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Abstract

Tularemia is a severe infectious disease in humans caused by the gram-negative bacterium
Francisella tularensis (Ft). Due to its low infectious dose, high mortality rate, and the threat of its
large-scale dissemination in weaponized form, development of vaccines and immunotherapeutics
against Ft is essential. Ft lipopolysaccharide (LPS), which contains the linear graded-length
saccharide component O-antigen (OAQ) attached to a core oligosaccharide, has been reported as a
protective antigen. Purification of LPS saccharides of defined length and composition is necessary
to reveal the epitopes targeted by protective antibodies. In this study, we purified saccharides from
LPS preparations from both the Ft subspecies holarctica live vaccine strain (LVS) and the virulent
Ft subspecies tularensis SchuS4 strain using liquid chromatography. We then characterized the
fractions using high resolution mass spectrometry and tandem mass spectrometry. Three types of
saccharides were observed in both the LVS and SchuS4 preparations: two consisting of OAg
tetrasaccharide repeats attached to one of two core-oligosaccharide variants, and one consisting of
tetrasaccharide repeats only (coreless). The coreless OAg oligosaccharides were shown to contain
Qui4NFm (4,6-dideoxy-4-formamido-D-glucose) at the non-reducing end and QuiNAc (2-
acetamido-2,6-dideoxy-O-D-glucose) at the reducing end. Purified homogeneous preparations of
saccharides of each type will allow mapping of protective epitopes in Ft LPS.

Francisella tularensis (Ft) is the gram-negative bacterium that causes tularemia, an
infectious disease in humans and other mammals including aquatic rodents and rabbits. Ft is
classified as a category A Select Agent by the Centers for Disease Control because of its low
infectious dose and high mortality rate. The infectious dose for respiratory tularemia is less
than 10 colony forming units (1), with a mortality rate of 5-30% for untreated disease (2).
Tularemia is normally treated with antibiotics, but the mortality rate is still 2-3% in treated
patients (3-5). A strain of type B (subspecies holarctica) Ft, live vaccine strain (LVS), was
developed in the former Soviet Union in 1961 (6). To date, this is the only vaccine that has
partial protective effects in humans against the most virulent type A (subspecies tularensis)
Ft strains that include SchuS4 (7, 8). LVS is not approved by the US Food and Drug
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Administration as a vaccine for the general public due to safety concerns (9, 10). Therefore
development of new vaccines and immunotherapeutics for tularemia is essential.

Lipopolysaccharide (LPS) has been reported as a protective Ft antigen, with antibodies
targeting primarily its saccharide components (11-14). LPS is comprised of three parts: lipid
A, core-oligosaccharides, and O-antigen (OAg). Lipid A anchors in the outer membrane of
Ft, and core and OAg extend from the bacterial surface (15). OAg is a linear saccharide
comprised of tetrasaccharide repeats, normally attached to the non-reducing end mannose
residue of the core-oligosaccharide. The structure of Ft LPS has been studied using nuclear
magnetic resonance (NMR) and mass spectrometry (MS), as reviewed in (15). In 1991,
Vinogradov and coworkers reported the first Ft OAg structure, determined using NMR for
type B Ft strain 15 (16). The OAg was identified as containing a variable number of
tetrasaccharide repeats of composition GaINACAN,QUINACQUiI4NFm, i.e. two moles of 2-
acetamido-2-deoxy-O-D-galacturonamide (GaINACAN), one mole of 2-acetamido-2,6-
dideoxy-O-D-glucose (QuiNAc), and one mole of 4,6-dideoxy-4-formamido-D-glucose
(Qui4NFm) (16). In their later study, the lipid A and core oligosaccharide structures were
also determined (17). There are two types of core structures: HexNAcHex3Kdo, i.e. one with
one mole of N-acetyl Hexosamine (HexNAc), three moles of Hexoses (Hex), and one mole
of 3-Deoxy-D-manno-oct-2-ulosonic acid (Kdo), and HexNAcHex4Kdo. The structures of
OAg and core oligosaccharides in type A Ft were identical to those observed in type B Ft
(18, 19). In a recent report, a Ft capsular polysaccharide (CPS) was shown to consist of the
same GalNACcAN,QuiNAcQuUi4NFm tetrasaccharide repeat as OAg and to protect mice
against LVS Ft challenge (20).

In order to develop vaccines and immunotherapeutics against Ft, it is necessary to determine
the saccharide structure(s) recognized by protective antibodies. Towards this end, the
compositions and linkages of saccharides from LPS preparations of both the LVS and
Schu$S4 strains were analyzed using liquid chromatography (LC), high resolution mass
spectrometry, and tandem mass spectrometry (MS"). Contrary to earlier studies in which
low resolution mass spectrometry was used and MS/MS was not employed (18), three types
of saccharides were observed in LPS preparations of both strains: two consisting of OAg
attached to one of two core oligosaccharide variants and one consisting of OAg only. Since
all three have potential to generate an immune response toward Ft, these results represent
significant new information that impact the development of immunotherapeutics based on
protective antibodies.

Materials and Methods

LPS preparations

LPS from Ft LVS was purchased from Sussex Research (Ontario, Canada). LPS from Ft
SchuS4 was prepared as follows: SchuS4 bacteria (NR-643, obtained from BEI Resources,
Manassas, VA) were grown to confluence on chocolate agar plates (Remel, Lenexa, KS) for
3 days at 35°C. Bacteria were scraped and suspended in phosphate buffered saline, heat-
killed at 82°C for 2 h, and supplemented with sodium azide to a final concentration of 0.1%.
Bacteria originating from 20 plates, a total ODgqq of 343, were used for LPS purification by
a hot phenol-water extraction method (21, 22) with modifications. Briefly, the cell
suspension was lyophilized, reconstituted with 25 mL HPLC-grade water, and the resulting
suspension was heated to 68°C. An equal volume of 90% phenol solution, preheated to
68°C, was added and the mixture was incubated at 68°C for 1 h with vigorous stirring. After
being kept for 1 h on ice, the mixture was centrifuged at 3,300 x g for 10 min at 4°C, and the
aqueous phase was aspirated. After 25 mL water that had been heated to 68°C was added to
the organic phase, the mixture was incubated at 68°C for 1 h, with vigorous stirring. After 1
h on ice, the mixture was centrifuged at 3,300 x g for 10 min at 4°C. The aqueous phase was
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aspirated and combined with the previous fraction. The combined aqueous solution was
dialyzed extensively versus water and then concentrated using rotary evaporation at 40°C.
The residual solution was lyophilized overnight. The lyophilized powder was reconstituted
with 10 mL 0.3 M sodium acetate/70 mL ice-cold absolute ethanol. After cooling in a
freezer at —80°C, the solution was incubated at —20°C for 2 h, centrifuged at 10,000 x g for
20 min at 4°C, and the pellet was reconstituted with 10 mL of water/70 mL ice-cold absolute
ethanol. A pellet was obtained by centrifugation at 10,000 x g for 20 min at 4°C and
resuspended in 1 mL of 50 mM TrisHCI pH 8.0 with 2 mM MgCl,. Benzonase (600 mU)
was added and the sample was incubated at 37°C for 3 h. After the enzyme was inactivated
by heating the mixture at 99°C for 5 min, the buffer was adjusted to 1 mM CacCl,. Pronase
(1 mg) was added and the sample was incubated at 55°C for 24 h. After overnight
lyophilization, 20 mg of material was obtained.

Release and derivatization of saccharides purified from LPS

Saccharides were released from LPS by incubation in 1% acetic acid at 100°C for 2.5 h, and
the resulting oligosaccharides were separated from lipid A by aspirating the supernatant
after centrifugation at 11,000 x g for 1 h. Reduction and permethylation were performed
using published procedures (18, 23, 24).

Size exclusion chromatography (SEC)

Saccharides from SchuS4 and LVS LPS were fractionated using SEC (Superdex Peptide
10/300 GL, GE Healthcare) using 100 mM ammonium acetate/10% acetonitrile as the
mobile phase. The flow rate was 0.2 mL/min with a 2-h isocratic gradient and UV detection
at 225 nm was used for monitoring sample elution. An automatic fraction collector was used
with an interval of two min per eluted fraction.

Mass spectrometry and data analysis

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS—A
Reflex IV MALDI-TOF mass spectrometer (Bruker Daltonics, Billerica, MA) equipped with
a nitrogen laser (337 nm, 3 nsec pulse width) was used. The matrix solution was 10 mg/mL
2,5-dihydroxybenzoic acid (DHB) in 0.1% trifluoroacetic acid (TFA)/ 10 uM sodium
bicarbonate/ 50% acetonitrile. The saccharide samples (0.5 uL) were allowed to co-
crystallize with 0.5 uL of matrix solution on a stainless steel target. Signals from 400 laser
shots at 25-40% laser power were accumulated in positive ion mode over the range m/z 500
—8000. To optimize detection of high molecular weight saccharides in the derivatized
sample, the detection range was set to m/z 2500 — 8000. External calibration was achieved
using peptide calibration standard 1l (Bruker Daltonics, Billerica, MA). DataAnalysis 4.0
(Bruker Daltonics) was used for data analysis.

Chip-based liquid chromatography mass spectrometry—Saccharides from LVS
and SchuS4 strains without SEC fractionation were analyzed by hydrophilic interaction
chromatography (HILIC)/MS using a makeup flow (MUF)-chip-based mass spectrometer
interface (Agilent Technologies, Santa Clara, CA) and a published procedure (25). Formic
acid (50 mM, pH 4.4) with ammonia containing 10% acetonitrile was used as mobile phase
A. Mobile phase B contained 95% acetonitrile and 5% mobile phase A. A gradient
composed of 90% B was used to load oligosaccharide samples on the enrichment column at
4 puL/min flow rate for 30 pL volume. A gradient from 90% B to 0% B was delivered over
39 min using a nanoflow pump at 200 nL/min. Pure acetonitrile was used as MUF at 200
nL/min. An Agilent 6520 quadrupole TOF mass spectrometer was used for detection in
negative ionization mode.
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High resolution and high accuracy mass spectrometric analysis—SEC
fractionated SchuS4 OAg saccharides were analyzed with an LTQ-Orbitrap XL
(ThermoFisher Scientific, San Jose, CA) and a hybrid gQh FT-ICR mass spectrometer
(SolariX 12T, Bruker Daltonics, Billerica, MA) to achieve high resolution and high accuracy
measurements. The samples were diluted in 50% methanol for negative ion mode detection
and in 20 uM sodium bicarbonate/50% acetonitrile for positive ion mode. The FT-ICR mass
spectrometer was calibrated with ESI tuning mix (part number G2432A, Agilent
Technologies, Santa Clara, CA). The capillary voltage was set to 1200 V and nitrogen was
used as the drying gas at a flow rate of 2.5 L min~1. The mass spectra were acquired over
the range m/z 400 —3000. The collision voltage was set to 5 V for fragmentation of [4,2,2]
[0,0,0] and 10 V for [6,3,3][0,0,0], and argon was used as the collision gas. DataAnalysis 4.0
software (Bruker Daltonics) was used for data analysis.

The LTQ-Orbitrap XL is equipped with a NanoMate TriVersa ion source (Advion, Ithaca,
NY). The capillary voltage was set to 1.5 kV and the gas pressure was set to 0.4 psi. The
mass spectra were acquired over the range m/z 200 — 2000 at a resolution of 100,000. After
external calibration, the mass accuracy remained within 5 ppm. The normalized collision
energy for collision-induced dissociation (CID) was set to 20% and helium was used as the
collision gas. All spectra were recorded in profile mode. Xcalibur 2.0.7 (ThermoFisher
Scientific) was used for data analysis.

MALDI-TOF MS of LVS LPS

To confirm published reports and establish separation conditions, native saccharides derived
from a commercial preparation of LVS LPS and their derivatives that had been subjected to
reduction and permethylation were analyzed using MALDI-TOF MS in positive ion mode.
Peaks corresponding to the oligosaccharide compositions HexNAcHexzKdo and
HexNAcHexsKdo, which are the two types of core structures of LPS (18), were observed in
both the native and permethylated samples (Figure 1 and Table 1). Glycans resulting from
sequential addition of a tetrasaccharide unit consisting of GaINACAN,QuUiNAcQui4NFm to
the HexNAcHex4Kdo core structure were also observed in both samples. However, peaks
corresponding to the saccharides composed of one to nine tetrasaccharide repeats without an
attached core, which had compositions identical to that of Ft CPS (20), were observed only
in the mass spectrum generated from the native sample. The mass spectra of the saccharides
after permethylation (Figure 1B and 1C) are largely consistent with the previously published
work of Prior et al (18), and the observed ions correspond to OAg with the
HexNAcHexKdo core. It is noteworthy that OAg attached to the HexNAcHex3Kdo core,
[2,1,1][1,3,1] (the saccharide composition is given as [GaINACAN, QuiNAc, Qui4NFm]
[HexNAc, Hex, Kdo]), has been detected in both the native and permethylated samples.
These data represent the first time that [2,1,1][1,3,1] has been reported. The mass
assignments for the MALDI-TOF MS results are listed in Table 1. The detection of native
saccharides in the LPS preparation demonstrates that the material previously thought to
consist only of OAg attached to HexNAcHexKdo core, is actually comprised of three types
of chains: OAg attached to HexNAcHexsKdo core, OAg attached to HexNAcHex3Kdo core,
and OAg with no attached core (coreless saccharides).

Relative abundances of saccharides from LVS and SchuS4 LPS preparations

To determine whether the three types of saccharide chains observed in the LVS LPS
preparation are also present in an LPS preparation derived from the virulent SchuS4 strain,
we analyzed saccharides from in-house purified SchuS4 LPS. The relative abundances of the
saccharide chains in the LPS preparations from both the LVS and SchuS4 strains were
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determined using a chip-based LC/MS system. All saccharides found in LVS were also
found in SchuS4 and both strains were found to have higher abundance of OAg-core
saccharides containing the HexNAcHex4Kdo core ([1,4,1]) than the corresponding
saccharides containing the HexNAcHex3Kdo core ([1,3,1]) (Figure 2). Coreless saccharides
[2,1,1]1-9[0,0,0] were found in considerably higher abundances in SchuS4 than LVS. In the
LVS preparation, [0,0,0][1,3,1] core-oligosaccharide was the most abundant component and
LVS saccharide [2,1,1][1,4,1] was also detected in high abundance. The results show
dramatically different abundances of saccharides in the OAg fractions from the LVS and
SchuS4 preparations, but these differences may not be explained solely by the strain
differences because growth conditions can affect LPS saccharide composition in Ft (26).

Tandem MS of LPS coreless saccharides

[4,2,2][0,0,0]—Tandem MS was performed on the saccharides with two and three
tetrasaccharide repeats. The oligosaccharide containing two tetrasaccharide repeats, [4,2,2]
[0,0,0], was enriched using SEC. The peak at m/z 824.2961 corresponds to the [M + 2Na]?*
of [4,2,2][0,0,0] with -1.1 ppm mass error. This ion was subjected to tandem MS using CID
in positive ion mode on an LTQ-Orbitrap XL mass spectrometer (Supplemental Figure 1A).
To further characterize the topology of this saccharide, the product ion at m/z 833.3009 from
the MS2 spectrum, which corresponds to the sodium adducted fragment containing the
tetrasaccharide [2,1,1][0,0,0], was isolated and subjected to further CID fragmentation. In
the resulting MS3 spectrum (Supplemental Figure 1B), the two ions with the highest signal
intensities corresponding to [2,0,1][0,0,0] and [2,1,0][0,0,0] were each isolated and
fragmented with another stage of CID. The resulting MS* spectra for fragmentation of ions
at m/z 646.2158 ([2,0,1][0,0,0]) and 660.2314 ([2,1,0][0,0,0]) are shown in Supplemental
Figure 1C and 1D. The detailed interpretations of the multistage tandem MS results are
listed in Supplemental Table 1. The fragment ions were reported using the Domon and
Costello nomenclature (27). Fragments corresponding to [2,0,0][0,0,0] and [1,0,1][0,0,0]
were observed in the MS# spectrum of [2,0,1][0,0,0], and these indicate the monosaccharide
sequence of Qui4NFm-GalNACAN-GalNACAN. In the MS# spectrum of [2,1,0][0,0,0], the
observation of [2,0,0][0,0,0] and [1,1,0][0,0,0] fragments suggests the monosaccharide
sequence of GaINACAN-GalNAcAN-QuiNAc. The existence of [2,0,1][0,0,0] and [2,1,0]
[0,0,0] fragments in the MS3 spectrum, together with the monosaccharide sequences
deduced from the MS? spectra, show that Qui4NFm-GalNAcAN-GalNACAN-QuiNAc is the
monosaccharide sequence of [2,1,1][0,0,0]. Analysis of the fragments in the MS? spectrum
which resulted from glycosidic bond cleavages, led to the conclusion that the precursor ion
at m/z 824.2961, assigned to [4,2,2][0,0,0] is composed of two tetrasaccharide repeats,
Qui4NFm-GalNACAN-GalNACAN-QuiINAC, in series.

Although the monosaccharide sequence [4,2,2][0,0,0] was assigned on the basis of MS"
analysis of the native glycan, tandem MS of the 180-labeled sample was necessary to
unambiguously assign the residue at the reducing end (Supplemental Figure 2). The ions
observed at m/z 825.2987 correspond in composition to [M + 2Na]2* for [4,2,2][0,0,0], with
one 180 being replaced by one 180 with —0.5 ppm mass error. After isolation of the ions in
the quadrupole ion trap, CID resulted in the formation of the fragments at m/z 835.3053 in
the MS2 spectrum, which correspond to the sodium adduct of [2,1,1][0,0,0] with one 180
atom replacing one 160 atom (Supplemental Figure 2A). After isolation of the peak at m/z
835.3053, MS? was performed (Supplemental Figure 2B). The detailed interpretations of the
multi-stage tandem MS results are listed in Supplemental Table 2. The two most abundant
MS3 product ions were observed at m/z 646.2163 and 662.2362 and were consistent with
trisaccharide compositions of [2,0,1][0,0,0] and one 180 atom replacing one 160 atom of
[2,1,0][0,0,0], respectively. From this result, a QuiNAc residue was determined to be located
at the reducing-end of [4,2,2]][0,0,0]. The [4,2,2][0,0,0] glycan is therefore composed of two
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tetrasaccharide repeats, Qui4NFm-GalNAcAN-GalNAcAN-QUuiNAcC, in series, with a
Qui4NFm residue at the non-reducing end and a QuiNAc residue at the reducing end (Figure
3A).

The multi-stage tandem MS fragments of native and 180-labeled [4,2,2][0,0,0] are displayed
on their chemical structures in Figures 4 and 5, with glycosidic bond cleavages labeled in
blue, internal cleavages in green, and cross-ring cleavages in red. Observed glycosidic bond
cleavages provided monosaccharide sequence information and the presence of the %.2A3
cleavage in Figure 4B and 4C verified the non-reducing end saccharide mass.

To confirm these results, tandem MS of native [4,2,2][0,0,0] was carried out in negative ion
mode using a Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrometer
(Supplemental Figure 3A). The mass spectral data were more accurate than those acquired
with the LTQ-Orbitrap XL mass spectrometer and thus provided the advantage of greater
certainty of mass assignments. The detailed interpretations of the tandem MS result are
presented in Figure 6A and Supplemental Table 3. Fragmentation patterns similar to those
found in the negative ion MS/MS spectra were observed in the MS/MS spectra acquired in
the positive ion mode using the LTQ-Orbitrap XL mass spectrometer. The observed
glycosidic bond cleavages confirmed that [4,2,2][0,0,0] is composed of two tetrasaccharide
repeats, QUi4NFm-GalNACAN-GalNAcAN-QUINAC, in series. Cross-ring cleavages were
observed in higher abundances in negative ion mode using the FT-ICR mass spectrometer
than positive ion mode using the LTQ-Orbitrap mass spectrometer, but did not allow
unambiguous assignment of linkages.

[6,3,3][0,0,0]—The oligosaccharide corresponding to the coreless chain [6,3,3][0,0,0] was
also analyzed using multi-stage tandem MS in positive ion mode on an LTQ-Orbitrap XL
mass spectrometer. The [M + 2Na]%* peak at m/z 1220.4479 was isolated and subjected to
CID (Supplemental Figure 4A). The tetrasaccharide product ion observed at m/z 833.3003 in
the MS2 spectrum, which corresponds to [2,1,1][0,0,0], was isolated and fragmented using
CID (Supplemental Figure 4B). The detailed interpretations of the multi-stage tandem MS
results are listed in Supplemental Table 4. As was the case for the MS3 spectrum of [4,2,2]
[0,0,0], singly-charged product ions at m/z 646.2155 and 660.2312, corresponding to the
compositions [2,0,1][0,0,0] and [2,1,0][0,0,0], were observed in the MS3 spectrum of [6,3,3]
[0,0,0], suggesting the Qui4NFm-GalNAcAN-GalNAcAN-QuiNAc sequence. The presence
of the ions at m/z 444.1574 and 473.1473, corresponding to the compositions [1,1,0][0,0,0]
and [2,0,0][0,0,0], also confirmed the monosaccharide sequence. The base peak in the MS?
spectrum, m/z 1126.9037, corresponding to the doubly-charged [6,2,3][0,0,0] species,
implies the position of a QUINAC residue at either the non-reducing end or the reducing end
of the sequence. In the tandem MS spectrum of the [M + 2Na]?* of the 180-labeled [6,3,3]
[0,0,0] (Supplemental Figure 5 and supplemental Table 5), the base peak was observed at m/
2 1126.9044, corresponding to [6,2,3][0,0,0]. This result indicates that a QuiNAc residue is
located at the reducing end of the linear oligosaccharide chain. As was observed in the MS?
spectrum of 180-labeled [4,2,2][0,0,0], the appearance of the signals at m/z 662.2365 and
646.2166, which correspond to [2,1,0][0,0,0] with one 180 atom replacing one 160 atom and
[2,0,1][0,0,0], supports the conclusion that a QUiNAC residue serves as the reducing-end of
this oligosaccharide. Therefore, [6,3,3][0,0,0] is composed of three tetrasaccharide repeats,
Qui4NFm-GalNACcAN-GalNACAN-QUINAC, in series, with a Qui4NFm residue at the non-
reducing end and a QuiNAc residue at the reducing end (Figure 3B).

The multi-stage tandem MS fragments of native and 180 labeled [6,3,3][0,0,0] are displayed
on their chemical structures in Figures 7 and 8. A few cross-ring cleavages were observed
on the GaINACAN residues in the MS? spectrum of [6,3,3][0,0,0], and no linkage
information can be deduced from them.
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Tandem MS of native [6,3,3][0,0,0] was also carried out in negative ion mode using an FT-
ICR mass spectrometer (Supplemental Figure 3B). The detailed interpretations of the
tandem MS result are presented in Figure 6B and Supplemental Table 3. From the observed
products that arose via glycosidic bond cleavages, [6,3,3][0,0,0] is confirmed to be
composed of three tetrasaccharide repeats, Qui4NFm-GalNAcAN-GalNAcCAN-QuiNAc, in
series. The cross-ring cleavages observed in tandem mass spectra acquired in the negative
ion mode did not allow unambiguous assignment of linkages.

Discussion

OAg-containing saccharides obtained after hydrolysis of the components in preparations of
Ft LPS have been assumed to consist of OAg chains attached to the HexNAcHexsKdo core
(17). In the present work, OAg saccharides attached to HexNAcHex3Kdo core,
HexNAcHexsKdo core as well as OAg saccharides without an attached core were identified
in hydrolysates of LPS preparations from both the LVS and SchuS4 strains. It is likely that
the published studies using NMR failed to detect the coreless saccharides. In the present
study and in previous work (18), coreless saccharides were not detected in the permethylated
samples, possibly due to their poor solubility in organic solvents during the derivatization
procedure. Similarly, previous studies may not have detected OAg-core saccharides
containing the HexNAcHexsKdo core because of the higher abundance of OAg-
HexNAcHexsKdo saccharides in both LVS and SchuS4.

It was necessary to use high resolution and high mass accuracy MS in order to reach a
definitive interpretation of the compositions of saccharides derived from Ft LPS
preparations. For example, the monoisotopic peak at m/z 846.3090 (2+) could have been
interpreted as [2,0,1][1,4,1] with a ~30 ppm mass error that is within the tolerable range for
low resolution mass spectrometers (Table 2). By contrast, the assignment of the same peak
as [4,2,2][0,0,0] results in a mass error of 3.5 ppm, which is within the mass error tolerance
for the high resolution and high accuracy mass spectrometers used in this study. Thus, the
application of high resolution and high accuracy MS enabled the identification of previously
unidentified coreless saccharides (17, 18) in fractions released from Ft LPS preparations.

CID was used to achieve fragmentation of the coreless saccharides with two and three
tetrasaccharide repeats in this study. Extensive glycosidic bond cleavages were observed in
both positive and negative ionization mode tandem MS experiments. The information
enabled a consistent interpretation regarding the monosaccharide sequences of the
saccharides. Other fragmentation techniques, such as electron-transfer dissociation (ETD)
(28) and electron-capture dissociation (ECD) (29), which generate mainly cross-ring
cleavages for carbohydrates (30, 31), and/or other chemical derivatization of the native
saccharides, such as peracetylation, might be helpful to provide additional detail concerning
the glycosidic linkage positions in these coreless saccharides.

Although mass spectrometry has the advantage of accurately detecting minor components
comparing to other detection methods such as NMR, it is not sufficient to distinguish
isomers of the monosaccharide residues because it only provides m/z values of the analytes.
It is insufficient to determine the identity of the monosaccharide residues, and other
complimentary detection techniques, for example, NMR and glycosyl composition, are
needed to identify the actual monosaccharide residues.

Ft OAg had been reported by Vinogradov and coworkers, based on NMR analysis (16, 17),
and by Prior et al., based on MS analysis (18), to have repeats of the structure: —4)-
GalNACAN-(al—4)-GalINACAN-(01—3)-QuiNAc-(B1—2)-QuidNFm-(B1— or to be
composed of (GaINAcAN),QuUiNAcQui4NFm, respectively. Both groups proposed that the
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QuiNAC residue is attached to the core based on similarities in the sugar composition of the
OAg repeat-unit of Ft compared to other Gram negative bacteria (16, 17) and the deduced
putative functions of the proteins encoded in the OAg biosynthetic gene-cluster of Ft (18).
The present study confirmed the previously reported Ft OAg repeat structure and showed
that QuiNAc is the reducing end residue and that a Qui4NFm is the residue at the non-
reducing end of coreless OAg saccharides.

The present high resolution and mass accuracy tandem MS study demonstrated that the
coreless saccharides have the monosaccharide sequence of Qui4NFm-GalNACAN-
GalNACAN-QUuiNAc attached in series. This is the same as the recently reported Ft CPS
tetrasaccharide repeat sequence (20). The saccharides observed in the present study may
derive from LPS chains in the process of synthesis, before or during transfer from the carrier
oligosaccharide to core-lipid A in the Ft inner membrane, a process documented for other
Gram negative bacteria (32—-34). The considerably higher abundance of coreless saccharides
in the SchuS4 vs. the LVS strain observed in the present study is consistent with the
presence of thicker capsules in virulent Ft strains compared with LVS (35). Differences in
abundances of saccharides may also arise from the culture conditions of the bacteria used for
the commercial LVS versus that for the in-house SchuS4 LPS preparations (26). Other
methods of separating LPS and CPS (36)(20) might be helpful in revealing the biological
role of the coreless OAg saccharides observed in this study..

This study identified three structurally distinct types of OAg-containing saccharides present
in hydrolysates of Ft LPS preparations: those with HexNAcHex4Kdo core, those with
HexNAcHex3Kdo core, and those with no core. Each of these has the potential to present
unique epitopes for antibody reactivity. Preparative chromatographic separation of
homogeneous OAg-containing and core saccharides is therefore necessary in order to map
epitopes targeted by protective anti-Ft LPS antibodies towards development of vaccines and
immunotherapeutics for tularemia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Francisella tularensis

LPS lipopolysaccharide

OAg O-antigen

LVS live vaccine strain

CPS capsular polysaccharide

QUi4NFm 4,6-dideoxy-4-formamido-D-glucose
QUuiNACc 2-acetamido-2,6-dideoxy-O-D-glucose
GalNACAN 2-acetamido-2-deoxy-O-D-galacturonamide
Hex Hexoses
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HexNAc N-acetyl Hexosamine
Kdo 3-Deoxy-D-manno-oct-2-ulosonic acid
NMR nuclear magnetic resonance
MS mass spectrometry
LC liquid chromatography
Msn tandem mass spectrometry
SEC size exclusion chromatography
MALDI-TOF matrix-assisted laser desorption/ionization time-of-flight
DHB 2,5-dihydroxybenzoic acid
TFA trifluoroacetic acid
HILIC hydrophilic interaction chromatography
MUF makeup flow
CID collision-induced dissociation
FT-ICR Fourier transform-ion cyclotron resonance
ETD electron-transfer dissociation
ECD electron-capture dissociation
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Figure 1. MALDI-TOF mass spectra of native (A) and reduced and permethylated LVS
saccharide chains in low (B) and high (C) molecular weight range
Saccharide compositions are given as [GaINACAN, QuiNAc, Qui4NFm] [HexNAc, Hex,

Kdo].
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Figure 2. Relative abundances of saccharide chains in LPS preparations from LVS (A) and
SchuS4 (B) Ft strains

The relative abundances were obtained from integration of the areas under the peaks in the
extracted ion chromatograms for each compound from HILIC Chip-based LC/MS. Error
bars were calculated as standard deviation from the means of triplicates. Saccharide
compositions are given as [GaINACAN, QuiNAc, Qui4NFm] [HexNAc, Hex, Kdo].
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Figure 3.
The structures of coreless saccharides [4,2,2][0,0,0] (A) and [6,3,3][0,0,0] (B) deduced from

tandem MS in both positive and negative ion modes.
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Figure 4. Multi-stage tandem MS reveals the structural linkage for [4,2,2][0,0,0]

Tandem MS of the saccharide [4,2,2][0,0,0], [M + 2Na]?* m/z 824.2961, and its product
ions was performed on an LTQ-Oribtrap XL mass spectrometer in positive ion mode. CID
fragmentations of the precursor ion m/z 824.2961 (A), MS3 of the ion at m/z 833.3009 (B),
and MS* of the ions at m/z 646.2158 (C) and 660.2314 (D) are displayed on the chemical
structures as glycosidic bond cleavages labeled in blue, cross-ring cleavages in red, and
internal cleavages in green. Monosaccharide residues abbreviations QM (Qui4NFm), GN
(GaINACAN), and QC (QuiNAc) are shown inside the six-member rings for clarity. One
pair of internal cleavage is shown in purple to represent the alternative assignments. All
fragments contain Na.
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Figure 5. Multi-stage tandem mass spectra of the 180 Jabeled saccharide [4,2,2][0,0,0] reveals the
reducing-end residue

Tandem MS of the 180 labeled saccharide [4,2,2][0,0,0] was performed on an LTQ-Oribtrap
XL mass spectrometer in positive ion mode. CID fragmentations of the precursor [M +
2Na]?* m/z 825.2987 (A) and MS3 of the secondary product ion at m/z 835.3053 (B) are
displayed on the chemical structures. Monosaccharide residues abbreviations QM
(Qui4NFm), GN (GalNAcAN), and QC (QuiNAC) are shown inside the six-member rings
for clarity. All fragments contain Na.
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CID MS? fragmentations of the [M + 2HCOQ]2~ of the saccharide chains [4,2,2][0,0,0] at
m/z 846.3049 (A) and [6,3,3][0,0,0] at m/z 1242.4535 (B) were obtained in negative ion

mode using a Solarix FT-ICR mass spectrometer and are displayed on the chemical

structures. Monosaccharide residues abbreviations QM (Qui4NFm), GN (GalNAcAN), and

QC (QuiNACc) are shown inside the six-member rings for clarity.
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Figure 7. Multi-stage tandem MS reveals the structural linkage for [6,3,3][0,0,0]
Tandem MS of the saccharide [6,3,3][0,0,0], [M + 2Na]2* m/z 1220.4479 was performed on
an LTQ-Oribtrap XL mass spectrometer in positive ion mode. CID fragmentations of the

precursor ion m/z 1220.4479 (A) and MS3 of the product ion at m/z 833.3003 (B) are

displayed on the chemical structures. Monosaccharide residues abbreviations QM
(Qui4NFm), GN (GalNACcAN), and QC (QuiNAc) are shown inside the six-member rings
for clarity. All fragments contain sodium.
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Figure 8. Tandem MS of the 180 Jabeled saccharide [6,3,3][0,0,0] reveals the reducing-end
residue

Tandem MS of the 180 labeled saccharide [6,3,3][0,0,0], [M + 2Na]?* m/z 1221.4487 was
performed on an LTQ-Oribtrap XL mass spectrometer in positive ion mode. CID
fragmentations of the precursor ion are indicated on the chemical structure. Monosaccharide
residues abbreviations QM (Qui4NFm), GN (GaINAcAN), and QC (QuiNAc) are shown
inside the six-member rings for clarity. All fragments contain sodium.
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Observed ions for native and reduced and permethylated LVS saccharides in positive ion

reflectron mode on a MALDI-TOF mass spectrometer
Saccharide compositions are given as [GaINACAN, QuiNAc, Qui4NFm] [HexNAc, Hex, Kdo].

Saccharide Composition | m/z Observed (native) | m/z Observed (Permethylated)
[2,1,1][0,0,0] 833.8
[0,0,01[1,3,1]" 1172.6
[0,0,0][1,3,1] 932.7 12186
[0,0,0][1,4,1] 1094.7 1421.2
[4,2,2][0,0,0] 1626.2
[2,1,1][1,3,1] 1725.2 2179.2
21,101,417 23383
[2,1,1][1,4,1] 1887.3 2384.3
[4,2,2][1.4,1] 33458
[6,3,3][1,4,1] 43075
[6,3,3][0,0,0] 2419.8
[8,4,4]0,0,0] 32123
[10,5,5][0,0,0] 4005.7

*

represents loss of formic acid.
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