufacturers have
developed alternative compositions for use in antique weapons such as muskets
which are less dangerous to ship and/or less fouling. These materials are known as
black powder substitutes and may substitute a different oxidizer or fuel when
compared to the standard black powder composition. Common black powder
substitutes include Pyrodex which contains potassium perchlorate, dicyandiamide
and sodium benzoate in addition to potassium nitrate, sulfur and charcoal and
Jim Shokey’s Gold powder which contains potassium perchlorate, potassium nitrate
and ascorbic acid.* Improvised mixtures may substitute any number of different
oxidizers and fuels ranging from powdered sugar to zinc to walnut hulls. Upon
deflagration these ingredients react to produce an even wider range of inorganic
ions with up to 60% of the weight of these powders remaining as inorganic salts.’
For example black powder produces nitrate, nitrite, sulfate, sulfide, carbonate,
thiocyanate and cyanate upon burning. Pyrodex will produce these ions as well
as chloride, benzoate and chlorate. Proper analysis requires the detection of a
wide range of inorganic ions and our laboratory and others have developed a wide
a variety of ion chromatographic and electrophoretic methods for their analysis.®
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Table 1 The range of inorganic ions found in these types of devices.

Explosive Uninitiated Observation Post-blast/burn
Black powder KNO,, C, S Sulfur smell, white SO,*,NO,, COzz’, SCN-,
smoke, visible OCN-, §*, K*, 8,0,
grey residue
Pyrodex KNO,, C, S, Less sulfur smell and SO7, CO32’, CI-, benzoate,
DCDA, SB, residue than black DCDA, OCN-, NO,-, K*
KCIO, powder
Triple seven KNO,, C, DCDA,  No sulfur smell C032’, CI', K*, NO,", benzoate,
SB, KCIO,, DCDA, OCN-
3-NBA
Black canyon/ KNO,, C, S, Sulfur smell, white SO 42‘, NO,, COSZ‘, S,K, SCN-,
clean shot ascorbic acid smoke, visible grey OCN-, SZOBZ’
pioneer/ residue
golden
powder
Flash powder  Fuel [Al, Mg, S] Silvery residue CIo,, CIOB’, metals, oxides

and oxidizer

Table 1 illustrates the range of inorganic ions found in these types of devices. It
should also be noted that these procedures are also applicable in the analysis of
fertilizer based high explosives, urea nitrate and ammonium nitrate, where
ammonium and nitrate ions may be detected.’

In the past the identification of these ions in explosive residue were performed
by running aqueous extracts using two orthogonal chromatographic procedures
such as ion chromatography and capillary electrophoresis.® Recently we have been
working on the development of ion chromatography/mass spectrometric methods
for their analysis. Previous work had demonstrated that IC/MS methods could be
used for the determination of explosives residue.'” Unfortunately these methods
utilized a harsh mobile phase that destroyed ascorbic acid prior to detection. As a
result an improved procedure was developed consisting of a 10 mM ammonium
bicarbonate (pH10) gradient with acetonitrile at a flow rate of 0.5 mL/min.*
Exact mass capability and MS? detection was provided using a Waters Premier
Quadrupole time of flight system operated at a source temperature of 120 °C and
a desolvation temperature of 350 °C. Figure 1 shows the result of a bulk analysis
of Jim Shockey’s Gold powder demonstrating the detection of nitrate, chlorate,
perchlorate and ascorbic acid. In this project the exact mass capability of the sys-
tem proved useful in determining the compositon of the large nitrate cluster at
209.9405 amu which was determined to contain the ions [NO,” NO,” NO,” H* K*].
This system was also able to determine the structure of the ascorbate fragments at
m/z 115.0026, and 87.0083 which were determined to be [C,H,0,]” and [C,H,O,]
based on exact mass measurements and chemical analysis. The procedure was
tested on a variety of inorganic explosives and showed good specificity for the
determination of precursor and reactant ions. It should prove to be an excellent
confirmation procedure for the presence of inorganic ions following a prescreen
by ion chromatography.
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Fig. 1 The analysis of a black powder substitute (Jim Shockey’s Gold) by electrospray IC/MS.
The procedure involves a gradient with ammonium bicarbonate and acetonitrile using a Waters
IC-Pak Anion HR (4.6 x250 mm) coupled to a Waters Premier QTOF system. The figure shows
an extracted ion chromatogram followed by individual high resolution mass spectra of the various
components present in the powder*

3 Analysis of Smokeless Powders by HPLC/MS

A second class of low explosives, utilized in the preparation of improvised explosive
devices, are the smokeless powders. Smokeless powders consist of nitrocellulose
combined with various additives and stabilizers used to improve shelf life and
control burn rates. The powders are used as propellants for pistols, rifles and shotguns
and are classified as single or double base depending on whether nitroglycerine has
been added to the base nitrocellulose. The name smokeless refers to the relative
lack of residue produced following the explosion when compared to the large
amount of residue produced by black powder. Smokeless powder can be manufac-
tured as rods, disks, flakes or balls with an approximate particle size of 0.2—1.0 mm
in diameter. Both morphology and chemical composition are important in its char-
acterization. In chemical analysis it is the additive package that is key to identifying
the powder.!' These additives include energetic materials such as nitroglycerine and
DNT, stabilizers such as ethyl centralite and diphenyl amine, and plasticizers such
as dibutyl phthalate. Table 2 lists the various components present in smokeless
powders and their application. The stabilizers are of particular interest as they
are designed to minimize decomposition produced by the release of nitric acid.
This decomposition results in the gradual formation of nitroso and nitrodiphenyl
amines which can be used to help individualize the powder to a particular lot
number or age. '
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Table 2 Common components in smokeless powders and their application'!

Nitrocelluose, nitroglycerine, dinitrotoluene Energetic Material
Diphenylamine, nitrodiphenyl amine, methyl  Stabilizer
centralite, ethyl centralite
Dibutyl phthalate, diethyl phthalate, dioctyl Plasticizers and burn rate deterrents
phthalate
Dyes, carbon black and inorganic salts For identification, reduction of static sensitivity
and flash reduction, respectively

Following the explosion of a device in which smokeless powder has been used,
it is common to find partially burned and unburned particles expelled from the
device in the surroundings. In addition shrapnel formed in the blast may be coated
with residue permitting recovery and detection of the additives and stabilizers pres-
ent in the powder. Because the particles contain polymeric nitrocellulose which can
contaminate HPLC and GC systems, it is common to extract away the additives in
the powder by soaking the particles overnight in methylene chloride." Nitrocellulose
is insoluble in this solvent and the supernatant can then be analyzed directly by GC/
MS or evaporated to dryness and reconstituted in an HPLC compatible solvent such
as methanol or acetonitrile.'

GC/MS methods for smokeless powder must be performed with specialized
systems to minimize decomposition of the nitroglycerine and nitrosodiphenyl
amines present in the sample. It is also important to provide sufficient resolution to
detect various geometrical isomers of nitrodiphenyl amines and nitrotoluenes.
Typically lower injection temperatures are used with larger bore columns at high
flow rates to minimize decomposition in the column and injector. Sometimes a post
column splitter is used to minimize the gas input to the mass spectrometer. Analysis
is generally performed using electron impact in the positive ion mode although
higher sensitivity for NG and other explosive compounds can be obtained using
negative ion chemical ionization.'*'” LC/MS methods have also been developed for
the analysis of smokeless powders." It is common for these procedures to be used
in the positive ion mode to detect the additives, however detection of energetic
materials such as nitroglycerine and dinitrotoluene is best performed in the negative
ion mode.'"® A potential advantage of HPLC/MS procedures is their potential
application in quantitative analysis for determination of lot to lot variation.'
Figure 2 demonstrates the analysis of a standard containing a mixture of various
additives present in smokeless powders.'*!* The sample analysis was performed
using gradient elution on a Restek pinnacle C8 column with I mM ammonium
acetate and methanol. Electrospray MS analysis was performed using a Bruker
Esquire ion trap system in the positive ion mode.'

Detection of nitroglycerine in these samples requires the use of negative ion
electrospray MS analysis in the presence of an ammonium salt to enhance adduct ion
formation. In a series of experiments with various high explosives in the presence of
different adduct ions, we have demonstrated that optimal detection of nitroglycerine
can be obtained using an isocratic eluent consisting of 50% methanol/50% aqueous
mixture of ammonium salts.'® The importance of proper selection of the adduct ion
is shown in Fig. 3. This figure illustrates the effect of mixing a variety of ammonium
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Fig. 2 The analysis of a standard containing various components present in smokeless powders
analyzed by electrospray mass spectrometery using a Bruker Esquire ion trap system. The analysis
was performed using methanol/water gradient with a 2.1 mm id Restek pinnacle C8 column'
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Fig. 3 Negative ion mass spectrum of NG collected using a Bruker Esquire ion trap system, which
illustrates detection of NG-chloride, m/z 262, NG-formate, m/z 272, and NG-nitrate, m/z 289
adducts. The analysis was performed using a Hewlett-Packard C18 column (2.1x 100 mm) in the
isocratic mode using 50% methanol/50% aqueous solution containing 0.05 mM ammonium nitrate,
0.1 mM ammonium chloride, 0.1 mM ammonium formate, and 0.1 mM ammonium acetate'®

salts into the buffer when analyzing nitroglycerine. As seen in the figure, the base
peak is the nitrate adduct. Other products formed include formate and chloride ion
adducts of NG.'
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4 Conclusions

This report describes the application of various mass spectrometric procedures for
the detection of organic and inorganic low explosives. For inorganic explosives, ion
chromatography/mass spectrometry is used to detect the presence of oxidizers and
their decomposition products in aqueous extracts. Proper selection of eluents is
necessary to avoid decomposition of ascorbic acid which is present in certain com-
mercial formulations. For the analysis of smokeless powders electrospray mass
spectrometery offers certain improvements over GC/MS in terms of its capability
to detect thermally labile components such as nitrosodiphenyl amine and nitroglyc-
erine. Both positive and negative ion MS procedures must be used to detect all
components present in the powder. Overall these procedures increase specificity
and confidence in the analysis and detection of explosive residue.
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Abstract The bacteria fatty acid (FA) profile has been extensively studied for
taxonomic classification purposes, since bacteria, in general, contain particular
and rare fatty acids, compared to animal and plant tissues. In the last few years,
the concern about pathogenic microorganisms used as bioterrorist agents has
increased; therefore, rapid methods for the characterization of bacteria are
necessary. In the present research, a half-an-hour procedure, to analyze bacteria,
was developed: a 2-min one-step sample preparation step, was followed by a
relatively fast comprehensive 2D GC-MS separation (25 min). Furthermore,
dedicated mass spectrometry libraries were constructed for bacteria and FA
identification. Finally, data-processing was carried out with the support of novel
comprehensive 2D GC software.
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1 Introduction

1.1 Principles of Comprehensive Two-Dimensional
Gas Chromatography

The introduction of comprehensive two-dimensional gas chromatography (GC x GC)
dates back to 1991, and can be certainly considered as one of the most important
inventions in the GC field.' The separation power gain, compared to conventional
GC, is probable greater than that between the packed and open-tubular capillary
column.

A typical GCx GC system consists of a primary and secondary column, linked
in series, and with independent selectivities. A transfer device, defined as modulator,
is the most important part of any GC x GC system, and is (normally) located at
the head of the second dimension. The function of the modulator is to cut,
re-concentrate and launch chromatography bands from a primary conventional
column (e.g., 30 mx0.25 mm IDx0.25 pm df), onto a short micro-bore column
(e.g., 1 mx0.10 mm IDx0.10 um d). The modulation process is carried out
continuously throughout the GC x GC experiment, has a duration of typically 4-8 s,
which corresponds to the time-window of each analysis in the second dimension.

In the field of GCx GC, it is very common to use a primary apolar column, which
achieves separation on a boiling-point basis. Isovolatile constituents are then subjected
to a fast 2D analysis, generally on a polar capillary.” Such an internal diameter com-
bination enables slow and fast peak production in the first and second dimension,
respectively. In an ideal GC x GC analysis, the total peak capacity is equivalent to
the product of the peak capacities relative to each dimension. Although such a value
exceeds the “real” peak capacity, comprehensive 2D GC is certainly the most
powerful tool today-available for the analysis of complex volatile mixtures.>

Although several modulation systems have been developed and are currently
employed, the principles of the process have remained essentially unaltered.
An example of how (twin-stage) thermal modulation was initially achieved is
shown in Fig. 1. In step A, a narrow band, in this case containing two co-eluting
compounds, is formed at the head of the modulator, which is maintained at a
sufficiently low temperature to generate a primary re-concentration effect. In step
B, a heating pulse (Al) is directed to the first segment of the modulator, causing
band re-mobilization. In step C, the released band hits a second cold spot, and is
again re-concentrated; at the same time, volatiles begin to undergo compression at
the modulator head, which has rapidly cooled down. In step D, a further heating
pulse (All) is directed to the second segment of the modulator, and the narrow band
is launched onto the second dimension. In step E, the two analytes are subjected
to a fast GC separation and reach the detector at different times. During the
second-dimension analysis, the subsequent fraction is subjected to modulation.?

Ideally, each first-dimension peak must be subjected to minimum three modu-
lations, in order to maintain the resolution achieved on the primary column.
An important requisite is that all compounds reach the detector within the modulation
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Fig. 1 Schematic of a dual-stage modulation process

time-window; a phenomenon defined “wrap-around” occurs if second-dimension
retention times exceed the modulation period.

Thermal modulation has a beneficial effect on sensitivity: band re-concentration
produces a signal-to-noise increase in the 10-50 factor range. Furthermore,
thermal modulation generates very narrow and rapid peaks; hence fast detectors
(a sampling frequency of at least 50 Hz is necessary) are mandatory for correct
peak re-construction.?

If a 3,600 s GC x GC analysis is considered, with a 4-s modulation period,
then nine hundred 4-s 2D chromatograms, stacked side-by-side, will form a “raw”
GC x GC chromatogram. Dedicated software is mandatory to visualize the raw
monodimensional data in a bidimensional format (contour plot): the single rapid
GC chromatograms, positioned at 90° with respect to an x-axis, are characterized by
first-dimension 7, values that are expressed in minutes. The compounds separated
in the second dimension, aligned along a y-axis, are characterized by an oval shape
and with 7, values that are expressed in seconds. The colour and dimension of each
blob are directly related to detector response. Dedicated software is also required
for GC x GC quantitation: the peak areas relative to the same compound in each
fast 2D chromatogram are summed.

The advantages of comprehensive two-dimensional gas chromatography, over
conventional GC, are

— Selectivity (two separation dimensions, related to volatility and polarity)
— Sensitivity (band compression)
— Separation power
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— Structure (formation of group-type patterns on the 2D plane)
— Speed (comparable to ultra-fast GC experiments, if the number of peaks resolved
per unit of time is considered)

If a third MS dimension is added to a GC x GC instrument (GC x GC-MYS), then the
most powerful tool today-available for volatile analysis is generated.?

1.2 Fatty Acid Characterization by Using GC x GC

Comprehensive 2D GC has been applied successfully in many research areas.
Historically, the most common GCxGC application has been on petrochemical
samples, one of the most complex sample-types known to analytical chemists. GC
x GC has also been widely employed for the unravelling of complex food matrices,?
in many instances for the analysis of fatty acid methyl esters (FAMEs). In particular,
enhanced sensitivity and formation of structured chromatograms are two GC x GC
features which are of great help in the elucidation of FAME profiles. Fish and
vegetable oils,** milk fat,® plasma,’ and micro-algae and aquatic meiofauna species,®
have been characterized by using GC x GC.

Recently, David and co-workers exploited GCxGC for the study of bacteria
FAs.? Precious information was attained through highly-structured chromatograms,
and the data derived was compared with that attained by using the standar-
dized Sherlock MIDI system (Sasser M., MIDI, Technical Note 101, 1990, see
www.midi-inc.com). The latter process is based on the careful control of growth
conditions (24 h), before harvesting the bacterial cells, and processing them through
saponification, methylation and extraction (the procedure takes about 1 h). Bacterial
fatty acid methyl esters (BAMESs) were identified on the 2D space plane by using
two parameters, namely ECL (equivalent chain length) in the first dimension and
RPV (relative polarity value) in the second dimension.

In general, bacteria are characterized by different FA profiles, compared to
animal and plant tissues. Appreciable amounts of C , to C ; straight-chain saturated and
monounsaturated FAs are present; however, the latter differ from the common plant
ones: for example, the main C , monoenoic FA is not oleic acid, but cis-vaccenic
acid (C ). Furthermore, bacteria are characterized by odd-chain, branched-chain
(mainly iso- and anteiso-), cyclopropane and hydroxy fatty acids. These different
constituents can be easily identified in the GCxGC contour-plot, if a group-type
separation is obtained.

Since 1963, when Abel and co-workers first-described the GC analysis of
BAMEs, fatty acid profiles have been widely-used for the taxonomic classification
of microorganisms.'®'? It is important to note that the FA composition, both in
qualitative and quantitative terms, is markedly affected by the nature of the
medium, by the growth conditions, as well as by the age of the culture when har-
vested. Therefore, the knowledge and the standardization of these conditions are
essential for valid and repeatable studies.
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The reliable analysis of BAMESs is a useful tool for bacteria identification.
Furthermore, following a series of international terrorist attacks, concern about the
use of pathogenic microorganisms, as biological agents, has increased exponentially.
A biological event could spread out in time and space, before the realization that a
bioterrorism attack has occurred. Therefore, very rapid and reliable methods for
bacteria characterization are required.

The aim of the present research is the development of a rapid approach to
identify bacteria, through specific BAME profiles. A single-step, rapid methy-
lation procedure (2-3 min), using a trimethylsulfonium hydroxide (TMSH)
methanol solution, was employed,'® followed by a relatively rapid GC x GC-MS
analysis.

The employment of a split-flow, twin-oven GC x GC-MS system enabled the use
of a micro-bore column set [apolar (0.1 mm ID) x polar (0.05 mm ID)], under close-
to-optimum gas linear velocity conditions. Furthermore, dedicated GCx GC-MS
libraries were developed to obtain unambiguous bacteria and BAME identification.
Data-processing was carried out with the support of recently-developed comprehen-
sive chromatography software.

2 Material and Methods

2.1 Samples and Sample Preparation

Five different strains of bacteria were studied in this work, namely P. fluorescens,
B. subtilis, S. aureus, E. coli, and P. aeruginosa. The bacteria were grown on R2A
Agar at 28°C for 24 hours. Bacteria were then processed according to Miiller and
co-workers.'* Briefly, a few colonies of bacteria were harvested and suspended in
10 pL of distilled water, then 30 pL. of methanolic trimethylsulfonium hydroxide
(TMSH) solution (0.25 M) were added. The reaction mixture was dried under
nitrogen stream and then re-dissolved in 200 pL of tert-butyl-methyl ether
(MTBE)/methanol (MeOH) mixture (10/1 v/v) and directly injected in the
GCx GC-MS system.

All the reagents employed were purchased from Sigma Aldrich (Milano, Italy).

A BAMEs mixture was kindly provided by Supelco (Bellafonte, PA, USA) and
was used to optimize the GCx GC-MS method. The fatty acid methyl esters used
to construct the GC x GC BAME library were from Supelco and Larodan (Malmo,
Sweden).

2.2 Instrumentation

The GCxGC-MS applications were carried out on a Shimadzu GC x GC-MS
system, consisting of two independent GC2010 gas chromatographs, connected
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Fig. 2 Scheme of the split-flow, twin-oven GC x GC-MS instrument

through a heated (280°C) transfer line, and a QP2010 Plus quadrupole mass
spectrometer (Shimadzu, Kyoto, Japan) linked to the primary GC through a cable
extension (due to the presence of the second oven).

The system was equipped with an AOC-20i auto-injector, and a split-splitless
injector (250°C). The primary column (situated in GC1), an SLB-5ms (silphenylene
polymer) 11.4 mx0.1 mm IDx0.1 um d, was connected to a custom-made
Supelcowax-10 I mx0.05 mm ID x0.05 um d, [poly(ethyleneglycol)] capillary
and to a 0.20 mx0.05 mm ID uncoated capillary (both columns, provided by
Supelco, were located in GC2), by using a fixed outlet capillary column splitter
(SGE, Ringwood, Victoria, Australia). The uncoated capillary was connected to a
manually-controlled valve, namely an OSS-2 outlet splitter system (SGE).

A scheme of the split-flow, twin-oven GCx GC-MS instrument is reported in
Fig. 2.

The final part of the primary column was used to create a double loop for the
cryogenic dual-stage, loop-type modulator (under license from Zoex Corporation,
Houston, TX, USA). The modulation time applied was 4 s and the duration of the
hot pulse (325°C) was 375 ms.

Optimized conventional GC x GC-MS: GC1 temperature program: 115°C-280°C
at 5°C/min. GC2 temperature program: 190-280°C at 5°C/min. Initial He
pressure (constant linear velocity): 680.2 kPa. Injection volume: 0.5 pL; split
ratio: 5:1.

The MS transfer line and ion source were maintained at 250°C and 200°C,
respectively. The scan range was of 40-360 m/z, at a scan speed of 10,000 amu/s,
and a sampling frequency of 25 spectra/s. MS ionization mode: electron ionization
(70 eV).

Data were collected by the GCMS solution software; bidimensional visua-
lization was carried out by using the ChromSquare v.1.0® software (Chromaleont,
Messina, Italy). The MS libraries used for spectral matching were laboratory-
constructed.
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3 Results and Discussion

3.1 GCxGC-MS Method Optimization

Comprehensive 2D GC method optimization can be a painstaking issue and is,
probably, one of the main reasons behind the still rather limited employment of the
technique (another is probably a natural, though often exaggerated affection towards
well-established methods). The scenario is much more complex, if compared with
conventional GC, because the two dimensions are intimately related. Apart from
modulation parameters (period and temperature), the main operational conditions
that must be considered are the stationary phase chemistries, capillary column
dimensions, gas flow, the temperature program(s), outlet pressure conditions, and
the detector settings.

In the present research, a relatively-fast GC x GC-MS method was optimized for
the analysis of BAMEs. A 0.1 mm ID apolar capillary was used in the first dimen-
sion, while a 0.05 mm ID polar column was employed as second dimension. If
selectivity is considered, the present stationary phase combination has proved to be
nicely suited to the analysis of FAMEs. In fact, some highly-structure 2D chro-
matograms have been reported in the literature.*>’

A discussion on GCxGC gas flows and on the split-flow configuration herein
used (2.2), is necessary for reasons of clarity. In recent years, it has been shown that
the potential of GC x GC is only partially expressed when using the 0.25 mm
ID +0.10 mm ID column combination, because gas velocities are generally near-to-
ideal in the first dimension, while secondary ones are far from optimum.'* The main
consequence of non-ideal GC x GC chromatography conditions is that a substiantial
amount of chromatogram retention-time space is not occupied.

The GCxGC flow drawback, due to the fact that a single inlet pressure is
applied to a dual-column set, with differing internal diameters, has been recently
circumvented: a novel method, defined as “split-flow” GC x GC, enabled the gene-
ration of greatly improved H, velocities.'* A first-dimension apolar 30 mx0.25 mm
ID capillary was linked to a I m x 0.10 mm ID polar one, and to a 30 cm x 0.10 mm
ID uncoated capillary, by using a Y press fit. The uncoated segment was connected
to a manually-operated split valve (located on top of the GC oven), while the polar
column was passed through a cryogenic modulator, and then connected to a flame
ionization detector (FID). Gas flows in both dimensions were improved simply by
manually regulating the split valve; the advantages of the innovative approach were
shown using a single-oven GCx GC system, under split-flow and non split-flow
conditions.

In 2009, a split flow, twin-oven, GCx GC-FID system was used for the analysis
of coffee volatiles."”® The columns used were: a 30 mx0.25 mm ID polar first dimen-
sion linked, through a Y-union, to a I m x 0.05 mm ID apolar column, and to a
0.20 m x 0.05 mm ID uncoated capillary segment. The main objective of the experi-
ment was to demonstrate that the split-flow approach enabled the optimum exploita-
tion of a “high resolution” 0.05 mm ID second dimension, in a H_-based application.
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In a further split flow research, the dual-oven GCxGC-FID system was
exploited (again, H, was used as mobile phase) for the use of a 1 mx0.10 mm ID
and 1 m x 0.05 mm ID secondary polar column (the primary apolar column was the
same in both cases), under ideal operational conditions.'® A direct comparison was
made between the results attained, highlighting the considerable advantages of
using a 0.05 mm ID capillary.

The most recent split flow GC x GC research was focused on the optimized use
of a I mx0.05 mm ID secondary GC x GC column, employing He as carrier gas,
and a rapid-scanning quadrupole mass spectrometer as detector.'” The column
configuration consisted of: a 30 m (0.25 mm ID) apolar primary capillary
connected to a 1 mx0.05 mm ID polar analytical column, and to a 0.20 m x 0.05 mm
ID uncoated capillary. A series of experiments were carried out on a commercial
perfume sample, under split-flow and non split-flow GCxGC-MS conditions.
Data-processing was carried out by using recently-developed comprehensive
chromatography software.

In the present split-flow, twin-oven GC x GC-MS experiment, a 11.4 mx0.1 mm
ID apolar capillary was connected to a 1 m x 0.05 mm ID polar column and to a
20 cm segment of 0.05 mm ID uncoated capillary. Various split-flow experiments
were carried out by manually-regulating the split valve at different stages. The best
operational conditions were attained with the split-valve completely opened: linear
velocities of circa 45 and 70 cm/s were calculated in the first and second dimen-
sion, respectively. It must be emphasized that these calculations, due to non-ideal
gas behaviour, must be considered only as approximations. The relatively high
(but ideal) first-dimension He velocity was combined with a relatively accelerated
temperature program (115-280°C at 5°C/min), to produce a rather fast GCx GC
separation (the last compounds of interest eluted within 25 min). However, the
operational conditions applied generated rather narrow primary column chromatog-
raphy bands (6-9 s) and, hence, a short modulation period (4 s) was necessary to
achieve a near-to-sufficient number of cuts per peak.

Initially, a split-flow GCxGC-MS experiment was carried out on a standard
solution, containing 26 methyl esters and a C ~C,  alkane series (the contemporary
presence of the hydrocarbons will be later explained), using the same temperature
program in both ovens (data not shown). Although the GC x GC separation perfor-
mance was good, wrap-around occurred, being due to the low primary column
elution temperatures. Consequently, a series of positive temperature offsets were
tested in GC2, with the best result attained through the application of +75°C.
A bidimensional chromatogram expansion, relative to the optimized split-flow
GCxGC-MS application, is shown in Fig. 3.

As can be observed, the contour plot is characterized by an ordered structure:
saturated BAME:s (C,| ~C, ) are located in the non polar zone of the chromatogram,
and are aligned along a distinct band; methyl esters with one bond (C , -C ;) are
also aligned horizontally and are slightly more retained than the saturated counter-
parts. The only methyl ester with two double bonds (C,. ) is, as expected, slightly
more retained than the monosaturates. The hydroxy BAMES, characterized by
intense H-bond interactions with the poly(ethyleneglycol) phase, are situated in the
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most polar zone of the chromatogram, while the alkanes are characterized by the
lowest second-dimension elution times.

The rapid-scanning quadrupole mass spectrometer was operated using a 40-360 m/z
mass range, a 10,000 amu/s scan speed and a 25 Hz sampling frequency. Such MS
parameters enabled the attainment of average 68 spectra per peak, enabling reli-
able peak identification and near-to-satisfactory peak reconstruction.

3.2  Construction of the GCx GC-MS Libraries

Once optimized the split-flow GCx GC-MS method, the same was used to
construct two dedicated MS libraries. The first, named GC x GC BAME library,
contained pure MS spectra relative to fatty acids (methyl esters) commonly found
in bacterial lipid extracts, and linear retention index (LRI) values. Initially, mixtures
of standard fatty acid methyl esters were subjected to GC x GC-MS analysis and the
spectra attained were included in the library. It must be emphasized that the use of
GC x GC enabled the isolation of the chemical noise, through the re-concentration
effect of cryogenic modulation. Hence, the MS spectra were characterized by a
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high degree of purity. After, the LRI values of the methyl esters were automatically
calculated by using the comprehensive chromatography and GC-MS softwares, on
the basis of the retention times of a C~C, alkane series, co-analyzed with the
standard compounds. At present, the GC x GC BAME library contains MS spectra
and LRI values relative to circa 80 BAMEs.

The GC-MS software used (2.2), enables the application of a twin-filter:
(1) spectral similarity, and (2) linear retention index range. The primary filter elimi-
nates GCxGC BAME library matches with a spectral similarity (expressed in%)
lower than a minimum value set by the analyst; the other filter deletes GC x GC
BAME library spectra, characterized by an LRI value outside a pre-defined range,
and with respect to the LRI value of the unknown compound.

The other MS library, named as bacteria library, is in a very early stage of
development. The library was constructed by subjecting real bacterial fatty acid
samples to the fast GCx GC-MS method, by deriving a single averaged spectrum,
comprising all the methyl esters in the retention time range, and by finally subtracting
the compressed chemical the noise at three points across the chromatogram. The bacte-
rial spectrum attained can be considered as a sample fingerprint, and is altogether
comparable (in terms of concept) to direct electron ionization-MS analysis.
The averaged spectrum was derived from the untransformed GC x GC-MS chro-
matogram, using the instrumental GC-MS software. At present, the library contains
only five bacterial spectra (see Section 2.1), because it is currently in the testing
stage. Consequently, the results attained using the GC x GC bacterial library are to
be considered as preliminary. As an example, the GC x GC-MS derived averaged
spectrum of P. fluorescens is shown in Fig. 4.

3.3 GCxGC-MS Analysis of Bacteria Samples

Fatty acid methyl esters, relative to five bacteria samples, were prepared by using a
very rapid sample preparation method (2.1). At the same time, a C~C,  alkane series
was subjected to GCxGC-MS analysis and, before the end of application, the
bacteria samples were ready. The real-world BAME samples were then subjected
to GC x GC-MS analysis. A bidimensional GC x GC-MS chromatogram expan-
sion, relative to a bacterial sample, is shown in Fig. 5. As can be observed, the
complexity of the chromatogram justifies the use of a bidimensional methodology,
but excludes the contemporary analysis of the C ~C,  alkane series. It must be noted
that there are slight secondary-column retention time differences, in comparison to
the standard BAMEs chromatogram illustrated in Fig. 3. It was concluded that such
slight elution time deviations were due to matrix effects. The averaged spectrum
of the untransformed GC x GC-MS chromatogram was subjected to library matching,
and the bacterium was identified as E. coli with a 98% similarity (Fig. 6). The
considerable difference, between the E. coli spectrum and the other bacteria library
spectra, can be deduced observing the second best match provided by the GC-MS
software (66% similarity).
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Fig.5 GCxGC-MS chromatogram of a real-world bacteria BAMEs sample. For peak identification
refer to Table 1

Once the bacterium was correctly identified, then, the individual FAs can
be identified. Peak assignment was automatically achieved by using a recently-
developed comprehensive chromatography (ChromSquare) program, in combination
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Fig. 6 Bacterium MS search result for the GCx GC-MS chromatogram illustrated in Fig. 5

with the GC-MS software, and the GC x GC BAME library. As aforementioned, the
GC-MS software enabled the application of a dual-filter, allowing the elimination
of all matches with an: (1) MS similarity below a pre-defined limit (90% in this
case); (2) LRI value outside a pre-defined range, and with respect to the unknown
compound (+ 20 LRI units in this case). The 14 methyl esters identified in the
E. coli sample are reported in Table 1, along with retention times, LRI and MS
similarity values. Some characteristic BAMEs were identified, such as hydroxyl
(3-OH C,, ) and cyclopropanic (cis-9,10-C , ) FA. As can be observed, there was
rather good agreement between experimental and library LRI values, with a
maximum difference of 17 LRI units for C . Considering the complexity of the
chromatogram illustrated in Fig. 5, the number of identified methyl esters is
certainly low and is dependent on the early-development stage of the BAME library
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Table 1 BAMES: identified in the GCx GC-MS chromatogram illustrated in

Peak/Compound 1D t, (min) 2D t, (s) LRI Exp. LRI Lib. % Simil.
1 Cyy 4.353 1.172 1526 1522 96
2)C\, s 7.157 1414 1706 1710 94

3 C,, 7.556 1.374 1729 1726 96
4)C, 9.356 1.374 1826 1830 95
(5)3-OHC,,, 10.236 2.182 1880 1870 96

6) Cly 100 10.759 1.535 1910 1903 95

(7) Clyo 11.225 1.495 1936 1925 95

@) C 12.694 1.616 2018 2001 92
®C,, 12.892 1.535 2030 2020 92

(10) C g6 14.029 1.737 2095 2091 97

(D) Cy o 14.16 1.616 2103 2097 95

(12) C s 14.294 1.657 2110 2104 93

(13) Cy, 14.693 1.576 2133 2125 97

(14) cis-9,10-C ;| 16.095 1.697 2215 2208 95

and on the fact that many constituents were not BAMEs. For example, several
spectra were characterized by a typical phthalate profile, and were not positively
identified because these compounds are not present in the BAME library.!”

4 Conclusions

Although the results attained in the present research are satisfactory, they must be
considered as preliminary. The objective of this first phase of research was to
determine whether an idea, namely the development of a fast GC x GC-MS method
supported by two novel MS libraries, was suitable or not for the rapid characterization
of bacteria. Although the outcome of the experiments reported is certainly a positive
one, a series of analytical aspects must be studied in much more depth. A limited
number of fatty acids were identified in all five bacterium samples, a factor related
to the low number of spectra present in the MS lib