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1. Introduction

1.1. The scope of the thesis

Endotoxins are produced by Gram-negative bactevlach are common in the
environment (particularly in water, air and dusthd moreover, naturally present in our
normal intestinal flora. The free endotoxins arenilass if ingested, but may be
detrimental if inhaled or introduced into the bloonlculation. Endotoxemial.e., the
presence of endotoxins in the blood stream, carsecauolent pathophysiological
reactions. Endotoxin shock has a mortality rat@@#50 % among hospitalized patients,
and in consideration of the increasing number eistant strains of bacteria, remaines a
life-threatening syndrome worldwide. On the othandh low doses of endotoxins (below
0.1 ng/kg body weight) are rather beneficial fa&r Human health.

Chemically, endotoxins are lipopolysaccharide (LPS)r sometimes
lipooligosaccharide (LOS) molecules, with structuvarying widely from strain to strain
within bacterial species. Endotoxins can, therefoeeused for serological classification
of bacteria. The determination of LPS structuresgsential to understand their role in
bacterial virulence. This thesis focuses on thesipdgy of the molecular characterization
of enterobacterial LPS molecules by capillary etggtoresis and microchip
electrophoresis. Both techniques predominantly eynghe conventional UV/VIS or
fluorescence detectors. Therefore, it was a neefintb suitable complexation agents,
through which the primarily amphiphilic and non-létive LPS molecules could be
solubilized and detected. Mass spectrometric ssuidieorder to determine the molecular
masses of the LPS molecular species from certaiteba and to complete their structural

characterization at the microscale level are alstuded.

1.2. A short historical overview of endotoxins

The history of these natural “products” of baaestarted around 1850 when it was
found that infectious diseases and lethal illnesaes caused by specific living
microorganisms, which can enter and multiply in Ileely. This modern theory of disease
was formulated by Jacob Henle (see review of Bewttel Rietschel, 2003). In 1884,
Robert Koch identified the causative agent of ctel®ibrio cholerae However, the



mechanism, by which the microbes created diseass®gined unexplained. Two years
later, an intellectual breakthrough came from LugivBBrieger, who discovered that
microorganisms could secrete into their environmexic products, which were sensitive
to heating. He termed these products “toxins” (yodeoadly known as the “exotoxins”
such as, for example, diphtheria toxin or tetaoug). However, in supernatants of living
cultures oV. choleraesuch heat-labile toxin could not be identified.

A student of Robert Koch in Berlin, Richard Pfeifshowed that heat-killed cholera
bacteria introduced to animals — as well as chddexderia that had apparently undergone
lysis in immunised animals — would still cause #&tHever [Pfeiffer, 1892]. His
experiments indicated that choleraetoxicity was not dependent on bacterial viability.
These observations led him to assume that a pyito@enver producing) toxin, other than
protein, was released as a water insoluble pathefdissolved bacteria (see detailed
review on Pfeiffers work by Rietschel and Cavaill#003). He called this newly
discovered heat-stable substance “endotoxin”, fleenGreekendo meaningwithin. The
advent of Hans Christian Gram’s staining method af@®r 1884] was a further
revolutionary idea, namely that bacterial species de differentiated into two
fundamentally distinct groups called Gram-positared Gram-negative based on their
cell-wall structure (Fig. 1). Through this concey® know today that endotoxins can only
be synthesized by Gram-negative bacteria, includmgnan pathogens such as

Escherichia coliSalmonellaShigella PseudomonadNeisseria Haemophilusetc

Lipid membrane

Peptidoglycan

Lipid membrane

Figure 1. Schematic drawings of the cellular arrangemend)irGram-positive bacterial cells
having thick peptidoglycan layers, which are albledtain the crystal violet-iodine complex that
occurs during Gram-staining, and in b) Gram-negatbacterial cells, which have a thin
peptidoglycan layer, and two distinct lipid membesan the outer lipidmembrane contains

endotoxins.



After many years of effort, in 1952, Otto Luderérd Otto Westphal developed the
method (still used today) for the extraction andffmation of endotoxins [Westphal et al.,
1952]. Thereafter the complete structural elucaranf endotoxins of different bacterial
species became possible. The structure, biosysthesnunology and pathophysiology of
endotoxins are still extensively studied (see msieRaetz and Whitfield, 2002 and Heine
et al., 2001).

1.3. Chemical construction of endotoxins

Endotoxins are chemically lipopolysaccharide (LP®) sometimes lipo-
oligosaccharide (LOS) macromolecules found in theeomembrane of Gram-negative
bacteria [Caroff and Karibian, 2003]. Completedot) endotoxins share a common basic
structure (Fig. 2.) consisting of a hydrophobiddigart termed “Lipid A”, covalently
attached to a hydrophilic polysaccharide part caedoof a core region and a
heteropolysaccharide side chain called “O-polysacdk”. The Lipid A part is integrated
into the cell wall and the polysaccharide part edte outward from the bacterial cell
surface (Fig. 1b). Endotoxins comprise a heterogemegroup of molecules with
enormous compositional variability both, betweed a#ithin bacterial strains.

Lipid A is a glycophospholipid with unique structural cweristics [Rietschel et
al.,, 1993]. Specifically, it contains a non-reduyginf-1,6-linked D-glucosamine
disaccharide bis-phosphorylated at positions 14ndcylated at 3,3’-hydroxyl and 2,2’-
amino groups with various fatty acids, of which t{@o three) are usually further acylated
at their 3-hydroxyl group (see Fig. 2). All fattgyh chains are generally saturated and
their chain lengths vary between 12 and 18 cariom& Treatment with alkalie(g.,
hydrazine) in anhydrous conditions removes therdisticed fatty acids of Lipid A (O-
deacylation) and N-deacylation can be carriedvatlt alkaline €.gpotassium hydroxide)
hydrolysis [Miller-Loennies et al., 2003]. The hgryl group at carbon 4 is free and 6’ is
the attachment site for the polysaccharide comporigpid A shows high degree of
similarity in various bacteria, although, fine sttwral variations can arise from the
number, chain length and position of the fatty acids well as from the degree of
phosphorylation and/or the presence of phosphdistituents,e.g, additional sugar or
ethanolamine linked to the phosphate groups. Ligdl is the term for
phosphatidilethanolamine that is a membrane compomdéten contaminating LPS

preparations.
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Figure 2. General structure of an intact LPS molecule regmmeed with the endotoxin froB coli
0111 bacteria [Magalhédes et al., 2007]. Abbrevistidsal: galactose, Glu: glucose, Hep: heptose,
GalN: N-acetyl-D-galactosamine, GIuN: N-acetyl-lugbsamine, Kdo: 2-keto-3-deoxy-octonic
acid. The fatty acids are generally lauric acid Z;Inyristic acid (C14), palmitic acid (C16),
stearic acid (C18) and/or their hydroxyl derivasive

The centralcore region consists of a short series of sugars andbeaformally
subdivided into the outer and the inner core (R2p. The latter is composed of two
characteristic monosaccharides: 2-keto-3-deoxyrictacid (Kdo) and heptose (Hep).
Kdo is the connection molecule between the corelapidl A. Inactivation of the gene
which encodes the Kdo-tranferase enzyme resultdacterial lethality, thus, Kdo
attachement during Lipid A biosynthesis is esséftiacell growth [Belunis et al., 1995].
As a reducing terminal residue of the core Kdo aagycosidic bond that is sensitive to
mild-acid hydrolysis (at pH 3-5) [Osborn, 1963]. ptese residues may be non-
stoichiometrically substituted by a phosphate, phissphate, or phosphoryl-ethanolamine
group, or by another sugar to make up the inneg.ciine outer core generally consists of
an oligosaccharide up to six sugar units, whicbfisn branched. Common elements are

D-glucose (Glu), D-galactose (Gal), N-acetyl-D-gilsamine (GIuN), N-acetyl-D-
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galactosamine (GalN). The complete core structdret@ins of E. coli is generally
composed of three Kdo, three Hep, three Glu andGadaresidues [Rietschel et al., 1994].

The O-side chain consists of repetitive oligosaccharide subunitadenup of 1-8
monosaccharide-constituents. During biosynthegis, subunits are polymerised into
blocks with length varying between 1 and 40 unitd ¢hen coupled to the core [Raetz,
1990]. Deoxysugars are frequent components in idteuctures, and the most common
substituents are O- and N-acetyl, phosphate, amdpblorylethanolamine groups. The
structure of repeating units (including monosaccleardiversity, possibilities of
glycosidic linkage, substitution and configuratiohsugars) vary widely between species
and shows high species-dependency. For this reasdorms the basis for serotype
classification among the various bacterial famili@dandrell and Zollinger, 1977].
Serological cross-reactivity sometimes indicatesilarities or identities between O-chain
structures, also referred to as O-antigens (siheg tre responsible for the bacterial
agglutination in O-antiserums) [@rskov et al., 1p77

The Gram-negative bacteria can produce differeatrotypes of LPS depending on
the absence or presence of the O-side chains:

* TheR orroughtype LPSs produced by mutant bacteria are conmpldeoid of an
O-specific polysaccharide chain due to mutation ganes responsible for
oligosaccharide biosynthesis [Rietschel et al.,4]198nd sometimes even the core
oligosaccharide is incomplete, as well [Helandealet1988]. TheR type bacteria
createrough surface colonies on agar plates (Petri dish tlatains a growth
medium).

« The SR or semiroughtype LPSs, also called lipooligosaccharides (LOS=
produced by mutants and contain a short oligosaitihachain with only one
repeating unit.

* The S or smoothtype LPSs have various length of polysaccharidéhéir structure
and are usually produced by the wildtype strainsiembers oEnterobacteriaceae
Their colonies cultured on agar plate hawsothsurface.

Pure LPS preparations can be obtained from badbgrsimple procedures, typically
extraction, washing and purification. For largelsgareparations the long-lasting (5-10
days) phenol-chloroform-petroleum ether (PCP) nm@t[Balanos et al., 1969] and the
phenol-water extraction procedure [Westphal etl#8152] are applied for the extraction
and purification ofR and S type LPSs, respectively (see Appendix 1 for dedaile
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description of the procedures). Small-scale extvaadf LPSs is conducted by the whole-
cell lysate procedure of Hitchcock and Brovea.(40 h) leading to partially purified LPS
extracted from 1-5 ml culture volumes [Hitchcocld@rown, 1983]. An LPS preparation
consists of a heterogeneous mixture when isolatech fa single bacterial culture
[Goldman and Leive, 1980]. This microheterogeneitludes non-stoichiometric
modifications of both the Lipid A and the carbohgidr moiety, depending on culture
conditions of the cells during bacterial growth, differences of polymerases and
transferases playing role in O-polysaccharide Wbitsssis [Tsai et al., 1983]. The
intrastrain differences of LPSs in a bacterial sgre (strain) are called LPghenotypes
whereas molecular species differing only in theassigcomprising the O-side chain are
called LPSglycoforms

The molecular mass of an endotoxin monomer is @aBe20 kDa [Li and Luo,
1998]. Endotoxins are amphiphilic molecules, tHaen aggregates (micelles) in aqueous
solutions with micellar mass around 1 million Daufall and Wistrém, 1998]. Divalent
cations such as aand Md" stabilize (via intermolecular cross-linking of Ephate
groups), while detergents, like sodium dodecyl satp (SDS) [Oroszlan and Mora, 1963;
Hitchcock, 1983] or sodium deoxycholate (DOC) [Steaand Chun, 1980] destabilize the
structure. It is known that LPS aggregates canrbk&em down by several proteins for
instance LPS binding protein (LBP), lipoproteins plasma, albumin, lysozyme,
lactoferrin, transferrin, hemoglobin, melittin andmplement proteins. In vitro endotoxin
binding proteins were identified by affinity- andni exchange chromatography,
immunoblotting experiments and by isoelectric faogs[Berger and Beger, 1987,
Schumann et al., 1990; Schlichting et al., 1996and Luo, 1997]. Generally electrostatic

and hydrophobic interactions are assumed as thmgifiorce for protein-LPS binding.

1.4. Biological definition of endotoxins

LPSs make up more than 50 % of the bacterial seirfAcsingleEscherichia coli
contains about 2 million LPS molecules per cell [[@@ay and Raetz, 1990]. LPSs
together with outer membrane proteins are essdtighe stability and the function of
the bacterial outer membrane, which is thus impabigeto large molecules, bile salts and
hydrophobic compounds. Phosphate groups and chawggar residues strengthen the

outer membrane via crosslinkingZand Md" cations.
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LPSs are important virulence factors of the baatknigely determined by the sugar
sequences in the O-side chains. Rough strainsesrergly non-virulent. The O-antigens
are immunogenic, thus easily recognized by thebadies of the host [Rietschel et al.,
1994]. However, some of the LPS phenotypes canesgpantigenic mimicry with human
gastric epithelial cellg,e., they express host-like structuresg, mimicry of blood group
antigens, gangliosides or glycosphingolipids) [Mogt al., 2006; Vandenbroucke-Grauls
and Appelmelk, 1998; Weiser and Pan, 1998]. Mimitigy have two diverging roles in
pathogenesis. Autoantibodies may be induced thad bd gastric mucosa and cause
damage, secondly, mimicry may cause “invisibiligf the pathogen to the host, thus
hindering detection. The O-chains of smooth bagterotect bacteria from penetration of
many antibiotics.

Endotoxins remain associated with the cell walliluisintegration of the bacteria,
although, small amounts of endotoxins may be rekkasto their surroundings, especially
by cultures which are actively growing during tloegdrithmic phase. When the bacteria
lyse (n vivo by autolysis or external lysis mediated by theiysne in the complement)
large amount of LPSs are set free. The growth ahGnegative bacteria in various water
storage systemse(g, infusion fluid reservoirs) is a common source erfdotoxin
contamination, which is usually expressed in “engiot units” (EU). Typically, 1 ng LPS
corresponds to 10 EU [Sakai et al., 2004]. Actyalne standard laboratory autoclaving
procedures have little or no effect on endotoxivele since endotoxins are very heat
stable molecules (approximately 400°C is requicedreak down these substances).

The presence of LPSs above 0.1 ng endotoxin/Kgpdf weight [Bemberis et al.,
2005] in the bloodstream is highly toxic. This mled endotoxemia, which is regularly
observed during a severe Gram-negative bacterfattion. The cause of “endotoxin
flood” in the circulation may be the translocatiminenterobacteria from the gastrointestin,
notably after application of larger amounts of lkiatics or during an intestinal
replacement.

Endotoxins are sensed by the so called toll-ldeeptor-4 (TLR-4), which is an
innate immune sensor present on macrophages d$p¢Baltorak et al., 1998]. The
receptor activates the complement cascade, whitlategs an excessive production of
mediators and costimulatory molecules of inflamorasuch as cytokines, prostaglandins,
oxygen free radicals, nitrogen oxide, tumor neadactor, interleukins 1 and 6 [UImer et
al.,, 2002]. The resulting pathophysiological reasi are high fever, hypotension,
intravascular coagulation, shock and even deathubg or kidney failure. “Endotoxic

13



shock” syndrome is an acute and serious diseassauBe of the enormous structural
variation of O-serotypes among bacteria the desgnof anti-LPS antibodies for

therapeutic purpose is not feasible. However, it@unisation with whole-cells of rough

mutants containing the more conserved cores coeldded in the creation of vaccine
cross-protective for pathogertimterobacteriaceafl.ugowski et al., 1996].

Since LPSs have an immuno-stimulation activityy lamounts of endotoxin can
raise non-specific resistance to infections, thasbbneficial for the host [Holst et al.,
1996]. Extracts of heat-killed bacteria have besmeduas a vaccine in artificial fever-
therapy.e.g, to shrink tumors [Nauts et al., 1946].

The relationship between the molecular structure the bioactivity of endotoxins
has been studied intensively in the past. In tf&049the successful chemical synthesis of
the lipid portion of an endotoxin molecule was awigng advancement [Imoto et al.,
1984]. Furthermore, it has been found that LipidsAhe bioactive entity of endotoxins,
sincee.g, a chemically synthesized free Lipid A compoundhibi identical biological
activity as observed with bacterial Lipid A or a aldn LPS [Homma et al., 1985].
However, the toxicity properties of Lipid A can batered dramatically by its
conformation,i.e., the steric factors of the fatty acids, as represin Fig. 3. Lipid A
lacking the two secondary acyl groups is non-taxithe human system, and beside this,
monophosphorylated Lipid A has 100-fold reducedogoxin activity than has the bis-
phosphorylated Lipid A compound. The ,endotoxic rsupolecular conformation’i,e.,
the particular organization of Lipid A aggregates ghysiological fluids has also an
impact on the biological activity [Seydel et ald0®]. These findings have importance in
antagonizing endotoxin activity with LPS antagomigte., with compounds, which
competitively prevent the binding of LPS to itseptors on target cells or which inhibit
activation of cells to release bioactive mediaf®isrist et al., 1999].

The fact, that endotoxins existed a billion yeag® in the ancient and primitive
Gram-negative bacteria, demonstrates that theprarerily produced for the survival of
bacteria and are not toxic materials as such. dbyurthey are primary targets of any
immune cell, since the normal function of the immwwystem is to prevent the body from

bacterial invasions.
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(a) Hexa-acyl asymmetrical (b) Penta-acyl asymmetrical (c) Tetra-acyl symmetrical
(E. coli) (P. gingivalis) (Lipid A precursor la)

Highly toxic Modetaly toxic Inactive

Figure 3. Correlation between molecular conformation anddgjical activity of Lipid A, as

published by Seydel et al. in 2000. a) The hexa-bipid A with the fatty acids branched out
having a conical conformation is highly active,thg penta-acyl Lipid A having a partly conical
conformation has intermediate activity and c) thwatacyl Lipid A precursor la (which is a
naturally incomplete Lipid A isolated frorSalmonellq having a cylindrical conformation is

biologically inactive. P = phosphate group.

1.5. Analytical methods used in endotoxin detectioand analysis

The existing methods for the detection and anslydi LPSs and LOSs can be
divided into two groups, to detect bioactivity abidlogical effects of endotoxins, or to
provide structural information about the moleculése so called “endotoxin assays” are
generally carried out by diverse in vitro and ivovibiochemical testse.g, the USP
Rabbit test and the LAL test. The structural analp$ endotoxins was problematic for a
long time, since the amphipathic nature and thengtrtendency of LPSs to aggregate
hindered the investigation. Therefore, it was agdescovery that the Lipid A part could
be cleaved from the rest of the molecule by mildiiadhydrolysis. Gel-electrophoresis is
used for revealing the overall structure of intaeS molecules, while partial structures of
LPS can be thoroughly studied byg, gas-chromatography, nuclear magnetic resonance
and soft ionization mass spectrometry, which uguadimplement each other in resolving

the entire molecule.

1.5.1 USP Rabbit test

The United States Pharmacopeia (USP) rabbit tastdeveloped in the 1920s for
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screening endotoxin levels in parenteral soluti(eg, insulin, or commercial infusion
fluids). Rabbits show high endotoxin sensitivityteaf intravenous injection of a test
solution by responding with temperature rise [Watlkind Tsuji, 1977]. As an animal
test, it has some ethical concerns, besides itlomgsturnaround time, it is elaborative, and
expensive to perform. It should be mentioned hkat tats sensitized with lead-acetate
showed an increased LPS sensitivity to about 1@0tidfes above normal [Selye, 1966].

1.5.2.LimulusAmebocyte Lysate test

The Limulus Amebocyte Lysate (LAL) test licensed by the U.®8oé and Drug
Administration (FDA) in 1973 is used to detect etokan contamination in biomedical
products and devices, and it has replaced the R&dsdiiin most laboratories. The LAL
test reagent is prepared by lysing white amebobfmd cells obtained from the
American horseshoe crabimulus polyphemysan animal that coexisted with Gram-
negative bacteria over million years and therefase developed resistance to endotoxins.
Its aqueous blood extract forms gel-clot witle Lipid A constituent of LPS within 15 to
45 minutes [Yin et al., 1972]. The technology cancbmbined with kinetic turbidimetric
or chromogenic detection [Lindsay et al., 1989]jchhhave unmatched sensitivities with
limit of detection 0.03 ng/ml. However, this methiodits various forms is costly and is

not specific.

1.5.3. SDS-PAGE with silver staining

Slab-polyacrylamide gel electrophoresis in thespnee of sodium dodecyl sulphate
(SDS-PAGE) can be used for the separation of batigropolysaccharides [Jann et al.,
1975] detected with silver staining [Tsai and Frask982]. It is known that endotoxins,
by nature, possess extremely high diversity of changths even when isolated from a
single bacterial culture (strain). This structubaterogeneity is reflected in the well-
known “ladder-like” pattern on SDS-electrophoregiels, as represented in Fig. 4. The
presence of a few fast-moving bands near the freatcorresponds to the simplertype
structures (Lipid A and core oligosaccharide), ehibmerous bands (both fast and slow-
migrating) arranged in a ladder-pattern sh®wype structures reflecting the increasing
number of repeating units present in the O-polylsaide chains (attached to the basic

Lipid A and core oligosaccharide). These individbands are, thus, also called LPS
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glycoforms. The detection of the bands is basedhenreaction of aldehyde groups
(formed after oxidation of the monosaccharides) ewen fatty acids [Fomsgaard et al.,
1990] with silver nitrate.

Figure 4. SDS-PAGE profiles obtained after silver stainin§ ® type endotoxins from
Actinobacillus pleuropneumoniagane 1),Brucella abortus(lane 2),Escherichia coli(lane 3),
Salmonella typhimuriunflane 4) [Inzana and Apicella, 1999]. LPS sizeehmjeneity is reflected
by variations in the numbers and intensities oftiards, which represent the number of O-chain

repeating units.

The ladder-like gel pattern provides the basigiffierentiation of smooth and rough
endotoxins (Fig. 5). For the molecular mass deteation of the endotoxin bands a
comparison with a protein mass standard seriebeatone (Fig. 5), however, it is not at
all precise because the migration properties ofpitzéeins and lipopolysaccharides (of
higher carbohydrate content) are different. Forngjfiaation of the bands, the dried
silver-stained gels are scanned with a spectrophetier which analyse and quantify peak
areas.

The methodology gives good resolution and it issgem, since 1-2 pg of LPS can
be detected, but it needs a laborious gel-preperdtillowed with the silver staining for
the visualization of the endotoxins (see the pracedor silver staining in Appendix 2). In
addition, interpretation of LPS banding patterna sametimes be problematic due to

sample overloading, and the use of protein molecukss standards to size LPS bands is
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problematic. The overall process timeca. 24 hours, although, 8-10 samples can be

assigned in one run.

kDa
43  —

18.4

143 =——— .

a b

Figure 5. SDS-PAGE-separated endotoxins from a) $itgpe E. coli K-235, and b) from th&®
type Bordetella pertussifPupo et al., 1999]. The masses and positionkeptotein bands in the

Low Molecular Mass Protein Calibration kit are icalied on the left side.
1.5.4. Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscopy (NMR)tsgseopy is a first-choice
method for the investigation of O-chain structurespecially when there are many
repeating units. One and two-dimensional nucleaymatic resonance 0H, *°C, and*'P
are used to determine the sugar composition antbtation of phosphate groups [Zhou
et al., 2000]In most cases, the attached core gives only wepdals, although in LOSs
containing only a short O-side chain, the core agare strong enough to interfere with

those of the O-chain sugars [Larocque et al., 2003]
1.5.5. Gas chromatography

Gas chromatography combined with mass spectrondetigction (GC-MS) is used
to identify monosaccharides hydrolyzed from corgasaccharides or of O-side chains,
by analysing methylated monosaccharides [Holst Braide, 1990]. GC-MS is also
applied to quantify and identify the constituenttyfaacids [Binding et al., 2004]. This
latter is important to distinguish, for exampleptiwydroxy and three-hydroxy fatty acids,

because they cannot be distinguished by a quick s@ectrometry analysis.
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1.5.6. Mass spectrometry

Various soft-ionisation mass spectrometric (MS}huods, especially matrix-assisted
laser desorption/ionisation (MALDI), electrospragnization (ESI) and fast-atom
bombardment (FAB) are very useful for the analgpdisndotoxins [Fukuoka et al., 1997;
Karunaratne et al., 1992]. Generally, the LPS subgires are separately analysed.
Negative ion ESI MS is mainly used to analyse Lipigharts, because of the presence of
the easily deprotonated phosphate groups in thepbase [Madalinski and Fournier,
2006]. MALDI-TOF MS is sensitive, but the efficignof desorption of molecular species
in a mixture depends on the choice of the matriALRI MS may provide information
on the length of the O-chains and on the exact murabrepeating units when analysing
fractions after gel-filtration of the O-polysacclu® chain [Czaja et al., 2000]. For the
analysis of the fine structure of Lipid A (includinphosphate content and the exact
linkage of the secondary fatty acids) the LPSsoéften partially deacylated, lacking either
the O-linked or the N-linked fatty acids, in orderincrease the solubility of LPS. MS
hyphenated with online separation techniques (HRLE;,slab-PAGE), as well as tandem
mass spectrometry, are useful tools in the strattalucidation of intact LPSs and
especially Lipid A [Li and Richards, 2007; Li et.,aR005; Pupo and Hardy, 2005;
Lundstrom et al., 2008]. However, the natural hagieneity of most LPS preparations still

complicates the interpretation of their spectra.
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2. State of the art of separation techniques in endokin science

The determination of the structures and the stractelated biological functions of
bacterial lipopolysaccharides have shown much essywithin the last two decades, but
it is still far from complete. The fast, sensitiamd quantitative characterization of
endotoxins using instruments with standard optaetiectors is challenging. Capillary
electrophoresis (CE) and microchip electrophoresis fast and automated methods
widely used for separation and identification oblbgical molecules like peptides,
proteins, nucleic acids, carbohydrates, viruses eeil$ [Hjertén, 1983; Hjertén et al.,
1987; Linhardt and Toida, 2002; Kenndler and Bl&#€)1; Weiss et al., 2007], but the
guestion arose whether these techniques can biecdjjdo for the analysis of endotoxins.
The LPSs have a net negative charge above pH thasdnigrate during electrophoresis.
The general problem is the detection of LPS becatiige lack of optically active groups
or chromophores in their structures. Therefore dilect detection of LPS molecules with
conventional UV/VIS or fluorescence methodologyn feasible. In addition, LPSs are
amphiphilic molecules and, therefore, tend to famultimeric aggregates in aqueous
solutions above a critical aggregation concenma{i®AC). This concentration depends
particularly on the polysaccharide chain lengtlthia LPS molecule and the ionic strength
of the buffer, for example the CAC for the LPSsrasgted from theS type Salmonella
minnesota Salmonella typhimuriunandE. coli Ol111bacterial serotypes are 11, 14 and
22 ug LPS/mlI, respectively, in a buffer solution contag 20 mM Tris and 150 mM NacCl
at pH 7.5 [Aurell and Wistrém, 1998]. Accordingbyitable conditions are needed for the
complete dissociation of the LPS aggregates, aptbppate reactive substances through
which the LPSs can be detected.

Another essential problem faced in LPS researdhashigh heterogeneity of the
LPS macromolecules. The direct identification efistural microheterogeneities of intact
LPSs is a particular challenge, which is possigienass spectrometric analyses only after
improvements are made in the LPS sample preparaBoth microfluidic and mass
spectrometric strategies — with delimitations to MA-TOF MS — in endotoxin analysis

will be reviewed here.
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2.1. The potential of capillary electrophoresis irendotoxin analysis

Electrophoresis is the migration of electricallyacged particles in electric field
[Tiselius, 1937; Hjertén, 1967; Vesterberg, 1988hich can be performed in slab-gel
format or in microfluidic capillary formats. The monercial instrumentation of capillary
electrophoresis (CE) is illustrated in Fig. 6. TogdiCE systems use fused silica capillaries
with 20 to 100um i.d., externally coated with polyimide, like tospplied in gas

chromatography.

Detectof

Sample

Figure 6. Schematic of the CE instrumentation. Téegillary is hydrodynamically filled with
buffer from thebuffer vial. The sample is introduced from teample vial (1-10 nL), and then
the analytes start to migrate by the initiatioranfelectric field applied between the buffer viays
a high voltage (HV) power supply, whiclconnects the twelectrodesimmersed in the buffer
vials. All analytes are pulled through the capillar the same direction (towards ttietector) by
the electoendosmotic flow (EOF) and they separgstechson of their electrophoretic mobility

depending on their size and charge.

The inner surface of these capillaries are covbyesilanol groups<Si—OH), which
start to dissociate to negatively charge&i¢-O) groups in contact with solutions above
pH 2.5, whereas they become positively charge8iH{OH") below pH 2.5. The
immovable surface ions attract the mobile ions mbasite charge in the buffer solution
(electrolyte) by electrostatic forces, which arranfpemselves into two layers called
electrical double layer. The net surface chargesitierand the thickness of the double
layer are affected by the pH and the ionic stremdtthe electrolyte, respectively. Upon

the application of an electric field, the solvetdarsto migrate resulting in a plug-like
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solvent flow termed electroosmotic flow (EOF). THeection and magnitude of EOF
depend on the pH of the electrolyte used.,(the charge of the surface), consequently,
when the surface is negatively charged, the EOFmale towards the cathode. The ions
will migrate with a resultant migration velocity awg to their own electrophoretic
mobility and the mobility of the EOF, whereas naltanalytes are transported by the
EOF. The mobility of EOF is given by the Smoluch&ivequation [Smoluchowski,
1906]:
_&E T
whereueo is the electroendosmotic mobility, is the relative permittivity of the vacuum,
g IS the relative permittivity (dielectric constawnt)the solution{ is the zeta potential (the
electrostatic potential in the double layer) and the viscosity of the electrolyte. The
electrophoretic mobility of an analyte at a giveH s determined by the following
expression:
4= z L&
" e, [
wherez is the charge of ananalytee is the charge of the electron, and the solvated
radius of the ion. The linear velocity;Yof a migrating ion in amlectrolyte solution is
given by
Vi=u-E
whereE is the electric field strength. Upon replacwmgnith Le/t andE with U/Ly, the
mobilities of the analytes can be determined frdecteophoresis experiments by the

following formula:

whereL is the effective capillary length to the detectas; is the total capillary length,
is the migration time and is the applied voltage.

If the capillary wall is pre-treated (coated) wahmeutral surfactant (either a viscous
polymer or a covalently attached polymer), the svalill be uncharged and the EOF will
be hindered [Hjertén, 1985]. Negatively charged poumds, like proteins or endotoxins,
are easier analyzed in the absence of EOF.

Despite the beneficial characteristics of CE, whichude extremely high separation
efficiency, very low consumption of samples andféns, on-line detection, speed of

analysis, high reproducibility and recovery whemfate adsorption is minimized; the
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technigue has one major drawback: poor concentrasiensitivity detection for the
majority of biomarker analytes tested.

Up to now, only a few attempts have been made edgtiventional CE system (using
uncoated capillaries) for the quantitative and igai@ée monitoring of intact endotoxins.
In one approach indirect UV detection was used yapgl a strongly UV-active
electrophoresis buffer (lon Phor anion PMA), detecthe non-UV-active endotoxins at
200 nm as “negative” peaks [Freitag, 1997]. The $ R8m Salmonella minneso@ndE.
coli bacteria were prepared in high-purity water atgimi concentration, and detected in
two peaks (for each sample) within 4 minutes, \aittetection limit of 3 pg/ml. However,
signals could be generated from salt anions irsémeple with mobilities interfering with
that of the LPSs.

Another approach was based on direct detection B$sL from Pseudomonas
aerugunosat 254 nm [Freitag, 1997] and &f coli O55 at 200 nm as a UV-absorbing
complex with borate in the presence of SDS [Volfi03]. Complex formation between
the diol groups of the LPS molecules and borateramias used to enhance the optical
activity of the LPSs, and SDS to break down the L&fgregates. The separation
conditions for the separation @&. coli O55 LPS were 40 mM disodium hydrogen
phosphate, 10 mM sodium tetraborate buffer comgidi0 mM SDS, pH=9.0, capillary
dimensions were 65 cm x 50 um i.d., and the volteg®e 20 kV. The electropherogram of
this Stype LPS constituted by several unresolved moscspecies in a region from 18.5
to 21 min, corresponding to populations with O-sfpegolysaccharides of increasing
mean chain lengths. Detection limit for the majomponent of this LPS was about 100
ng. However, this method was not tested for othHes4.

An easily detectable marker covalently or non-tewidy attached to the LPS
molecules would afford a straightforward approaoch enhance both solubility and
detectability of LPSs. Since the Lipid A of LPS9w®ils the greatest similarity between
various species, a labelling of this part of thelenole would be the most favourable
approach to LPS detection, but, unfortunately, d.igi is the most inert. The covalent
labelling of LPSs with a fluorophore.g, fluorescein isothiocyanate (FITC) [Haas et al.
2000] is an alternative to analyze endotoxins fBogi 1997]. FITC is known to react
readily with primary and secondary amino groupsicWiare also found in the core part of
the LPS molecule (see in Fig. 2 in chapter 1.3ha@ugh fluorescence detectors have high
sensitivity, this technique has some inherent diaathgese.g, the labeling procedure is

time-consuming and laborious, and as reported, igoifeant advantages in terms of
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detectability or reproducibility was obtained comgzhto the other methods mentioned
(the detection limit was 7 pg/ml for FITC-labelled aeruginosd_PS detected as several

peaks between 3 and 7 min).

2.2. The potential of microchip electrophoresis irndotoxin analysis

Since the introduction of the first microanalysigstem in 1990 [Manz et al., 1990]
the interest in chip based devices has increaggiifisantly [Figeys, 2002; Dolnik and
Liu, 2005]. Adaptation of CE to microchips has maagvantages: a 10 to 100 fold
increase in separation speed, simultaneously anglynultiple samples, and extremely
low amounts of samples and reagents needed [Lioal.et2004]. Chip separation
techniques are based on the knowledge of CE, luinibrochips (fabricated from glass,
quartz, silicon or plastics) contain photolitogrgpdlly defined wet-etched channels,
which can be 10-40 um deep and 50-200 um wide f[B&0H00].

Bousse et al. established a miniaturized capiligiyelectrophoretic system [Bousse
et al., 2001], which is now commercially availalite protein separation (Bioanalyzer,
Agilent Technologies; Experion, Bio-Rad Laboraterie LabChip 90, Caliper
Technologies). In this system, separations areiechrout in a sieving matrix which
reduces the electroosmotic flow (EOF) sufficieritigit the channels should not be coated.
The analytes are detected by laser induced fluenesc (LIF) employing a fluorescent
dyes mixed in the sieving matrix, which are ableirtteract with SDS. Protein—SDS
complexes are, thus, labelled on-chip after ergetie separation channel. Moreover, 11
samples can be analysed within 30 min.

To date, microchip electrophoresis has not beegilieap to the quantitative and

gualitative separation of LPS.

2.3. MALDI-TOF MS in endotoxin analysis

In typical MALDI experiments, ions are generateg ghoton bombardment of a
sample applied on a target. It is known that thgimgi of a sample with an excess of a
solid organic chemical, the matrix, is required &rccessful ionisation. This matrix-
sample mixture is made to form a crystalline prigaip and is thought to absorb most of
the photon energy, converting the mixture locallypivaporised material. lons are thought

to be formed in this vapour, generally by protamsfer from matrix to analyte (positive
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ions) or from analyte to matrix (negative ions).idhc compounds — like those of LPSs —
typically form negative ions more efficiently. Tlsamples are deposited on a sample
targets most commonly made of stainless steel. ®amggplication can be performed
straightforwardly by the “dried drop” method, witéss than 1 uL sample volume applied.
The air-dried matrix-sample preparation is inhonmagris, and it has been shown that
best ion formation occurs from particular spots.

The mass separation system in MALDI mass spectemné generally of the time-
of-flight (TOF) type. TOF mass analyser has an fimtely large mass range. High
molecular mass compounds are run in linear modéewhe low mass range of the TOF
analyser provides excellent capabilities throughuke of a reflectron (ion mirror) in the
analyser system. The linear mode gives higher sahsibut the resolution is more
improved in the reflectron mode.

Since LPS preparations are not homogenous, LPSsasaby MALDI-TOF MS
generally need improvement of sample preparatiayetsimpler spectra, higher intensity
and increased signal-to-noise ratio. It was demmatest that the sensitivity could be
enhanced by using an ion-exchange resin (for exabmvey to desalt LPS from alkali
ions, and furthermore, citric acid has shown torease solubility of the intact LPSs
[Thérisod et al., 2001]. In general, the selectdématrix is empirical. According to data
from literature, the saturated solution of 2,5-difoxy benzoic acid (DHB) matrix
dissolved in citric acid has proven to be the naftient for the ionization of endotoxins
[Thérisod et al., 2001], however 2,4,6-trihnydroxgetophenon (THAP) in methanol was
also found to be useful [Sturiale et al., 2005h-8wurce fragmentation could occur during
ion flight resulting in oligosaccharide and Lipid flagment ion signals [Sturiale et al.,
2005], however, the fragment ions seen in the spawirmally result from the intrinsic

heterogeneity of LPS.
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3. Aims of the work

The overall aim of my study was to develop new fastl screening methods by the
use of standard optical detectors for the separaicd analysis of bacterial endotoxins
(lipopoly- and lipooligosaccharides, LPSs and LOSsspectively) in the field of
immunochemistry or clinical vaccinology, for examplntigen structure analysis.
Furthermore, it was of interest to know the molacwhasses and chemical structures of
the intact LPSs and that of the separated LPS coemis. For this, our ideas and

challenges were:

I) To visualize endotoxins by their protein commexn capillary electrophoresis in
order to overcome the detection and solubility peois of the amphiphilic and UV-
inactive LPSs or LOSs, since it is known, that gt can form complexes with

endotoxins.

i) To construct a qualitative and quantitative roichip electrophoretic method with
high sensitivity and speed for endotoxin detechased on the facts, both, that endotoxin
aggregates are dispersed by SDS in aqueous salutod that fluorescent dyes interact
with SDS. In addition, it was of interest to invgate the capability of such microchip
electrophoresis systems to be able to replaceitme-donsuming and laborious SDS-
PAGE with silver staining.

iii) To use the new microchip technique in the elcéerization of partially purified
endotoxins prepared directly from whole-cell lysate., to develop a fast way method to
detect endotoxin chemotypes. The comparison oélignetrophoretic profiles with those of
pure LPSs (prepared by the common procedures) Vgaspéanned to determine the

correlation.
iv) To determine the molecular masses of endotofmmsn certain species of the

Enterobacteriacege and to clarify their intrinsic heterogeneity byseu of mass-

spectrometry.
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4. Materials and methods

4.1. Bacterial strains

Bacterial strains of smoothscherichia coliNCB 021, O55, 083, 0111, 0112,
102, ATCC 25922Proteus morganiO34, Salmonella urban®30,Salmonella adelaide
035, Salmonella minnesotwildtype, Shigellasonneiphase I,Shigella dysenteriag,
Yersinia enterocolitica O9 and of roughEscherichia coliNCB D31, Salmonella
minnesotaR595,Shigellasonneiphase II. (430341, 562H and 4350 were obtained from
the collection of the Institute of Medical Microlagy and Immunology, University of

Pécs, Hungary.

4.2. Isolation and purification of endotoxins and lipid A

Bacteria were grown at pH 7.2 in a 30-litre fernoer{Braun Melsungen, Germany)
at 37°C for 15 h, with aeration and automatic pHrextion by NaOH, in a medium
containing 0.23 % beef extract, 0.2 % bacteriolagmeptone, 0.13 % NAPO,, 1.0 %
glucose and 0.026 % MgLIThe bacterial cells were harvested by centrifiogaand
dried with acetone. Th8type LPSs were extracted from the cells and mdiby the hot
phenol-water procedure [Westphal et al.,, 1952], &dype LPSs by the phenol-
chloroform-petrol ether (PCP) method [Galanos gt1#169], and freeze-dried at last. For
detailed description of the extraction procedurssAppendix 1.

In order to obtain the Lipid A, LPSs were hydrolgzeith 0.1 M sodium acetate
buffer at pH 4.4, containing 0.1 % SDS, at 100°€C 20h. Then the solution was
lyophilized, extracted once in 2 M HCl/ethanol @ndce with ethanol, dried, redissolved
in water, and ultracentrifuged (1100§04°C, 1h). The sediment (containing Lipid A) was

washed four times with water and lyophilized.
4.3. Preparation of partially purified endotoxins from whole-cell lysates

Partially purified endotoxins samples were prepafemm whole-cell lysates
according to the method of Hitchcock and Brown @9&8ith modifications, as described

herein.
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All reagents were from Sigma (St. Louis, MO, USA&¥cept for 2-mercaptoethanol
(Bio-Rad, Richmond, CA, USA). The bacteria werevgrmoin 1 ml Mueller-Hinton
bouillon (Oxoid Ltd., UK.) at 37°C overnight. Thafféer, bacteria were collected in an
Eppendorf tube and washed with 1 ml water oncedngrifugation at 600@ for 3 min.
The pellets were resuspended in 1 ml water andhkeated at 100°C for 30 min. 2Q0Q
of this suspension was taken out in an Eppendb#d,tand lysozyme was added to a final
concentration of 1 mg/ml before heating at 37°C 36r min. During this process the
peptidoglycan layers of the bacterial cell wall digntegrated. In order to release cellular
materials (like proteins, LPSs, nucleic acids, delbris) 20QuL lysing buffer (containing
2 % SDS, 4 % 2-mercaptoethanol, 10 % glycerol, Tg-buffer, pH 6.8, and 0.05 %
bromophenol blue) was added to this suspensioritentysates were incubated at 100°C
for 10 min. For protein digestion, two portions foteinase K enzyme (200-2Q@
dissolved in 1QuL water) were added to the cell lysates and in@dat 65°C for 6 h (the
second portion was added at the middle of the iaob time,i.e., after 3 h; and the
activity of the enzyme was greater than 80% of mmaxn). The LPS content was
precipitated by adding 80QL volume of a solution containing 3.8 mg magnesium-
chloride in 50 ml ethanol, and the mixture was eoat -20°C overnight. The next day,
the mixture was centrifuged at 130@0for 15 min, then the sediment (containing LPS)

was suspended in 3 deionised water and sonicated in an ultrasourid. ba

4.4. Hemoglobin and transferrin

Human blood (5 ml) was delivered in a tube contgjranticoagulant (EDTA) from
the University Hospital in Uppsala (Sweden) and aomoell-free hemoglobin (Hb) was
prepared as earlier reported [Kilar et al., 19%jecifically, the red blood cells were
separated from human blood serum by centrifugaaioB8600rpm (radius 8 cm) for 10
min. The supernatant was decanted and the petiataining the red blood cells, was
suspended in 0.9 % NaCl solution (physiologicahgdland centrifuged at 3600 rgor 5
min. This washing procedure with NaCl solution wegeated three times. The red blood
cells were then lysed by adding 800 ml of distileater to an Eppendorf tube containing
200 ml of the suspended pellet. The hemolysatecemasifuged at 11000 rpm for 3 min to
spin down cell debris and different types of ordkse The clear supernatant (containing
hemoglobin at a concentration of approximately &fJml, determined with photometry)

was stored in Eppendorf tubes at 4°C for a maxinefithree months prior to use. The
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spectra of Hb solutions were measured with a ShznddV-160A spectrophotometer
from 200 to 800 nm.

Transferrin (Tf), both, iron free and iron satuthtevas purchased from Behring
Werke (Marburg, Germany).

Other chemicals were purchased from Sigma (St.4,0d0, USA).

4.5. Sodium dodecyl sulphate polyacrylamide gel efeophoresis

1 mg purified and lyophilized LPS was dispersedliml| “LPS sample buffer”
(containing 0.06 M Tris-HCI at pH 6.8, 3 m/v % SDH) v/iv % glycerol, 5 viv % 2-
mercaptoethanol and 0.010 m/v % bromophenol blse)jcated for 10 min and then
boiled in water for 5 min. The samples were dilui®dtimes with the same buffer for the
analyses.

Electrophoresis was carried out ih@emmlidiscontinuous system [Laemmli, 1970]
in the Bio-Rad Mini-Protean Il Dual Slab Gel systdmdetails, a 4 % stacking gel and a
15 % separating gel was used, both prepared frastoek solution containing 30 %
acrylamide and 0.8 % N,N’-methylenebisacrylamidéne Tother components of the
separating gel were 1.5 M Tris-HCI (pH 8.8) and?A(BDS, and those of the stacking gel
were 0.5 M Tris-HC1 (pH 6.8) and 10 % SDS. Polyxestion was achieved by adding
0.005 % ammonium persulfate (APS) as initiator afd05 % N,N,N’,N'’-
tetramethylethylene-diamine (TEMED) as catalizatior,each gel. 1Qul of the LPS
samples were loaded on the stacking gel. The Lowedltar Mass Calibration kit
(Pharmacia Biotech, Uppsala, Sweden) was run patalthe samples. APS, TEMED and
2-mercaptoethanol were supplied by Bio-Rad (Richtnd®A, USA), all other reagents
were from Sigma (St. Louis, MO, USA). The electrduédfer contained 0.124 M Tris-
HC1 (pH 8.3), 0.96 M glycine, and 1.7 % SDS. Eleghoresis was performed at 40 mA
(150V) until the dye front reached the bottom of thel. Silver staining of the gels was
performed by the method of Tsai and Frasch (1982)lescribed in detail in Appendix 2.

4.6. Capillary electrophoresis and sample preparabin

A BioFocus 3000 Capillary Electrophoresis SysteBio{Rad Laboratories,
Hercules, CA, USA) was used for capillary electraq@sis (CE) experiments. Fused silica

capillaries of 50 um i.d. (inner diameter) wereghased from Polymicro Technologies
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(Phoenix, AR, USA) and cut to the total length 28 (the distance from the point of
injection to the outlet end) and the effective lngas 23.5 cm (the distance from the
point of injection to the point of detection). Thoapillaries were coated with non-
crosslinked polyacrylamide in order to eliminateottoendosmosis and solute adsorption
[Hjertén, 1985; Mohabbati et al., 2004]. See Apper8lfor description of the coating
procedure. The quality of the coating was veritidnjection of a neutral marker (50 v/v
% acetone in water), detecting at 260 nm, to ensbhed the measured mobility
corresponds to the electrophoretic mobility of thealyte with no electroosmotic
component. The electrophoresis experiments werduzbded in a 0.05 M Tris-HCI buffer
at pH 8.5. The capillary was rinsed sequentiallgeen successive electrophoretic runs
with water for 2 min, 2 M HCI for 1 min, acetoni&ifor 1 min and running buffer for 3
min. All samples were hydrodynamically injectecoitihe capillary at 3-4 psixsd. 2 nL)
using a built-in injection system at 25°C. The &gyplvoltage was 10-13 kV. The protein
and the protein-containing complexes migrated ftbecathode (negative pole) towards
the anode (positive pole). Separate runs with s¢panjections were performed for
detections at UV (205-340 nm) or at visible (34@-80n) light, since the equipment
(employing the on-column rapid spectral detectad)robt allow the recording of the entire
spectrumj.e., the UV and visible spectra together. The run timese around 25 min.
Peak areas were calculated using the Biofocus rati@gSystem. The mobilitiegl) of the

components was calculated in Tiselius-units(b@f/V-s) [Catsimpoolas et al., 1976]

Lef‘f [ Ltot

from the formulay = , WhereL ¢ is the effective capillary lengthy is the total

capillary length oft is the migration time and is the applied voltage.

The Hb solution was diluted 100 times to a finah@@ntration of 1.2 mg/mké. 18
uM) with 5 mM Tris-HCI buffer, pH 8.5. The LPS salois were prepared by dispersing
1 mg of the lyophilised LPSs in the same bufferxtMies of endotoxins and hemoglobin
were prepared by adding lyophilised endotoxins tomd/ml final concentration to 1.2
mg/ml Hb solution. Furthermore, mixtures of endatsxand transferrin (Tf) were
prepared by adding lyophilised endotoxins to 1 nidinal concentration to 1 mg/ml Tf
solution. Protein-LPS mixtures were incubated &iC3ih a water bath to form protein-
LPS complexes, and samples were run every houldzyrephoresis. Each sample was

analyzed for at least 3 times.

30



4.7. Microchip electrophoresis and sample preparabin

Microchip electrophoretic runs were performed & tcommercially available
Agilent 2100 Bioanalyzer system (Agilent Techno&sgiWaldbronn, Germany) equipped
with a diode laser for fluorescence detection.dnagal, the Agilent Protein LabChip kits
and chips developed for proteins were used in gperments and the samples were
treated roughly as it was written in the enclosedtqrol, with some modifications.
Briefly, to prepare LPS-SDS complex solutions, I/migsuspension of pure LPS (&)
or LPS samples prepared from whole-cell lysatesil(d were mixed with 2uL SDS
solution of 1, 2, 4 or 6 m/v % concentration. Piiorelectrophoresis, LPS samples and
also the “ladder” (Agilent protein standard mixtuoé 6 L were sonicated in water bath,
incubated at 100°C for 5 minutes, centrifuged (690Q5 s) and diluted with deionized
water (5 times dilution for the samples and 15 snddution for the ladder). The chip
channels were filled hydrodynamically with runniogffer, with help of a special syringe
priming station. The running buffer contained aofiescent dye mixed with a
polydimethylacrylamide-based linear polymer as evisig matrix. According to the
enclosed descriptions, this “gel-dye mix” was pregdaby mixing 650 pL gel matrix with
25 pL dye concentrate (with 630 nm as excitatioh @0 nm as emission wavelengths;
its chemical name was not disclosed by the vendmalise of safety reasons). The
composition, length, and concentration of the sigvimatrix was adjusted to obtain
optimal resolution within 5 to 50, 5 to 95 kDa, bt to 200 kDa molecular-mass range,
depending on the LabChip kit used (Protein 50, &0200, respectively). The high
viscosity of these gels and their adsorption todhgillary wall reduced EOF to almost
zero. 6 pL of each sample was loaded on the teplsawvells on the microchip, and 6 pL
of the protein standard mixture was loaded on #delér well (see chip wells in Fig. 7).
The fluorescent dye present in the gel matrix hadrang complexation tendency with
SDS [Bousse et al., 2001]. Unbound fluorescent pgsent in the buffer filling the
capillary channels was diluted at the detectiom¢esia diluting solution (which consisted
of the same linear polymer as the gel) was intredwia a cross-section just before the
detection point, as seen Fig. 7. All samples wdeet®phoretically injected into the
capillaries ¢a. 40 picoliters) and substances migrated towareatiode (the positive pole

found after the dilution intersection).
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LIF detection

(waste)

DS

L G
Figure 7. Chip design. The original size of the chip is 17 infihe locations of the sample wells
are shown in greei®). Well DS () is the dye dilution well and is connected to bsittes of the
dilution intersection. Wells G@) are the separation buffer (gel) wells, and") (s the ladder
(protein molecular mass marker) well. The sepanativannel is found in the middle of the chip,
connected to the waste well, and the laser indfloedescence (LIF) detection is found at the end

of this channel. Electrodes are immersed into @ahduring injection and separation.

The LPS-SDS-dye complexes formed in the capilldrgnoel were run using the
2100 Expert software. The run times weee 50 s for one sample (the collection of data
started atca. 10 s). Each sample was analyzed for at leasma8stiin order to check
reproducibility of peak numbers, peak positionsd arlative peak areas. For the
estimation of molecular masses of peaks appeanitigel electropherograms the “ladder”
(protein standard mixture) was applied of the appate LabChip kit. This assay used
internal lower and upper markers which ensuredratelsizing of proteins (see in Fig 8).
Technically, this meant that the respective margesitions in the time axis were
artificially inserted in the obtained elecrophergs for data procession. The data
procession by the software included baseline cbomecalignment of separated runs in
one chip, and estimation for molecular masses. hEurtore, the system software
automatically displayed the results as gel-like gesaon a gray scale, to mimic a gel

appearance of the peak data in the microchip elgicarograms.
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Figure 8. Microchip electropherogram of the Protein 80 Ladderotein standard mixture),
containing 7 proteins. The system peak represéetsftee” SDS-dye complex in the capillary,
since not all the dye molecules react with proteiritee molecular mass values are given by the
software for each protein as follows: 1.6 kDa; KJ&; 15.0 kDa; 28.0 kDa; 46.0 kDa; 63.0 kDa;
95.0 kDa.

4.8. Matrix-assisted laser desorption/ionization the-of-flight mass spectrometry and

sample preparation

1 mg of LPS or Lipid A was suspended in 1 ml of ®icitric acid solution and
sonicated for 10 minutes [Thérisod et al., 2001} %of this solution was deposited on a
piece of Parafilm and desalted with some gradas(uL suspension) of Dowex 50WX8-
200 (H) cation-exchange beads previously converted tstarnmonium form (by boiling
the beads in 0.1 M ammonium nitrate solution fdmn3 1uL from this sample solution
was deposited on a stainless steel target and ntira@dughly with 1uL of a 10 mg/ml
solution of 2,5-dihydroxy benzoic acid (DHB) matr{gissolved in 0.1 M citric acid
solution) and analyzed immediately after drying.

Matrix-assisted laser desorption/ionization timelght mass spectrometry
(MALDI-TOF MS) measurements were acquired on an Aexoll MALDI-TOF/TOF
MS instrument (Bruker Daltonics, Bremen, Germanyipped with a 1.2 m drift tube.
Samples were ionized by nitrogen laser pulse 837 nm, 50 Hz). The laser power was
adjusted between 20 and 45 % of its maximal intgnkins were accelerated through +19
kV and the spectra were recorded in the negatineaind reflectron or linear mode over
them/z1000-20000 range. Each spectrum was the sum obxdpyately 1000 laser shots

on the same sample spot. The calibration of thieumeent in reflectron or linear mode
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was performed externally using a peptide calibratgtandard. Data processing was
executed with Flex Analysis software packages (@ar£.4.). The LPS components were
identified according to the molecular mass of thgilasimolecular [M—H]ions. The
molecular mass measured by MS can correspond tavéirage mass calculated using the
average atomic mass of each element of the molemul® the monoisotopic mass
calculated using the “exact mass” of the most abonhsotope for each element. The type
of mass measured by MS depends largely on theutemolof the analyser. If the
instrument is unable to resolve the isotopes, tlsshrdetermined corresponds to the
average mass. On the other hand, if the resolusohigh enough to distinguish the
different peaks in the isotopic clusters, the ntetermined by the instrument corresponds
to the calculated monoisotopic mass [Hoffmann atrddbant, 2007]. Evaluation of the
endotoxin spectra included the summation of thesemsf the sugar, phosphate and fatty
acid constituents. The respective molecular massiesthe constituents and the
interpretation of the peaks appearing in the speste summarized in Appendix 4 and 5,

respectively.

34



5. Results

5.1. Development of CE method for endotoxin detecn

For the analysis of LPS in aqueous solution by ddeth UV/VIS detector we
developed a fast and efficient capillary electraps® method based on the strong
interaction between proteins and endotoxins [Kdaml., 2006]. Since both, the native
human hemoglobin (Hb) [Kaca et al., 1995] and ta@dferrin (Tf) [Berger and Beger,
1987] form complexes with LPSs, we utilized thisngex formation to detect LPS in
capillary electrophoresis. 1 mg/ml of LPSs was mixgth 1 mg/ml protein, incubated at
37°C for 1 h and analyzed in coated fused-siligailleaies. Electrophoretic conduction
was made in Tris-HCI buffer at pH 8.5, and the ttgghoretic migration of the protein-
containing zones was monitored in the UV and wsibégion (Hb has absorption
maximum at 415 nm).

The mobility of protein changed upon a complex fation with endotoxins. The
electrophoretic patterns obtained after incubatwith endotoxins extracted from
Escherichia coliSalmonella minnesotandShigella sonnestrains were different.

5.1.1. Detection of Hb—endotoxin complexes

Figure 9a illustrates that by running the LPS frfSmminnesot&®595 alone (without
any protein added to the LPS sample) no UV signhalbtained in the electropherogram.
This observation was valid for other LPSs, as it shown). The typical separation
profile of pure Hb at 205 nm and 415 nm contained dominating peak (1 = 6.9 T-units)
together with two minor peaks (see Fig. 9b). Thefiler obtained at 415 nm showed the
same mobilities of the peaks but with lower absoceavalues. The incubation of Hb with
LPS extracted frons. minnesot&k595 provided, however, peaks in two time-intesval
both the UV and the visible region, as shown in. Bg. Peaks appeared at the same
migration times as did the free Hb but with onlyeaninor peak before the major peak;
and an additional slightly deformed peak with a krslaoulder appeared with a higher
mobility (u = 32.6 T-units). This component had gamabsorption properties as free Hb,
i.e., it absorbed the light in both wavelength regio@ensequently, the complex of the
LPS and Hb appeared as a separate peak in theopleetogram. The resolution between
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Figure 9. Capillary electrophoresis runs of a) LPS extra¢tech Salmonella minnesot&595 and

b) hemoglobin (Hb) alone, and c) after mixing tive tomponents. Sample concentrations were 1
mg/ml LPS and 1.2 mg/ml Hb. The mixture was incetadt 37°C for 1 h before electrophoresis.
The fast migrating peak in c) corresponds to a dexpf the two substances. Experimental
conditions: capillary dimensions 23.5 cm x 50 ptectophoresis buffer 50 mM Tris-HCI, pH

8.5, voltage 10 kV, T = 25°C. The hydrodynamic étigns of the samples were performed with 4
psixs. AU = absorbance unit.
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the Hb-LPS complex and the pure Hb was very higig the short migration time
indicated that the negatively chargBdype LPS molecules (with high charge to mass
ratio) attached to the protein molecules causadrafisant increase in the mobility of the
Hb (Hb is also negatively charged at pH 8.5).Anptinadence for the protein content in
the complex was that the sum of the major peaksamedig. 9c is equal (within the
experimental error, data not shown) to the maja@kperea of the electropherogram of Hb
alone (Fig. 9b).

Upon mixing theR type LPS extracted frors. sonnei562H with Hb, a similar
complex formation was observed (see Fig. 10a). Hewdhe major complex peak had a
slightly lower mobility (u = 30.4 T-units) comparéal that of the complex in Fig. 9c. For
this endotoxin a time-dependence in the complem&bion was observed, since after a
longer incubation (2 h) the free Hb peaks (majat mxinor ones, as well) disappeared and
the complex peak increased (Fig. 10b). Besidesgsmmor components appeared after
the major complex component.

Changes in the electrophoretic pattern of Hb wése abserved when ths type
endotoxin fromS. minnesotavildtype was mixed with hemoglobin. Fig. 11 shows the
electropherograms recorded in the 200-340 nm rarfge Hb—LPS complex appeared as
an overlapping peak between the major and minoedfies, with mobility of p = 6.5 T-
units. The size of this complex peak did not chamden the incubation time was
prolonged (not shown). The electropherogram semmeghe visible region showed
similarly the appearance of the complex (see Fig).1

Electrophoretic profiles of tw& type LPSs extracted fromscherichia colistrains
and oneR type from the straishigella sonne#1l mixed with Hb are shown in Figure 12.
In the case OE. coli ATCC25922Stype LPS (Fig. 12a), the Hb—LPS complex peak at p
= 7.9 T-units appeared just before and partiallgriapping with the free Hb peak at p =
6.9 T-units. The broadening of the generated sigoald be due to unresolved multimers
of LPS populations with O-specific polysaccharidésncreasing mean chain length. In
the case oE. coli 083 strain (Fig. 12b) a better resolution of theiaus LPS components
was visible. Several peaks (with spikes) coulddmnsat migration times between 2.2 and
3.6 min. Contrary to thes®type LPSs, th&® type S. sonne#tl LPS in complex with Hb
appeared mainly in two overlapping peaks (Fig. 1@t mobilities g = 24.5 T-units and
M = 21.1 T-units, possibly attributable to the digi component and the Lipid A and core
component, respectively, found in tiRdype LPS.
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The LPSs had good linearity in the range of 0.0B:@/ml (with correlation
coefficient higher than about 0.95)

a 2&Unm Hemoglobin and LPS from Shigella sonnei R562H
0.059 (incubated for 1 hour)
0.039 Hb-LPS
complex
free
0.019 hemoglobin
-0.001 : : T : )
0 5 10 15 20 25
Time (min)

Hb-LPS Hemoglobin and LPS from Shigella sonnei R562H

AU
complex
b (incubated for 2 hours)
0.059 -
0.039 ~ no
free hemoglobin
205 nm
0.019 - ~
J 415 nm
-0.00] - T w““k‘.."\y e ,...,«me.“.ﬁ¢‘;....,,,‘;..,‘
0 5 10 15 20 25

Time (min)

Figure 10. Capillary electrophoresis runs of a mixture of L&&racted frons. sonneb62H and
hemoglobin (Hb), incubated at 37°C for a) 1 h, W) Brior to electrophoresis. All Hb molecules
formed complexes with LPS after two-hour incubatisimce the free Hb peak disappeared from
the electropherogram in b). The electropherograer df h incubation was recorded only at 205
nm because of technical reasons (UV and visibletspeould not be recorded in the same run).
The approximate delay between the two runs was 3B0riB. Sample concentrations and other

experimental conditions were as in Fig. 9.
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Figure 11. Capillary electrophoresis runs of a) Hb and baciixture of Hb and LPS from
Salmonella minnesotaildtype strain. The simultaneous electropherogravare recorded by the
rapid spectral detector of the Bio-Focus 3000 agparbetween 200 — 340 nm in a) and b). The
electropherogram in c¢) is shown at 205 and 415 Time. mixture was incubated at 37°C for 1 h
prior to electrophoresis. For other experimentahditions see Fig. 9. The Hb—LPS complex
appeared as an overlapping peak after the majqedh.
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Figure 12. Capillary electrophoresis runs of Hb mixed withS_Bxtracted from &ft. coli ATCC
25922, b)E. coli O83 and c)S. sonne#l strains. The mixture was incubated at 37°Cifdr
before electrophoresis. Voltage 13 kV, other expental conditions were as in Fig 9. The Hb—
LPS complex peak(s) are indicated in the electraggrams, having different migration times and

profiles depending on the type of LPS.
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5.1.2. Spectral changes of hemoglobin

The complex formation between the Hb and LPS mddsccaused a shift in the UV
and visible spectral properties of Hb. Incubating Wwith endotoxin fronShigella sonnei
562H the absorption maxima at 275 nm and 541 nne wieifted to 269 nm and 538 nm,
respectively, besides the slopes at these shifeacelengths were depressed, as seen in

Figure 13.
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Figure 13. UV/VIS spectra and absorption values of a) 1mg8higella sonneb62H LPS
solution in buffer (0.05 M Tris-HCI, pH 8.5), b)2Lmg/ml Hb in the buffer, and c) mixture of
these two components. Equipment: Shimadzu UV-16G&tspphotometer. The reference was

buffer in all cases.

41



5.1.3. Detection of Tf—endotoxin complexes

Using the same experimental conditions, includimgubation time, we also
investigated the interaction of some lipopolysaccles with iron-free or iron-saturated
transferrin (Tf). The separation pattern for Tfradg.e., in the absence of LPS is shown in
Fig. 14a with peaks corresponding to the differ@atoforms of Tf [Kilar and Hjertén,
1989]. Tf incubated witls. sonnei562H LPS resulted in the disappearance of the Tf
peaks and a simultaneous appearance of a broadspeakbetween 2 and 5 min (Fig.
14b). Most probably, these peaks correspondedecdmplexes of the LPS and the Tf
sialoforms.
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0.0190 -
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0.0150 -
0.0110
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I
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0.007 4

Transferrin and LPS from Shigella sonnei R562H

Tf-LPS
complexes b

0.005 - no free Tf

0.003 4

0.001 4

-0.001 10 12
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Figure 14. Capillary electrophoresis runs of a) iron-satutat@nsferrin (Tf) and b) its mixture
with LPS extractedrom Shigella sonneb62H. Sample concentrations: 1 mg/ml LPS and Inhg/
Tf. Before electrophoresis, the mixture was incatlaat 37°C for 2 h. The hydrodynamic
injections of the samples were performed with XgsOther experimental conditions were as in
Fig. 9. All Tf formed complex with 562H LPS, sindbe free Tf peaks disappeared in the
electropherogram (similarly as did the free Hb pepkn prolonged incubation with 562H LPS,
see Fig. 10b).
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The electropherograms for LPSs extracted f@nminnesot&k595 ancE. coli O83
strains incubated with Tf are shown in Fig 15a bneespectively. The R595 LPS in Fig.
15a appeared in one small and broad Tf-LPS cong@ek at about 3 min beside the free
Tf peaks seen between 6 and 9 niin.coli O83 LPS incubated with Tf appeared in
several peaks in its complex form (spikes can hésgeen), referring to smooth type LPS
(Fig. 15 b).
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Figure 15. Capillary electrophoresis runs of a) iron-satutatémixed with LPS extracteflom S.
minnesotaR595 and b) iron-free Tf mixed with LPS extractedni E. coli O83. Sample
concentrations: 1 mg/ml LPS and 1 mg/ml Tf. Thetome& was incubated at 37°C for 1 h before
electrophoresis. For other experimental conditize® Fig. 14. The T—LPS complex peaks are
indicated in the electropherograms and are comfgauith the corresponding Hb—LPS complex

peaks shown in Figs. 9c and 12b $rminnesot&595 ance. coli 083 LPS, respectively.
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5.2. Development of microchip electrophoretic methobfor endotoxin detection

For a fast and sensitive detection of endotoximsrtiicrochip analytical technique
for proteins was used to develop a new methodolBgged on the fact that LPSs interact
with SDS (similarly to proteins) the detection d®&-SDS complexes can be made using
fluorescent dyes, which interact with SDS. The claxgs (LPS-SDS-dye) were analysed
by a microfluidic separation technique.

Microchip electrophoretic runs were performed ire tbommercially available
Agilent 2100 Bioanalyzer system with LIF detectiodamples were injected
electrokinetically in picoliter amounts. The migost of the LPS—-SDS complexes was
followed with the help of the fluorescent dye prase the gel (the sieving matrix), since
the dye formed complex with the dodecyl-sulfateteahof the LPS—-SDS complexes. A
Rough estimation of molecular masses of the endotoemponents by comparing the
LPS peaks with the proteinaceous markers can be nmathe electropherograms. The
system peaks originated from the unbound fluordsabme, although sometimes it
appeared as irregular fluorescent signals with Isciierences in migration time, peak

intensity and peak number.

5.2.1. The effect of SDS concentration on the dbhattion of endotoxins

Due to the aggregation properties of the endotoxines effect of SDS on the
dispersion/solubilization of the LPSs was studigdvhrying the concentration of SDS
initially added to the samples. Fig. 16 shows tleeteopherograms of the smooth-type
endotoxin extracted from. coliO83. The presence of large aggregates and “spikes®
seen in experiments where the LPS samples werenaepn the absence (Fig. 16a) or
with low concentrations of SDS (Fig. 16b-c). Thergase of the SDS concentration in the
LPS sample to up to 45 mM caused sufficiently eéffecdispersion of the LPS aggregates
(Fig. 16d). At this concentration (or above) repraile electropherograms were obtained
with peaks after the system peak corresponding RS Lmicroheterogeneity. Our
hypothesis is that peak 1 with the largest peak amginated from an LPS molecule
composed by Lipid A and core part, while the subset| peaks contain the LPS
molecular species (components) with 1, 2, etG repeating units (peaks 2, 8ic,
respectively). The “wave-like” profile composed 2§ peaks was characteristic for tBis

type endotoxin.
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Figure 16. Microchip electropherograms of LPS frobh coli O83, initially solubilized in the

presence of a) 0 mM, b) 11 mM, ¢) 22 mM and d) 48 BDS, respectively. Conduction was

made in the Protein 80 LabChip kit. Reproduciblégra was obtained at 45 mM SDS content in
the LPS sample with peaks corresponding to theterilocomponents with increasing number of

O-polysaccharide repeating units. FU = fluorescamsg S.P. = system peaks.

5.2.2. Microchip electrophoresis of puRg¢ype endotoxins

In the electrophoretic patterns obtained for foough-type endotoxins extracted
from S. minnesotdR595, E. coli D31, S. sonne4l and 4303, one or two components
could be assigned of which the first one partiaserlapped with the system peak (Fig.
17). These profiles are characteristic for R typgegSk since no “waves” appear in the

electropherograms.
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Figure 17.Microchip electropherograms of rough-type endaisxéxtracted from &. minnesota
R595, b)E. coli D31, ¢)S. sonnei 4-hnd d)S. sonne#303. One major component was found in
the case of5. minnesotd&r595, but two LPS components, partially overlappwith the system
peak, were obtained in thE. coli D31, S. sonnei 4land S. sonnei4303 endotoxins. The
experimental conditions are the same as in Fig, &écept in a) where a Protein 50 Lab-Chip kit

was used for the electrophoresis. S.P. = systek pea

5.2.3. Microchip electrophoresis of puBé¢ype endotoxins

The microchip electrophoretic patterns of 8ig/pe Salmonella adelaid®©35 LPS
andE. coli 102 (Fig. 18) are significantly different from tipattern ofE. coli O83 LPS.
The amounts of the LPS components in case ofttheoli O83 first decreased then a
Gaussian-like distribution appeared at the highetualar-mass region (see Fig. 16d),
while a different distribution in the “wave-like”’rpfiles of LPS microheterogeneity
appeared in case of the LPSs in Fig. 18.

The repeating unit of th8. adelaidegD35 LPS contains colitose, glucose, galactose
and N-acetyl-D-glucosamine in a molar ratio of 2:1; as described earlier [Wang and

Reeves, 2000]. The chemical structureEofcoli 102 LPS is not yet known. At least 7

46



repeating units was seen f8r adelaideD35 (Fig. 18a), and 5 repeating units Eorcoli
102 LPS (Fig. 18b) assuming that the first peagoimposed of Lipid A and core part in
both LPSs.

190 LPS from Salmonella adelaide 035

165 ‘ . . . )
20 25 30 35 40 45 50
Time (s)

30 LPS from E. coli 102

-10 T T T T T T
19.5 24.5 29.5 345 39.5 445 49.5
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Figure 18. Microchip electropherograms of ti&type endotoxins extracted from &) adelaide
035 and b)E. coli 102. The numbered peaks correspond to LPS compsonesaving
oligosaccharide chains with different lengths delirem on the number of the repeating units

present in the LPSs. The experimental conditioagtas same as in Fig. 16d.

Three different sieving matrixes, namely LabChigskb0, 80 and 200 were
compared for the separation of ti& type E. coli O83 LPS. The comparative
electropherograms are shown in Fig. 19. It couldséen that the resolution decreased
when the kits with larger molecular mass range veg@ied. For further analyses of the

different LPS we used the Protein 80 Kkit.
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Figure 19. Microchip electropherograms &ftype endotoxin extracted fro coli O83obtained

a) in the Protein 50 LabChip and b) in the Pro@iLabChip kit and c) in the Protein 200
LabChip. Experimental conditions were the samendsd. 16d. The numbered peaks correspond
to LPS components having oligosaccharide chaink different lengths. The LPS components
appeared with different resolution in the patteshtained with the chips with different separation

ranges.

5.2.4. Comparison of SDS-PAGE and microchip pastern

The microchip software had the advantage of crgatingel-like image of an
electrophoretic run. This image is very much alike the “ladder-like” gel pattern
obtained with conventional SDS-PAGE with silverisitag for endotoxins. Fig. 20a and
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b show the gel-electrophoretic profiles Bf coli O83 LPS visualized by the microchip
and made by conventional slab-gel electrophoresspectively.

The limit of detection was determined by decreasirgamount of the endotoxins
in the experiments. The major component (havinghibbest peak) of the LPSs were still
detectable when the sample solution, applied inctiip wells, contained 30 ng LPS (at
signal-to-noise ratio 3). Compared to this, thé& S®S-PAGE with silver staining needed
ca.2 ug LPS applied in the gel well for proper detatinf the bands.

a b

18.6 kDa —s

125 k08 e

G 2.1 kD2

5.6 kDA ——p "
B g ]4.4kDa

s

Figure 20. SDS-PAGE patterns of LPS fro. coli O83. The first pattern (a) is a gel-like
transformation of the peaks appearing in the mhipelectrophoregram (see Fig. 16d), the
second (b) was obtained with conventional SDS-PA®BEr silver staining. The arrows indicate
the positions of protein molecular mass standandsir the respective methods. The two patterns

are similar.
5.2.5. Molecular mass estimation of endotoxins

The determination/estimation of the molecular mealsies characterizing the LPS
components was made in three ways. Knowing the ositipn of the LPSs, the
molecular masses of the components (with increasimgbers of repeating units) can be
calculated. The data processing software of thearityzer (see the standard protein
molecular mass “ladder” in Materials and Methodgd fprovided “molecular mass”
values for each LPS components that would basicaléyacterize proteins with the same
migration properties. Similarly, using the protstandards’ positions in the SDS-PAGE,
the molecular masses can be estimated from thpagtdrn (see.g.,the arrows on the
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right side in Fig. 20). The calculated and “estiedatmolecular masses”, as well as the
relative peak areas (obtained by the microchip sl for each component &. coli
083 LPS are given in Table 1. The relative peakasrerere deduced by manual
integration, where the largest peak area was cerexidto be 1000 arbitrary units. The
relative standard deviation for the molecular magsealculated from the migration times)
characterizing the LPS components was less tha%1.6

Table 1. Molecular mass data of components (peaks) appéartda: electrophoretic pattern of
the LPS extracted frof. coli O83 bacteria.

SDS-PAGE SDS-microchip
Peak number  Theoretical Estimated molecular Estimated molecular Relative

molecular mass** (kDa) mass*** (kDa) peak

mass* (kDa) area
1 3.9 6.1 1000
2 4.7 10.0 243
3 5.6 14.4 14.5 185
4 6.5 17.9 50
5 7.3 22.4 54
6 8.2 20.1 25.9 12
7 9.1 32.1 23
8 9.9 35.7 23
9 10.8 39.5 12
10 11.7 45.0 15
11 12.5 49.0 42
12 13.4 54,5 66
13 14.3 59.1 89
14 15.1 43 64.2 131
15 16.0 71.9 185
16 16.7 79.6 232
17 17.7 87.3 212
18 18.6 95.0 162
19 19.5 100.8 97
20 20.3 107.1 42

* Calculated molecular masses according to the atsnstructures found in the literature
[Rietschel et al., 1994; Jann et al., 1994] alomity wur mass spectrometric measurements (see
chapter 5.4), supposing that peak 1 with the largesk area represents the component
composed by the Lipid A and the core part, and dhiesequent peaks refer to components
differing with one repeating unit in their polysaecide side chains.

** Molecular masses estimated from the positionstlef protein molecular mass standard
(LMW Electrophoresis Calibration Kit, Pharmacia tich).

*** Molecular masses estimated from the positiorfstioe protein molecular mass standard
(Agilent Protein 80 Ladder).
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It can be seen from Table 1 that the calculatedeocutar masses for each LPS
components are lower than the estimated molecudasas from either the SDS-PAGE, or
the microchip runs. The relative peak areas of amepts in the microchip
electropherogram were proportional with the inteesiof the bands in the gel-pattern of
the SDS-PAGE (judged visually), however, quanttima could only be made for the
microchip runs by the microchip software.

5.3. Microchip electrophoresis of partially purified endotoxins prepared from whole-

cell lysates

The microchip electrophoretic method developed byfar pure LPSs was also
tested for partially purified endotoxin samplespaneed from whole-cell lysates. For this,
bacterial strains were cultivated in 1 ml mediulysedd and subjected to proteolytic
digestion. The obtained protein-free LPS sample®weectly analysed (without further
purification) by microchip electrophoresis using thgilent Protein 80 LabChip kit.

5.3.1. Microchip electrophoresis 8type endotoxins prepared form whole-cell lysates

Fig. 21 shows the electrophoretic profile of thetipfly purified LPS inE. coli O83

whole-cell lysate in relation to the profile of tk@me, but purified LPS.

80 LPS from E. coli 083 801sp 1 LPS from E.coli 083

. whole-cell lysate 04

60 60 1
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b
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Figure 21. Microchip electrophoretic profiles of &. coli O83 LPS preparettom whole-cell
lysate and of b) pure (1 mg/n). coli O83 LPS sample. Experimental conditions were d&sgn

16d. Electropherograms were qualitatively simitaeéch other. S.P. = system peak.

The two electropherograms showed great consisteat) having “wave-like”
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patterns ota. 20 peaks characteristic for tf8dype LPS. However, the relative peak area

ratios were different in the two patterns.

“Wave-like” electropherograms of LPS preparatifnasn whole-cell lysates of five

Stype bacterial strains are shown in Fig. 22.
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Figure 22. Microchip electrophoretic profiles d type LPS samples prepared from whole-cell
lysate of a)Escherichia coliO112, b)Shigella dysenteriag, c) Yersinia enterocoliticaD9, d)
Salmonella adelaid®35 and eProteusmorganiiO34 strains. The experimental conditions were

the same as in Fig. 16d. The peaks after the syséatk (S.P.) corresponded to LPS components
having O-polysaccharide chains with different Idnsgt

The patterns detected the presence of several Ld*§panents with various
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molecular masses, according to the repeating unitshe O-side chains. Both the
molecular masses estimated by the chip software thedrelative amounts of the
components (peaks) showed a characteristic patbetne respective bacterial origin of
the LPSs.

5.3.2. Microchip electrophoresis Ritype endotoxins prepared form whole-cell lysates

Microchip electrophoresis experiments of LPS pregarom whole-cell lysate of
Salmonella minnesot®595 bacteria and that of the puse minnesotdR595 LPS are
shown in Fig. 23a and b, respectively. The two tebpherograms showed the typical
pattern ofR chemotype LPS migrating as a single component lglasiter the system

peak.

26477 Salmonella minnesota R595 187 |—sr LPS from Salmonella minnesota R595

whole-cell lysate
11

9

a b

Time (5) Time (s)

Figure 23.Microchip electrophoretic profiles of &. minnesot&®595 LPS preparefdlom whole-
cell lysate and of b) pure (1 mg/n8) minnesot&®595 LPS sample. Experimental conditions were

as in Fig. 16d. Electropherograms were very sinbdagach other. S.P. = system peak.

Microchip electrophoretic patterns of whole-celsdyes of threeR type LPSs
Shigella sonne#350, 562H and 41 are shown in Fig. 24. Their psfindicated that the
LPSs were originating frorR type Gram-negative bacteria, since only one omadeaks
appeared in the electropherograms, with the fieskppartially overlapping with the
system peak. The migration time was 16.8 s for 4358 and 18.6 s for 562H LPS. In the
profile of the 41 LPS two peaks were visible, agration times 15.55 s and 16.15 s.
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Figure 24. Microchip electrophoretic profiles d® type LPS samples prepared from whole-cell
lysates of aShigella sonne#350, b) 562H and c) 41 strains. The experimerdatitions were

the same as in Fig. 16d. The LPS peaks are numbeirdicated by arrows. S.P. = system peaks.

5.3.3. Assignment of endotox#R chemotypes

Altogether, eighteen partially purified LPS samplesre prepared from whole-cell
lysates and analysed with microchip electrophoré&ble 2 shows the classification of
the LPSs according to the electrophoretic profdbsained after blind determination of
whole-cell lysate samples. In each case, the fileason was proven afterwards with the

comparison of the electrophoretic profiles to thokthe respective pure endotoxins.
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Table 2. Bacterial strains and types of LPSs prepared franolevcell lysates identified by

microchip electrophoresis

Species Strain LPS type*
Escherichia coli 021 S
Escherichia coli 055 S
Escherichia coli 083 S
Escherichia coli 0111 S
Escherichia coli 0112 S
Escherichia coli D31 R
Proteus morganii 034 S
Salmonella urbana 030 S
Salmonella adelaide 035 S
Salmonella minnesota wildtype S
Salmonella minnesota R595 R
Shigella sonnei phase | S
Shigella sonnei phase Il (4303) R
Shigella sonnei 41 R
Shigella sonnei 562H R
Shigella sonnei 4350 R
Shigella dysenteriae 2 S
Yersinia enterocolitica 09 S

* R: rough-type S smooth-type

5.4. Endotoxin analysis by MALDI-TOF MS

MALDI-TOF mass spectrometry measurements were pedd with intactR type
endotoxins extracted frol@almonella minnesotR595 andShigella sonne#l strains, as
well as with the intactS type lipopolysaccharide extracted frofr coli O83 strain.
Furthermore, the Lipid A parts obtained by milddabidrolysis fromShigella sonneél
and fromE. coli O83 LPS were also studied. All samples were sudgmeim 0.1 M citric
acid, decationized with Dowex (NH and crystallized on 2,5-dihydroxybenzoic acid
(DHB) matrix. Negative ion mass spectra were ola@iwith an Autoflex 1l. MALDI-
TOF/TOF instrument operating in linear mode foragttendotoxins and in reflectron
mode for the Lipid A samples. Masses obtained Vinigear mode conditions were average
masses. Because of the lower resolution power@fTtBF analyser in linear mode, the
peaks were often broad compared to the measuremhtseflectron mode conditions.
In reflectron mode, the isotopic patterns of theleaooles were resolved, so the mass

values determined corresponds to monoisotopic rmasse

55



The molecular masses of the LPS or Lipid A conetita found to be present in the
examined endotoxins are given in Appendix 4, arelititerpretations of the molecular
ions appearing in the spectra., the composition of the LPS molecular specieggaren

in Appendix 5.

5.4.1. Analysis of the intacR(type)S. minnesot&595 LPS

The negative ion MALDI mass spectrum of the int&ctminnesotdR595 LPS is
shown in Fig. 25. The spectrum presents severa &s a consequence of both, the
intrinsic heterogeneity of this LP%€,, the size and hydroxylation of acyl chains on the
Lipid A and on the Lipid A and core component of3)Pand the hydrolysis steps induced
during “in source” dissociations of the LPS spe¢Madalinski et al., 2006]. The [M-H]
guasimolecular ionat m/z1361, 1570 (and also 1597), 1797 and 2035 cormesfinthe
tetra, penta, hexa- and hepta-acylated free Lipitbrns, respectively. The expression
“Lipid A form” used here and in the following chap$ refers to the basic Lipid A
structure consisting of a bis-phosphorylated glaogse disaccharide, which can be
acylated with 3-hydroxylated fatty acids linked esters at 3, 3' and as amides at 2, 2’
positions (primary substitution), along with furtifatty acids connected in ester linkage
at 3 position of the primary 3-hydroxylated fattgids (secondary substitution) [Raetz,
1990; Silipo et al., 2002]. The signalsnatz2238 and 2476 correspond to molecular ions
containing the hexa- and the hepta-acylated Lipahd two Kdo molecules\(n/z= 440),
respectively. lons aim/z 2166, 2369 and 2607 carry an additional residuearf
aminopentose, 4-amino-4-deoxy-L-arabinose (L-Aradhyz = 131) [Boll et al., 1994]
with respect tan/z2035, 2238 and 2476. A possible interpretatiorttierion atm/z2035
is a penta-acylated Lipid A form (for which/zis 1597) carrying two Kdo molecules.

According to this mass spectrum, the structurdisfitPS can be proposed as shown
in Fig. 26. In details, a bis-phosphorylated glaome disaccharide carrying four
residues of 3-hydroxytetradecanoic acid (3-hydroywystic acid, C14-OH) at positions 2,
3, 2, 3, of which three are acylated at the 3-hydroxy geoby one dodecanoic acid
(lauric acid, C12), one tetradecanoic acid (myisitid, C14) and one hexadecanoic acid
(palmitic acid, C16), respectively, and to whichotkido molecules are linked at 6’, as
well as an additional L-Ara4N constituent of théeedinked phosphate-group at position
4.
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Figure 25. Linear mode negative-ion MALDI-mass spectra ofSL&xtracted frons. minnesota

R595 strain. The relevant ion peaks are describdael text and in Appendix 5.

Figure 26. Proposed structure of the int&tminnesot®&®595 LPS according to its mass spectrum
in Fig. 25 and in accordance with the previous issidBrandenburg et al2003]. For detailed
structural description see also text.
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5.4.2. Analysis of the intacR(type)S. sonne#l LPS and its Lipid A

The negative MALDI-TOF mass spectrum of the LipicbAS. sonne#l LPS (Fig.
28a) showed ion peaks that could be identifiedodevi's: the molecular ion ah/z1797
corresponds to a hexa-acylated Lipid A form contgjrfour hydroxy-myristic acid (C14-
OH), one myristic acid (C14) and one lauric acidZTresidues; the ion at/z1569 can
be explained with the absence of a C14 second#igydaid through ester bond cleavage
from an ester linked primary (C14-OH) fatty acidogucing an unsaturated C-14
(Cl4unsat) ester side chain; the iommet 1361 account for the additional lack of a C14-
OH residue; ions ain/z 1717 and 1281 are monophosphorylated specieseohéta-
acylated Lipid A ion am/z1797 and the tetra-acylated onerdz 1361, respectively. The
peak atm/z 1489 is the corresponding monophosphorylated Lipithrm of that atm/z
1569 and ion amn/z 1054 is the monophosphorylated tri-acylated Ligidorm with two
C14-OH and one C12 fatty acyd constituents.

In the spectrum of the intact LPS (Fig. 28b) sordditeonal peaks can be seen
attributable to tri-acyl (atn/z1959), tetra-acyl (an/z2185), penta-acyl (ah/z2394) and
hexa-acyl (am/z2622) LPS molecular species, consisting of thpaetsve Lipid A forms
carrying two Kdo and two Hep substituents, sin@dtiference for this core composition
(Am/z= 825) is also the difference between the respectiass signals. The peaknatz
2087 is the corresponding monophosphorylated LRS®isp of that am/z 2185 (with
Am/z= 98) and ions an/z2265, 2473 and 2703 are the corresponding trigiaryiated
LPS ions (withAm/z= 80) of the tetra-acyl, penta-acyl and hexa-&tyiphosphorylated
LPS species, respectively. This additional phosplgabup could be a substitutent either
of a Kdo residue or a heptose residue. The peakbeointact triphosphorylated LPS
species are also present as sodium adducts Amitla = 23) (peak data are not shown).
The proposed structure of this LPS, consisting dfisasphosphorylated diglucosamine
bearing six fatty acids (four C14-OH, one C14 and €12) connected to a core region
composed of two Kdo and two Hep molecules and atfitiadal phosphate group, is

shown in Fig. 29.
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Figure 29. Proposed structure of the int&tsonneR41 LPS according to its mass spectrum in

Fig. 28. For detailed structural description see abxt.

5.4.3. Analysis of the inta¢S type)E. coliO83 LPS and its Lipid A

The negative MALDI-TOF mass spectraof coli O83 Lipid A (Fig. 30) contains
the same major and minor species at sigmdisl 797, 1717, 1569, 1361 and 1281, which
have been identified in spectrum®fsonne#l Lipid A (compare Figs. 28b and 30). The
ion atm/z 1587 could be explained with the absence of arskny fatty acid C14 from
the hexa-acylated Lipid A form at/z1797, and the ion at/z1134 could be described by
the presence of a secondary fatty acid C12 on mapyi C14-OH in the tri-acylated
residue. The ions a/z1826 and 1769 indicate some microheterogeneitiyarfatty acid

distribution, because they correspond to bis-phogpéited hexa-acylated Lipid A species
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containing four C14-OH, one C12 and one C16 residag well as four C14-OH and two
C12 residues, respectively. Traces of the bis-pmagpated hepta-acylated Lipid A form
at m/z 2036 containing an additional palmitic acid (Cli6ked to a primary C14-OH is

also found. The proposed structure for this LipigsAresented in Fig. 31.
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Figure 30. Negative-ion MALDI-TOF mass spectrum of Lipid Aom E. coli 083 LPS in

reflectron mode. The ion peaks are described itetkteand in Appendix 5.

The negative ion MALDI mass spectrum of the intactoli O83 LPS revealed a complex
pattern of ions representative of about five didtimass regions. The lower mass region
betweerm/z1000 — 2000 Da seen in Fig. 32 corresponds tallApspecies with different
acylation and phosphorylation degrees (see th&rpretations in Appendix 5). The next
group of peaks betwean/z 3400-4400 correspond to the sum of the Lipid A eoce
LPS componentsd,e., to O-chain-free LPS molecular ions. The approxemaass of the
core was given by the difference betwewnfz 3868 and 1826 (the molecular ion of the
Lipid A), calculated ag&\m/z= 2042. This mass difference could account forctv@mon
core structure oE. coli strains composed of three Kdo, three Hep, threea@t two Gal
residues (the sum of these molecules of which #62Da, see masses of the sugars in

Appendix 4).
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Figure 31 The structure oE. coli O83 hepta-acylated Lipid A according to the ionsurring in

the MALDI-TOF MS spectrum in Fig 30.
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Figure 32 Linear, negative-ion mode MALDI-mass spectra &S.fromE. coli O83 measured

betweerm/z1000 — 10000.
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The fine structure of the second mass zone is showAg. 33, in which the mass
difference between the peaks was about 80 Da, spmneling to a phosphate group
present in the LPS molecular species. This suggiestdeterogeneity is a result not only
due to LPS components with differences in the sagastituents and the acyl chains, but

also due to the diverse phosphorylation statelBeof ipid A and the core.
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Figure 33. Fine structure appearing in the mass spectrumRS8 Eextracted fronk. coli O83,
showing differently phosphorylated molecular spgdieono-, bis-, tris-phosphorylationstc )

consisting of Lipid A and core and one repeatinig. um/z= 80 reflects a phosphate group.

The E. coli O83 LPS sample was furthermore measured by MALOFTwith the
mass interval adjusted to be betweefz 2000 and 20000. The mass spectrum is showed
in Fig. 34a, in which three regions can be seewéd@im/z4600 and 5000n/z5400 and
5800, and betweem/z6200 and 6700. The signalsnatz 3868, 4734, 5600 and 6465 are
attributable to molecular ions of LPS glycoformsithwdifferences of 866 Da. This
difference correlates to one oligosaccharide repgainit in this LPS [Jann et al., 1994],
consisting of one Glu, two Gal, one GIuN and onaAGunit (see molecular masses of
these molecules in Appendix 4). We assume thaetloes were the most ionizable intact
LPS molecular components giving signals in the nmessctrometer. Since these four
masses correspond to LPS species carrying 0, dd 3 aepeating units, these regions are
consistent with the first four peaks, respectivétynd in the microchip profile dE. coli
083 LPS (Fig. 34b).
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3868 MALDI-TOF spectrum of E. coli 083 LPS
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Figure 34. a) Negative-ion MALDI-mass spectra of LPS frdi coli O83 (measured in linear
mode betweem/z2500 and 10000) in relation to b) the microchiftgra of the same LPS. The
first peak in the microchip electropherogram cqroegls to the Lipid A and core species of the

LPS, while the following peaks appear with differes equal to mass differences of the O-side

chain repeating uniim/z= 866 Da).

From the number of peaks in the microchip electespgram (Fig. 34b) it was
possible to deduce the number of repeating unégsgnt in the major molecular species of
this LPS to be 19 repeating units (see also ch&pfet). The masses &f coli 083 LPS
components were calculated as the sum of the mas$sessLipid A (1826), core (2048)
and O-chain repeating units (866) multiplied byol19. The highest molecular mass

assuming 19 repeating units is consequently 20328 D

64



6. Discussion

The bioactivity of endotoxins is principally detanad by their primary structure,
thus the knowledge of the chemical compositiorheflhioactive parts of endotoxins from
individual strains is important. The characteriaatof endotoxins typically involves the
combined use of methods, since one analytical tquabrper seis not able to identify
LPSs, to determine the molecular structures, twigeodata on molecular masses, and to
characterize the relative abundance and struchat@rogeneity of each LPS glycoform.
To date, the separation of glycoforms of the nali?S is routinely performed by SDS-
polyacrylamide gel-electrophoresis method with esilgtaining [Tsai and Frasch, 1982].
However, the silver stain detection has limiteds#ténty since the visualization often
results in doublets or diffuse/broad staining wathor resolution rather than distinct LPS
bands. This is basically the result of an incomgblissociation of LPS aggregates during
electrophoresis [Hitchcock, 1983]. Despite that esalv improved versions of this
technique exist, including pre-electrophoresis sfelitchcock, 1983], concentration
gradient gel [Inzana and Apicella, 1999; Noda et2000], use of increasing amount of
SDS [Peterson and McGroarty, 1985] or replacemér8@S by sodium deoxycholate
(DOC) [Komuro and Galanos, 1988], SDS-PAGE has soaer drawbacks being labor-
intensive, time-consuming, difficult to automatizend to standardize, and the
guantification (made by densitometry) is practigcalbmplicated.

In our studies, new, fast and sensitive electropimmethods — both capillary and
microchip electrophoresis — were introduced for thetection and quantification of
endotoxins extracted from various bacterial strashshe Enterobacteriaceadamily.
Characteristic and reproducible profiles were rdedrfor the bacterial strains and their
genetic variants, and the profiles were suitablectomparative analysis, as well. Above
pH 2.3 the LPS molecules are negatively chargesh@wo the phosphate residues on the
Lipid A part and the carboxyl groups in the Kdo ewmlles. Capillary electrophoresis
using a simple buffer (Tris-HCI, pH 8.5) was apgli¢o detect endotoxins by
complexation of relatively fast migrating proteinsuch as hemoglobin (Hb) and
transferrin (Tf). LPSs do not absorb light in th&/ Wegion and could, therefore, be
detected only as complexes with either of thesdeprs, by their UV-absorption. The
mechanism of the binding is unclear, although tlgpothetical function is possibly a
disaggregation of lipopolysaccharide micelles by pmotein, followed by the interaction
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between the two molecules by electrostatic and dpftsbic interactions [Berger et al.,
1991; Roth et al., 1996].

Human hemoglobin is a globular oxygen-carrying ®&lprotein consisting of four-
subunits (twax and twop peptide chains), each carrying a heme moiety,ishatferrous
Fe™ iron-containing porphyrin. Based on the well knoudact, that native human
hemoglobin forms stable and soluble complex witdodoxins with dissociation constant
of 3.1x10® M [Kaca et al, 1994], the applicability of this protein was demiated to the
analysis of LPSs frorBalmonella minnesot&higella sonneandEscherichia colistrains
(Figs. 9-12). Through LPS-Hb complexes it was passio distinguish between LPSs
with significant differences in their structureust Hb could be used as a marker of rough
and smooth type of endotoxins. The changes inpghetsal properties of Hb upon binding
of LPS were a proof of the complex formation (Fig).1Although, LPS can accelerate
oxidation of Hb to methemoglobing., the heme irons in the subunits of Hb are oxidized
to the ferric FE™ [Jiirgens et al., 2001; Currell and Levin, 2002],essential changes in
the Hb secondary structure was found, as indichtedR-spectroscopy measurements
[Kaca et al., 1995].

It has been reported that endotoxin contaminatiaariificial hemoglobin can result
in side effects, therefore, this detection methodlad be of importance from the aspect of
hemoglobin, as well. Accurate measurement and tefeeelimination of endotoxins are
important in producing safe hemoglobin preparatidriee newly developed CE method
for detecting Hb-endotoxin complexes could conth@ preparative process of artificial
blood and might be an advanced method in the guadiitrol of such samples. It has been
reported that each chain of the Hb tetramer migid b single smooth LPS, or 3-5 rough
LPSs [Jurgens et al., 2001]. Although electrophieresannot easily be used for such
determinations it was likely that not all smoothdetoxin molecules frong. minnesota
wildtype in the HB-LPS mixture solution were boutal Hb, since the overlapping
complex peak (next to the free Hb peak) seen inetaetropherogram (Fig. 11) did not
change upon longer incubation. From the molar ratithe smooth LPS to Hb we could
assume that probably not more than 1-2 LPS molsdubeind to each protein molecule.
In the cases of thR type endotoxins (of much higher LPS/Hb molar faticsignificant
amount of the LPSs should be bound to Hb. The fglisarance” of the free Hb peak
upon prolonged incubation with LPS frogh sonneb62H (Fig. 10b) indicated that the
protein molecules bound several molecules (up Jo2€hisR type LPS at the same time.

The complex formation of the major and minor Hb poments with endotoxins was
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different, since the ratios of these componentthen complexed forms and in the free
forms varied. From the electropherograms, howeitewas not possible to conclude
whether this phenomenon was due to a differendbarbinding strength of the different
Hb components or due to other effects. LPSs foffferént strains oE. coliandS. sonnei
bacteria formed complexes with Hb of different niidpvalues and peak shapes (Fig. 12).
Consequently, the differer® or R type LPSs could be differentiated by this method,
although, with poor resolution.

For LPS-protein interactions transferrin (Tf) wdsoastudied by CE, since human
serum transferrin is reported to be another mapwpblysaccharide binding protein of
human plasma [Berger and Beger, 1987], but witmomln dissociation constant. Tf is an
iron-delivering, single chain glycoprotein of appimately 77 kDa, and in fact, it is a
mixture of Tf isoforms, also called sialoforms diwemicroheterogeneities of sialic acid
residues. These isoforms can be resolved into kékp in CE under optimum
experimental conditions using a buffer consistih@®mM boric acid and 0.3 mM EDTA
(pH 8.4), 8 kV separation voltage and capillary 0810.1 mm [Kilar and Hjertén, 1989].
In our separation system (using a 50 mM Tris-HGfdyusolution at pH 8.5, capillary i.d.
0.05 mm, and voltage of 10 kV), the electrophorpattern of the free Tf isoforms could
be resolved into 3 broad peaks only (Fig. 14a).9equently, the detectability of the Tf-
LPS complex peaks were also affected (the peaks m@renough sharp, see for instance
Fig. 14b). However, the separation patterns dedeate205 nm were similar with Tf and
Hb following complex formation with LPS frons. minnesotaS. sonneiand E. coli
strains, indicating that the LPSs qualitativelyenaicted similarly with the two proteins
(compare Fig. 10b with 14b, 9c with 15a, and 12th\ibb).

Main advantages of this CE method [Kilar et al.p@0were the rapid separation
(profiles were obtained within 20 minutes), the @ity and the demonstration of the
presence of known LPS in solution. Furthermore, thg determination of the
electrophoretic mobilities, we found this metho@fusto observe qualitative differences
in LPSs expressed by different bacterial strainsce&sthe endotoxins showed different
behaviour during complexation with the proteindyanrough estimation of the detection
limit could be given. The lowest concentration loé tmajor complex peak detectable of
the rough LPSs was 50 pg/ml.

An LPS molecule usually contains two phosphate ggawith K; value around 1.3
[Hirayama and Sakata, 2002], a strongly hydrophaioup (the fatty acids) and a
hydrophilic polysaccharide part. The LPS molecudan, thus, take part in electrostatic
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and hydrophobic interactions with surface agerus,iristance SDS [Olins and Warner,
1967; Hitchcock, 1983]. In this work, a new analgtimethod for monitoring LPSs is also
presented based on the realization that endotokKiS-&®mplexes (or rather complexes of
endotoxins and dodecyl sulfate chains) can be Wdhby appropriate fluorescent dyes,
which form complexes with the dodecyl sulfate ckaifor this, the routine analysis
developed by Bousset al (2001) was modified and adapted to detect pre&dt
complexes in chip-electrophoresis. Since the SD&tetw is not known in the
commercially available sample buffer for proteiralgsis, and also, because it contains
other components, which might disturb the analySBS—water solution is used for the
disaggregation of the LPSs. The effect of the SDi&entration on the solubilization of
the LPS molecules was studied and the LPS aggsegatee satisfactorily dispersed in
SDS solutions with at least 40-50 mM dodecyl sulpheoncentration (Fig. 16). LPS
patterns were then visualized as, both, electragrams and gel-like patterns by the chip
software and reflected the same size heterogeasitbserved in the SDS-PAGE ladder-
patterns (Fig. 20).

The electrophoretic separation of LPS componenthe® type endotoxins fronk.
coli and S. adelaidestrains show a “wave-like” profile (Figs. 16d ardd). The
electrophoretic migration differences of theSetype endotoxins are attributed to
differences in their chemical compositiare., the monosaccharides present in the core
part, and the composition and number of repeatmits un the O-polysaccharide chains.
We assume that the first peak in the electrophamgrcorresponds to Lipid A and core
part {.e. the "R’ component of theS type endotoxin species), and the remaining peaks
reflect the number of O-chain repeating units. Ha profiles of theR type LPSs ofS.
minnesota E. coli and S. sonneistrains, one single or very few peak componengs ar
present (Fig. 17), probably because these weremsutavhich synthesized endotoxins
without O-side chains and sometimes without pogiohthe core, consequently, they lack
the “wave-like” profile. In the microchip, one majaPS component (peak) of tH&
minnesotaR595 endotoxin is resolved (Fig. 17a). Since tligkois rather broad, it is most
probably composed of differently acylated LPS molac speciesi.e., a mixture of LPS
molecules containing a Lipid A part carrying ditfet number of fatty acids. According to
the mass spectrum in Fig. 25 (and as earlier desttitty Brandenburg et al. in 2003) we
presume that the major species of R595 LPS coataiepta-acylated Lipid A part linked
to a core part consisting of two Kdo and one L-Atarksidues. The two components

(peaks) ofS. sonne#él (Fig. 17c) are assumed to correspond to diftgreacylated LPS
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molecules, as well. Deducing from the mass spéEita 28) of this LPS, we assume that
theS. sonneLipid A part bearing two Kdo-s, and the Lipid Arpénked to the complete
core part (with additional two Hep-s) are the majymiecular species corresponding to the
first and the second peak, respectively. The cortipons of the components (peaks) in the
microchip eletrophoretic profile &. coliD31 andS. sonned4303 (Fig. 17b and d) are not
known. The first peak for th type endotoxins several times overlapped withstrstem
peak but they are reproducible peaks and do notaapp the absence of LP&e( in
blank samples).

The unknown endotoxin dE. coli 102 strain is obviously a smooth type LPS with
the characteristic “wave-like” pattern (Fig. 18B)though, our microchip technique is
suitable for the detailed quantitative analysisthed LPS species, the correct molecular
mass determination is possible only by using apjaipinternal standards, which is not
available yet. Even the existing SDS-polyacrylamig¢ electrophoresis method, which
gives good resolution, suffers from the lack of rappiate molecular-mass standards.
However, the quantitative evaluation of the relatimmounts of the different LPS
components (peaks) by integration of the microeigetropherograms is a leap forward.
Table 1 shows that the theoretical molecular masseg forE. coli O83 LPS calculated
from the chemical structure according to Rietsatedl. (1994) and Jann et al. (1994),
along with our mass spectrometric measurementsemies in Fig. 30, and those
estimated by using the migration properties of pinetein molecular mass standards,
provides inconsistent values. However, this is obsj since a LPS has significantly
different chemical properties from a protein, ththee LPS—dodecyl-sulphate complexes
are formed with unknown ratio, to which, in additiatnknown amount of flurescent dye
binds in the microchip during the run. This resuala net surface charge of the LPS-SDS—
dye complexes substantially different from that tife SDS-denatured proteins,
consequently, the migration properties of the twpet of complexes are different.
Therefore, it is not surprising, that the LPS malac mass values estimated by using a
protein mass standard (either in SDS-PAGE or irrastuip) do not suit to their calculated
mass values.

Structural analyses of endotoxins are usually peréal on samples obtained from
large-scale preparations and long-lasting (5 taldgs) purification processes [Westphal
et al., 1952; Galanos et al., 1969] requiring apiptde amount of bacteria. However,
when large number of bacterial mutants and thei IcBntent are to be compared (for

instance in the preparation of vaccines, or fore@typing of LPSs in epidemiological
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studies) endotoxins are prepared directly from dyéadt cultures by the relatively short
method of Hitchcock and Brown (1983). This methodoives the treatment with
lysozyme followed by the proteolytic digestion ohale-cell lysates by proteinase K
resulting in protein-free LPS without further pigétion steps and freeze drying (hence it
is called partially purified LPS). An important spadity of this method is that as small as
1 ml culture volume (cultured from one spot of leaiel colony grown on agar plate) is
enough for the preparation of the LPSs, with oVgnalcess-time o€a.40 h.

In this work, we showed that our novel microchiptihoe [Kilar et al., 2008a] is
applicable for the fast detection of endotoxineraxtraction of the partially purified
samples obtained from careful small-scale preparatiof bacterial whole-cell lysates
[Kilar et al., 2008b]. The electrophoretic profileg 18 different endotoxins in bacterial
lysate samples were successfully used for the pragggnation of the LPS chemotypes
(Table 2). Each of the eighteen endotoxins wasadtarzed from cell lysate without
fault, which was approved with endotoxin profile§ purified LPSs, and the LPS
chemotypes had unique migration profiles, as exuectheR chemotypes contain high-
mobility (low-molecular-mass) components presumatmysisting of Lipid A and core
oligosaccharide (Figs. 23 and 24). The LPSS.o$onnestrains 4350, 562H and 41 are
isogenic mutant variants containing the same Lifigbart, but different core regions
[Kocsis and Kontrohr, 1984; Kontrohr and Kocsis81P The differences between these
three R-type LPSs could also be followed in the migratmmoperties of the respective
whole-cell lysate samples (see the profiles in R2g). The S type LPSs possess
components with low-mobility (high-molecular-mass)d appear as “waves” of peaks
according to the number of repeating units in thaid® chains (Figs. 21 and )22
However, it should be stressed that the electragnams of the LPSs in the whole-cell
lysates were in some cases slightly distorted coedbto the profiles of the respective
pure LPSs. This was observed, for instance, whenré¢tative peak area ratios were
different (compare Figs. 18a with 22d, and 21a w&ttb), or when some cellular
contaminants were found (for instance in Fig. 244 a), certainly due to differences in
the extraction and purification processes.

The sensitivity of this method is high, since gatitory patterns are obtained using 1
ml bacterial cultures, which contaica. 1% cells with an LPS content less than 1
nanogram (observe that the actual injection masheol PSs is even smaller). With the

help of this microchip analysis 10 endotoxin asatgms can be performed withoa. 1 h
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compared to the SDS-PAGE methodology, which neel@dbarious gel-preparation and
silver staining for visualization, although, 18-2fmples can be determined in one run.

Studies with endotoxins include another very imgattand highly challenging area.
This is due to the chemical microheterogeneityhef tPS molecules, not only due to the
differences between bacterial sources, but also possible substitutionse(g,
ethanolamine residues, acetyl- or phosphate graups$)ariations of the sugar and lipid
constituents within one certain species. For thelyais of these intrastrain
microhetegogeneities (some of which were seendragathe electrophoretic profiles, as
well) appropriate instrumental approaches are sacgs

In this study, we performed MALDI MS measuremerdst of course, other MS
techniques or NMR studies would also be good clsoitke MS studies require the use of
LPSs as free acids by replacing the alkali couiotes- (C&* and Md") of the acidic
groups by a pre-treatment with a very small amafif@dowex cation-exchange resin in its
ammonium form. This allows gas-phase proton transéactions and facilitates the
analyte detection as [M—Hjn negative ion mode. The use of the saturatedtisal of
2,5-dihydroxybenzoic acid (DHB) as a MALDI matriminimizing the occurrence of
prompt fragmentations, is of considerable importafar the analyses dR type LPSs,
since these molecules undergo laser-induced fraig@m even in ,mild” conditions
(soft ionization). The use of citric acid increasfes solubility of endotoxins considerably,
since samples in water gave poor peak resolutioh ghown). We found that MALDI-
TOF mass spectrometry can successfully be usdteiaralyses of intact endotoxins and
their Lipid A parts (obtained by mild acid hydroigs The evaluation of the mass spectra
with the help of previously described detailed stinual interpretations of analogous mass
spectral values of Lipid A parts [Silipo et al.,02) Madalinski et al., 2006] and proposed
core structures [Raetz, 1990] resulted in compmsali analyses and proposals for LPS
structures frons. minnesot&®595,S. sonne#l andE. coli O83 bacteria (Figs. 26, 29 and
31, respectively). It should be noted, howevert thea mass spectra of the int&dypeE.
coli 083 LPSis quite complicated. We could only determine thiative abundances and
the molecular masses of the most ionisable comgeneh this LPS. The mass
spectrometric measurements along with microchiptedphoretic analysis of thig. coli
083 LPS can be used to deduce the structures anchdecular masses of the “low-
molecular-mass LPS molecular species”, but furtiiedies are required, for the structural

evaluation of the molecular species with higher hanof the repeating units.
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7. Conclusions and future perspectives

We conclude that both, capillary electrophoresiB)(@nd microchip electrophoresis
can now be applied for endotoxin analysis in thedfiof bacteriology. These novel
techniques provide standardizable, fast, and semsitethods for the structural evaluation
of LPS molecules, especially for the differentiatiof the smooth and rough endotoxins.
Detection of bacterial lipopolysaccharides is intaot in both, the identification
(chemotaxonomic classification) of bacteria andrabti@rization of mutants.

The CE analysis of endotoxin—protein complexes isieav solution for the
visualization of endotoxins in separation methodgaf et al., 2006], however, further
studies are required to test the sensitivity of mhethod,i.e., to clarify the migration
properties of endotoxins with small structural eli#finces.

Our newly developed microchip technique [Kilar at, 2008a] made the
identification of bacterial chemotypes simpler téasand more sensitive, compared to the
commonly used SDS-PAGE with silver staining. To koowledge, no detection methods
based on gel-electrophoresis in capillaries weesl is study endotoxins earlier. Overall,
the advantages of this microchip technique are:

i) high sensitivity — since less than a few ng of ld@8Id be analysed,;

i) high speed and simplicity — since sample prepardfiar the microchip analysis) and
analyses of 10 different samples are carried otltiwil h;

iii) the requirement of small amount of samples andemag- picoliters are injected in
the chip;

iv) specificity — it is suitable for fast fingerpringrof LPS chemotypesx(or S) allowing
the complete and high resolution separation of gg8oforms;

v) quantification — the determination of the relatasmounts of the LPS components is
possible;

vi) high resolution — since in the routinely used SDE5E with silver staining it is
difficult to identify the intensity and exact sizekthe LPS bands.

Future studies involve the elimination of the prese of the system peak in the
microchip electrophoretic profile (since this peéaipeds the quantitative evaluation of the
R type LPSs). | should note that after finishing #ive studies we were able to develop
another novel microchip method, which possessesva direction in the detection of
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endotoxins by covalent labelling of the moleculédsother very important area in
endotoxin studies is the finding of appropriate LRSlecules with known chemical
structures, which might serve as molecular massdatds for the electrophoretic
estimation of the molecular mass of LPSs. Furtheemid would be interesting to clarify
how the complex formation with SDS and fluoresadyds might influence the migration
of the LPSs during electrophoresis, and also talystthe possible interaction of
fluorescent dyes with the LPS molecules.

Since MALDI-TOF and other MS techniques provide omfation on the
heterogeneity of LPS or LOS preparations, the raspestrometric investigations can help
to study the structure—function relationship of teaal endotoxins. We believe that the
microchip electrophoresis technique together witssnspectrometry measurements will
open the way to new achievements on the analydi®8E in the field of microbiological

examinations.
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Appendices

Appendix 1. LPS extraction methods
a. Phenol-water method of Westphal et al. for thextraction of Stype LPSs

Dried bacteria (50 g) were suspended in 45 ml efiltid water, poured into a
blender containing a mixture of 110 g phenol anchB4listilled water and stirred for 8
minutes. During this period most of the cells disgrated and the nucleoprotein-LPS
complex was hydrolyzed. The mixture was cooled @C2 and centrifuged at 4°C
(3000>g, 10 min). The clear supernatant upper phase wa®mised off and the lower
(phenol) phase containing the proteins was exiaati¢gh 30 ml of distilled water and
centrifuged again. A second 50 g portion of baategells was similarly treated
(hydrolytic extraction with phenol-water dialysand differential centrifugation). The
upper phases were combined and centrifuged ag@00{d, 20 min). The combined
upper phases were then placed in cellophane bagdialyzed for 24 hours at 4°C against
28 | distilled water that was stirred continuoualyd changed occasionally. The dialyzed
supernatant was centrifuged (100 090k h). The LPS sedimented in the form of gel-like
transparent material. The sediment was dissolvéd iml distilled water per 100 g of wet
cells and centrifuged (2009x10 min). One hundred mg of sodium chloride (&0 & of
wet cells) were added to the opalescent supernatehthe LPS again precipitated by the
addition of 2 volumes of cold acetone. The preaipitwas removed by centrifugation,

washed with acetone, and dried over sodium hydeoxich vacuum.

b. Phenol-chloroform-petroleum ether (PCP) method bGalanos et al. for the
extraction of R type LPSs

Dried bacteria (50 g) were placed in a centrifugesel and the extraction mixture
containing liquid phenol (90 g dry phenol and 11l mvater), chloroform and petroleum
ether in a volume ratio of 2 : 5 : 8, respectivelys added (200 ml). The bacteria were
then centrifuged (5000 rpm, 15 min) and the suganta (containing the
lipopolysaccharide) was filtered through filter papgnto a round flask. The bacterial
residue was extracted once more with the same anebentraction mixture as above and

the supernatant was added to the first extractoleeim ether and chloroform were then
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removed completely on a rotary evaporator at 3@2€4If the remaining phenol would
crystallise, sufficient water was added to dissatvéVater was added drop wise to the
solution until the lipopolysaccharide precipitat@ddition of water was stopped when the
lipopolysaccharide started settling down afterrigture was allowed to stand for 1 to 2
min. The precipitated lipopolysaccharide was thentrfuged (3000 rpm, 10 min), the
supernatant decanted, and the tube allowed to $tar2lto 3 min upside down. It was
then wiped inside with filter paper. The preciptatas washed two to three times with
small portions of 80 %vhenol (about 5 ml) and the inside of the tube wased with
filter paper after decantation of the supernatiimally, the precipitate was washed three
times with ether to remove any remaining phenold afried in vacuum The
lipopolysaccharide was taken up in distilled wat&® ml), warmed to about 45°C, and
vacuum was carefully applied to remove the aimwdis then shaken for a few minutes
whereby a viscous solution was obtained. The lihgazcharide solution was centrifuged
once at high speed (100 0@)>4 h). The resulting sediment was clear and tramesy.

The lipopolysaccharide was redissolved in waterfeeeze-dried.

Appendix 2. Silver staining of the slab gels

Step 1. Fix LPS in polyacrylamide gel by placing tfel into a 40 % isopropanol — 5
% acetic acid solution (100 ml) in a clean plagtish (20 cm square, 5 cm high)
overnight.

Step 2. Add 2 ml 0.7 % periodic acid in 40 % ethand % acetic acid to oxidize
the LPS for 15 min while shaking the dish.

Step 3. Perform three 45-min washes in a secordvdits 200 to 500 ml of distilled
water per wash.

Step 4. Drain the water off, pour in freshly pregghstaining reagent (73.6 ml) and
agitate vigorously for 10 min. The staining reagentprepared as follows. 1 ml of
concentrated ammonium hydroxide and 1.4 ml 1 Mwodnydroxide is added to 70 ml
water. 1.2 ml of 20 m/v % silver nitrate is therdad to the solution while it is being
stirred. A transient brown precipitate will form thiti will disappear within seconds. The
reagent is discarded after use.

Step 5. Perform three 10-min washes as in Step 3.

Step 6. Replace the water with formaldehyde dewl¢00 ml) containing 2.5 m/v
% sodium carbonate and 27 pL formaldehyde. The ioPtBe gel will be stained dark
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brown within 20 min. Development is terminated with0 mM EDTA
(ethylenediaminetetraacetic acid) when the staaghes the desired intensity or when the
clear gel background shows the first signs of difion.

Step 7. Wash and store the gel in water.

Appendix 3. Coating of the inner wall of the quartzelectrophoresis capillary with a
monomolecular polymer layer to eliminate electroendsmosis and adsorption of

solutes

This method was based on a bifunctional compound/hich one group reacted
specifically with the glass wall and the other with monomer taking part in a
polymerization process. Bind-silangrfiethacryloxypropyltrimethoxysilane) was used as
bifunctional compound and acrylamide as monomee Methoxy groups in Bind-silane
react with the silanol groups in the glass wallevdas the acryl groups with the acryl
monomers to form non-cross-linked polyacrylamideniovalently attached polymer
was then removed and a thin, well defined mononutdeclayer of polyacrylamide
remained covalently bound to the fused silica walldetailed description of the whole
procedure is given below.

Firstly, a 3 mm detection window was formed on dagillary by burning off the
polyimide coating, approximately 8 cm from one efidhe capillary (the total length of
the capillary was 33 cm). Then in the pre-treatnstap the capillary was washed with
methanol for 3 min, 1 M NaOH for 3 min, 1 M HCI f8rmin and finally water for 5 min
in order to obtain a fresh and clean inner capillaurface,i.e, to improve the
homogeneity of the surface structure and thus #peoducibility of the coating and
consequently of the runs. Technically, when washivggcapillary one end was immersed
in the washing solution and the other end connetbegtacuum simply by pressing
together the vacuum-tube around the capillary.dvotig drying with an air stream, the
capillaries were filled with a 50% solution of Bisdlane in acetone, left for 20 h (while
both ends of the capillary were immersed in the esawlution) and then rinsed with
acetone for 30 s. The polymerization was carrigdaotlh 150 pl of de-aerated acrylamide
(4 m/v %) containing 3 pl of ammonium persulfaten{fbs %) as the initiator and 3 pl of
TEMED (5 viv %) as the catalizator. After 90 mirhet excess of (not attached)

polyacrylamide was removed simply by rinsing witater delivered by an HPLC pump.
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Appendix 4. Molecular masses of the constituents ehdotoxins

Name Abbreviation  Molecular Monoisotopic  Average
formula mass (Da) mass (Da)
Fatty acids
lauric acid Ci12 GH»,05 200.18 200.32
myristic acid Cl4 @H»0, 228.21 228.37
hydroxymyristic acid C14-OH £H>503 244.20 244.37
unsaturated myristic acid Cl4unsat 14HG60, 226.19 226.36
palmitic acid C16 GH1.0 256.24 256.43
Sugar residues
glucosamine - 6H1NOs 179.08 179.16
D-glucose Glu eH1:06 180.06 180.16
D-galactose Gal £ 1,05 180.06 180.16
heptose Hep {,,0; 210.07 210.18
2-keto-3-deoxyoctonic acid Kdo gB8140s 238.07 238.19
N-acetyl-D-glucosamine GIuN dB15NOg 221.09 221.21
glucuronic acid GluA 6H1007 194.04 194.14
4-amino-4-deoxy-L-
arabinose L-Ara4N CGH{1NO, 149.07 149.15
Phosphate P HPO, 97.98 98.00
Water - H,O 18.01 18.02

By coupling two constituents the condensation treacwill result in a release of one
water molecule, thus, the resulting molecular nedgte sum oh molecules will be less

with n-1 water molecular mass unit.

Appendix 5. Interpretations of the main MALDI-TOF M S negative-ion peaks

The first column contains the ions appearing in gpectra in Figs. 25, 28, 30, 32
and 34; the second column indicates the acylategre of the Lipid A parts in the ions;
and the third column indicates the number and tgpeconstituents composing the
molecular species in the measeured LPSs or Lip&l Abbreviations used are: C12 for
lauric acid, C14 for myristic acid, C14-OH for hgaymyristic acid, Cl4unsat for
unsaturated myristic acid, C16 for palmitic acid,fd® phosphate, Kdo for 2-keto-3-
deoxyoctonic acid, Hep for heptose, L-Ara4N formhao-4-deoxy-L-arabinose, Gal for

D-galactose and Glu for D-glucose. The “repeating af E. coli O83 LPS” consists of
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one Glu, two Gal, one GluN (N-acetyl-D-glucosamia@d one GIuA (glucuronic acid)

units.

8:])/%6 rved ion ?ngstitution Fatty acid, phosphate and carbohydrate composition
1054 tri-acyl 1xC12, 2xC14-OH, 1P

1134 tri-acyl 1xC12, 2xC14-OH, 2P

115¢ tri-acyl 1xCl4unsat, 2xC14-OH, 2P

117¢ tri-acyl 3xC14-0OH, 2P

1281 tetra-acyl 1xC12, 3xC14-OH, 1P

1361(63) tetra-acyl 1xC12, 3xC14-OH, 2P

148¢ penta-acyl | 1xC12, 3xC14-OH, 1xCl14unsat, 1P

1569(70 penta-acyl | 1xC12, 3xC14-OH, 1xC14unsat, 2P

158 penta-acyl | 1xC12, 4xC14-OH, 2P

1597 penta-acyl | 1xC12, 3xC14-OH, 1xC16, 2P

1717 hexa-acyl 1xC12, 1xC14, 4xC14-OH, 1P

176¢ hexa-acyl 2xC12, 4xC14-OH, 2P

oot O8 Tl M hovaacyl | 1xC12, 1xC14, 4xC14-OH, 2P

182¢ hexa-acyl 1xC12, 4xC14-OH, 1xC16, 2P

195¢ tri-acyl 1134 and 2 Kdo, 2 Hep

2035(36 hepta-acyl | 1xC12, 1xC14, 4xC14-OH, 1xC16, 2P

2087 tri-acyl 1160 and 2 Kdo, 2 Hep, 1P

216¢€ hepta-acyl | 1xC12, 1xC14, 4xC14-OH, 1xC16, 2P| -Bxa4N
218¢ tetra-acyl 1160 and 2 Kdo, 2 Hep

223¢ hexa-acyl 1xC12, 1xC14, 4xC14-OH, 2P, 2 Kdo

226F tetra-acyl 1160 and 2 Kdo, 2 Hep, 1P

236¢ hepta-acyl | 1xC12, 1xC14, 4xC14-OH, 2P, 2 Kdol 4&fa4N
239 penta-acyl | 1569 and 2 Kdo, 2 Hep

247% penta-acyl | 1569 and 2 Kdo, 2 Hep, 1P

247¢ hepta-acyl | 1xC12, 1xC14, 4xC14-OH, 1xC16, 2P, 8 Kd
2607 hepta-acyl | 1xC12, 1xC14, 4xC14-OH, 1xC16, 2P, 8,KckL-Ara4dN
2622 hexa-acyl 1797 and 2 Kdo, 2 Hep

2702 hexa-acyl 1797 and 2 Kdo, 2 Hep, 1P

386¢ hexa-acyl 1xC12, 4xC14-OH, 1xC16, 2P, 3 Kdo, 3,ie@al, 3 Glu
A73¢ hexa-acyl 3868 and 1xrepeating unitofcoliO83 LPS
560( hexa-acyl 3868 and 2xrepeating unit&€otoli O83 LPS
646¢ hexa-acyl 3868 and 3xrepeating unit&otoli O83 LPS

Observe, that the hexa-acylated Lipid A form meadun reflectron mode (refl. m.) has

m/z 1797 (or 1798) values, whereas it appears atlB5 when measured in linear mode

(lin. m.).
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