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ABSTRACT: We here report the lipopolysaccharide (LPS) structures expressed by nontypeable Haemophilus
influenzae R2846, a strain whose complete genome sequence has recently been obtained. Results were
obtained by using NMR techniques and ESI-MS on O-deacylated LPS and core oligosaccharide material
(OS) as well as ESI-MS" on permethylated dephosphorylated OS. A 5-D-Glcp-(1—4)-b-a-D-Hepp-(1—6)-
B-D-Glcp-(1—4) unit was found linked to the proximal heptose (Hepl) of the conserved triheptosyl inner-
core moiety, L-a-D-Hepp-(1—2)-[ PEtn—6]-L-0-D-Hepp-(1—3)-L-a-D-Hepp-(1—5)-[ PPEtn—4]-0-Kdo-
(2—06)-lipid A. The $-p-Glcp (Glcl) linked to Hepl was also branched with oligosaccharide extensions
from O-4 and O-6. O-4 of Glcl was substituted with sialyllacto-N-neotetraose [o-Neu5Ac-(2—3)-5-D-
Galp-(1—4)--p-GlcpNAc-(1—3)-5-D-Galp-(1—4)-3-D-Glcp-(1—] and the related structure [(PEtn—6)-
o-D-GalpNAc-(1—6)-3-D-Galp-(1—4)-3-D-GlcpNAc-(1—3)-3-D-Galp-(1—4)-5-D-Glcp-(1—]. The distal
heptose (HeplIII) was substituted at O-2 by 3-D-Gal. Phosphate, phosphoethanolamine, phosphocholine,
acetate, and glycine were found to substitute the core oligosaccharide. Two heptosyltransferase genes,
losB1 and losB2, have been identified from the R2846 genome sequence and are candidates to add the
noncore heptose to the LPS. Mutant strain R2846/osB1 did not show DD-heptose in the extension from
Hepl but still contained minor quantities of LD-heptose at the same position, indicating that the losB1
gene is required to add pD-heptose to Glcl. The LPS from strain R2846/osB1/losB2 expressed no noncore

heptose, consistent with losB2 directing the addition of LD-heptose.

INTRODUCTION

Haemophilus influenzae (Hi) is a host-adapted bacterium
that colonizes the respiratory tract of humans. The bacterium
is an important cause of disease worldwide and exists in
encapsulated (type a through f) and unencapsulated (non-
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typeable, NT) forms (/, 2). The potential of Hi to cause
disease depends upon its surface-expressed carbohydrate
antigens, capsular polysaccharide (3), and lipopolysaccharide
(LPS") (4). Structural studies of LPS from Hi have identi-
fied a conserved inner-core structure containing a glucose-
substituted triheptosyl inner-core moiety L-o-D-Hepp-(1—2)-
[PEtn—6]-L-a-D-Hepp-(1—3)-[8-D-Glcp-(1—4)]-L-a-D-
Hepp linked to lipid A via 3-deoxy-D-manno-oct-2-ulosonic
acid (Kdo)-4-phosphate. This inner-core unit provides the
template for attachment of oligosaccharides and noncarbo-
hydrate substituents. Prominent noncarbohydrate substituents
are free phosphate (P), phosphoethanolamine (PEtn), pyro-
phosphoethanolamine (PPEtn), phosphocholine (PCho), ac-
etate (Ac), and glycine (Gly) (5). The outer-core region of
NTHi LPS can mimic host glycolipids, and the expression
of terminal epitopes is subject to high frequency phase
variation, leading to heterogeneous LPS populations within
a single strain. Phase variation is thought to provide an
adaptive mechanism, which is advantageous for the survival
of bacteria confronted by the differing microenvironments
and immune responses of the host (5). Structural studies of
LPS from various NTH;i strains have revealed that the 5-D-
Glcp of the inner-core moiety (Glcl) can have oligosaccha-
ride (OS) extensions at both O-4 and O-6 in the same
glycoform. The hexose linked to O-4 can be either a f3-D-
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Glc or a 3-D-Gal, which can be further extended (5). O-6 of
Glcl has been found substituted by heptose containing
extensions [-D-Galp-(1—4)-pD-o-D-Hepp-(1—, S-D-Glcp-
(1—4)-p-0-D-Hepp-(1— and 5-D-GalpNAc-(1—3)-a-p-Galp-
(1—4)--p-Galp-(1—6)-L-0-D-Hepp-(1—, or truncated ver-
sions thereof (6-8).

Hi strain Rd was the first organism for which the complete
genome sequence was determined and published (9), and this
has facilitated a comprehensive study of LPS biosynthetic
genes and their roles in glycoform expression and virulence
in several Hi strains (5). The genes involved in LPS
biosynthesis have been investigated extensively in the type
b strain Eagan and in the genome reference strain Rd (10, 117).
Gene functions have been identified that are responsible for
most of the steps in the biosynthesis of the OS portion of
their LPS molecules (5). However, the genes responsible for
incorporation of the oligosaccharides from Glcl containing
a fourth heptose have not been characterized, likely because
they are absent from the strain Rd genome sequence. The
recent completion and release of further genome sequences
for NTHi strains (12, 13) offers further opportunity to identify
novel LPS related genes. A candidate gene for a novel
heptosyltransferase (LosB) was identified from the NTHi
strain R2846 genome sequence through homology to a gene
in the related species Haemophilus ducreyi (14) that has
recently been shown to direct the incorporation of a fourth
heptose in the LPS of this species (15).

In this study, we present detailed structural studies of LPS
from NTHi R2846 and derived mutant strains. Strain R2846
expresses a very heterogeneous mixture of glycoforms. A
major LPS glycoform contained a -b-Glcp-(1—4)-D-0t-D-
Hepp-(1—6)--D-Glcp-(1—4) motif extending from Hepl
and a (-p-Galp-(1—2) unit substituting the distal heptose
(HeplII). Several noncarbohydrate substituents contributed
to the structural diversity observed in the strain. Two
heptosyltransferase candidate genes, losB1 and losB2, have
been identified from the R2846 genome sequence. Analy-
sis of LPS from mutant strains R2846losB1, R2846losB2,
and R2846/osB1/losB2 indicated that both losBI and losB2
are involved in the addition of noncore heptose.

MATERIALS AND METHODS

Strains, Cultivation, and Preparation of Lipopolysaccha-
rides. NTHi strain R2846 is a clinical isolate originating from
a patient with otitis media (/6) and has been used in a
genome sequencing project (GenBank NZ DQ007026). Strain
R2846IpsA was made as described previously (10, 17), and
details of the construction of the mutant strains R2846losB1,
R2846losB2, and R2846losB1/losB2 will be published else-
where. Growth conditions of bacteria and extraction of LPS
are described in Supporting Information.

Chromatography. Gel-permeation chromatography was
performed on a Bio-Gel P4 column (2.5 x 80 cm, fraction
range 800—-4000 Da) as previously described (/8). GLC was
carried out on a Hewlett-Packard 6890 instrument with a
DB-5 fused silica capillary column (30 m x 25 mm x 0.25
um) as previously described (/8). HPLC was performed on
a 2690 Waters HPLC system (Waters, Milford, USA) using
a microbore C-18 column (Phenomenex LUNA 5 um
C18(2)) at 21 °C. Gradient conditions are described in
Supporting Information. High performance anion exchange
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chromatography (HPAEC) with pulsed amperometric detec-
tion (PAD) was performed on a Dionex Series 4500i
chromatography system (Dionex, Sunnyvale, USA) using a
CarboPac PA20 column (3 x 150 mm). Details are given in
Supporting Information.

Preparation of Oligosaccharides and Lipid A. (a) O-
Deacylation: O-deacylated LPS (LPS-OH) was obtained by
treatment of LPS with anhydrous hydrazine under mild
conditions as previously described (/8). O-deacylated OS
material was obtained using 1 M NHj3 (/8). (b) Mild acid
hydrolyses: LPS-OH (0.1 mg) was treated with aqueous HCI
(0.1 M, 80 °C, 1 h) to release NeuSAc. The sample was
evaporated, diluted in H,O, and subjected to HPAEC-PAD.
Reduced core OS was obtained after mild acid hydrolysis
(1% acetic-acid, pH 3.1, 100 °C, 2 h) of LPS (25-50 mg) in
the presence of borane-N-methylmorpholine complex. The
insoluble lipid A part was separated from the OS by
centrifugation. Following purification on a Biogel P4 column,
OS fractions were obtained as follows: R2846 (OS1 to OS4),
R2846losBl (OS1 to OS4), R2846l0osB2 (OS1 to OS4),
R2846losB1/losB2 (OS1 to OS3), and R2846lpsA (OS] to
0S3). Details are given in Supporting Information. In a minor
scale, 2 mg of LPS-OH was hydrolyzed using the acidic
conditions described above but with the following reduction
step with sodium borohydride in 1 M NHj solution (21 °C,
16 h). The oligosaccharide (OS’) obtained was separated from
the lipid part by centrifugation. (c) Dephosphorylation of OS
and purification of lipid A: The procedures are described in
Supporting Information (/8-20).

Analytical Methods. Sugars were identified as their alditol
acetates or (+)-2-butyl-acetylated glycosides as previously
described (21, 22). Following acetylation, dephosphorylation
and permethylation analyses were accomplished on LPS-
OH and on OS samples as previously described (/8). The
methylated compounds were recovered on a SepPak C18
cartridge and subjected to sugar analysis or to multiple step
tandem HPLC-ESI-MS (HPLC-ESI-MS"). For locating phos-
phate substituents, 2 mg OS was dephosphorylated after the
permethylation step using 400 uL of 48% HF (4 °C, 48 h).
After evaporation, ethylation was performed with iodoethane
using the same conditions as those for permethylation
followed by sugar analysis. The total content of fatty acids
was analyzed as described previously (20).

Mass Spectrometry. GLC-MS was carried out with the
Hewlett-Packard 6890 chromatograph (described above)
connected to a Micromass quadrupole mass spectrometer.
The relative proportions of the alditol acetates, partially
methylated alditol acetates, partially ethylated and methylated
alditol acetates, and fatty acids corresponded to the detector
response of the GLC-MS. ESI-MS was performed with a
VG Quattro mass spectrometer (Micromass, Manchester,
UK) or on a Finnigan LCQ ion trap mass spectrometer in
negative ion mode. Details are given in Supporting Informa-
tion. ESI-MS" experiments on permethylated OS samples
were performed in the positive ion mode [M + Na]* on the
Finnigan LCQ instrument coupled to the Waters HPLC
system (described above). Capillary electrophoresis (CE)-
ESI-MS/MS was carried out with a Crystal model 310 CE
instrument (ATI, Unicam, Boston, MA) coupled to an API
3000 mass spectrometer (Perkin-Elmer/Sciex, Concord, ON)
via a Microlonspray interface as described previously (23).
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Table 1: Methylation Analysis Data Performed on Dephosphorylated LPS-OH, OS3, OS” and OS1 Samples Derived from Strain R2846 and the Mutant

Strains R2846/osB1, R2846losB2, R2846losB1/losB2, and R2846IpsA

relative detector response

R2846 R2846l0osB2 R2846losB1 R2846losB1/losB2 R2846lpsA
methylated sugar®  linkage assignment  Tgn” LPS-OH 0S3 OS1 LPS-OH OS1 OS OSl1 os’ OS1 0s”  0Sl1
2,3,4,6-Mes-Glc D-Glep-(1- 1.00 13 14 9 16 8 18 8 16 2 17 4
2,3,4,6-Mes-Gal p-Galp-(1- 1.07 6 9 7 8 5 11 9 13 13 1 2
2,3,6-Me;-Gal -4)-p-Galp-(1- 1.26 2 1 2 1 1 2 2 1 tr. tr.
2,3,6-Me;-Glc -4)-p-Glep-(1- 1.27 1 1 1 1 3 8 5 6 1 tr.
2,4,6-Me;-Gal -3)-p-Galp-(1- 1.31 4 2 7 7 4 4 7 7 14 2 8
2,3,4-Mes-Glc -6)-D-Glep-(1- 1.32 16 11 9 12 9 4 2 20 9
2,3,4,6,7-Mes-Hep  pp-Hepp-(1- 1.38 tr. tr.
2.3,4-Mes-Gal -6)-D-Galp-(1- 1.43 tr. 5 1 5 2 7 tr. 13 tr. 4
2,3,4,6,7-Mes-Hep  Lb-Hepp-(1- 1.46 tr. 1 tr. 1 1 3 8 3
2,3-Me,-Glc -4,6)-D-Glep-(1- 1.57 3 1 9 4 19 2 4 5 8 17
2,3,6,7-Mes-Hep -4)-pp-Hepp-(1- 1.62 17 19 16 18 10 21 14
2,3,6,7-Mes-Hep -4)-Lp-Hepp-(1- 1.67 tr. tr. 1 2 tr. tr.
3,4,6,7-Mes-Hep -2)-Lp-Hepp-(1- 1.69 10 22 14 9 14 24 18 18 13 2 4
2,6,7-Mes-Hep -3,4)-Lp-Hepp-(1- 1.82 17 22 14 15 16 23 18 36 22 18 25
2,3,4,6-Mes-GalN  p-GalNAcp-(1- 1.90 2 2 1 2 3 6 1 5 1 3
2,3,6-Mes-GIcN -4)-D-GlcNAcp-(1-  1.98 4 5 3 6 3 8 2 3 1 7
2,3,4-Me3-GIcN -6)-D-GlcNAcp-(1-  2.06 5 3

“2,3,4,6-Mey-Gle represents 1,5-di-O-acetyl-2,3.4,6-tetra-O-methyl-D-glucitol-1-d;, etc. ” Retention times (Tgm) are reported relative to 2,3,4,6-Mes-Gle. “ tr.,

trace.

NMR Spectrometry. NMR spectra obtained from COSY,
TOCSY, NOESY, and HMQC experiments of oligosaccha-
rides and deacylated oligosaccharides were recorded in
deuterium oxide at 25 °C on a JEOL JNM-ECP500 instru-
ment. Details are given in Supporting Information.

RESULTS

NTHi R2846 Wild-Type and Mutant Strains. NTHi strain
R2846 is a clinical isolate taken from the middle ear of a
patient with otitis media and has been used in a genome
sequencing project. Knowledge of the complete genome
sequence provides an excellent opportunity to correlate
LPS structure and genetics for this strain and potentially
identify new LPS-related genes. The repertoire of LPS-
related genes identified for the R2846 genome sequence
largely corresponded to that identified from the Rd genome
sequence. However, of particular interest were two
candidate genes, losB1 and losB2, that might be required
for the incorporation of a fourth heptose in the LPS outer
core. R2846losB1, R2846losB2, and R2846losB1/losB2
mutant strains were constructed. A strain mutated in the
IpsA gene was also investigated (R2846[psA); this gene
controls extension from HepllII (24), and the LPS produced
is less heterogeneous, enabling the more detailed exami-
nation of oligosaccharide extensions from the middle
(HepIl) and the proximal heptose (Hepl) of the inner-
core triheptosyl moiety. The wild-type and mutant strains
were grown in liquid media, and LPS was isolated by
the phenol/chloroform/light petroleum extraction method
(18).

Characterization of LPS from Wild-Type Strain R2846 and
Its Derived Major-Core Oligosaccharide. LPS was treated
with anhydrous hydrazine under mild conditions to give
water soluble O-deacylated material (LPS-OH), which was
subjected to compositional and linkage analyses as well as
ESI-MS. Compositional sugar analysis revealed D-glucose
(Glce), p-galactose (Gal), 2-amino-2-deoxy-D-glucose (GIcN),
D-glycero-D-manno-heptose (DD-Hep), and L-glycero-D-
manno-heptose (Hep) in a ratio of 27:16:19:13:25 as identi-

fied by GLC-MS of their corresponding alditol acetate and
(+)-2-butyl-glycoside derivatives.

LPS-OH was dephosphorylated with 48% hydrogen fluo-
ride prior to methylation analysis. Significant amounts of
terminal Glc, terminal Gal, 6-substituted Glc, 4-substituted
pD-Hep, 2-substituted Hep, and 3,4-disubstituted Hep were
detected (Table 1). The methylation analysis data was
consistent with biantennary structures in NTHi R2486 LPS
containing the common inner-core element, L-a-D-Hepp-
(1—2)-L-0-D-Hepp-(1—3)-[ 3-D-Glcp-(1—4)]-L-a-D-Hepp-
(1—5)-0-Kdop of Hi LPS but also bpD-Hep-containing side
chains.

LPS-OH contained sialic acid (NeuSAc) as shown by
HPAEC-PAD, following mild acid hydrolysis of the sample
(25). The total amount of Neu5SAc was estimated to be 6
pmol (Neu5SAc)/ug (LPS-OH).

The ESI-MS spectrum of LPS-OH (negative mode)
revealed abundant molecular peaks corresponding to doubly
and triply deprotonated ions (Supporting Information, Table
S1). The MS data indicated the presence of heterogeneous
mixtures of glycoforms, consistent with each molecular
species containing the conserved PEtn substituted triheptosyl
inner-core moiety attached via a phosphorylated Kdo linked
to the O-deacylated lipid A (lipid A-OH) (26-28).

Two major glycoforms were observed as doubly charged
ions at m/z 1315.0 and 1376.5, corresponding to glycoforms
with respective compositions Hexs*Heps* PEtn; ,*P+Kdo*
lipidA-OH.

Mild acid hydrolysis of LPS with dilute aqueous acetic
acid afforded insoluble lipid A and core oligosaccharide
material. Purification by gel filtration chromatography re-
sulted in oligosaccharide fractions OS1, OS2, OS3, and OS4.
Sugar analyses performed on the OS fractions were consistent
with the analysis performed on LPS-OH, but with a decrease
of GIcN, confirming this sugar to be part of lipid A (data
not shown).

Lipid A was confirmed to contain the conserved features
as described previously for Hi (20, 29). Both 3-hydroxytet-
radecanoic- and tetradecanoic acid chains were detected in
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FIGURE 1: HPLC-ESI-MS™" analysis performed on the Hex;+Hep,*
AnKdo-ol glycoform of R2846/osB1 (identical to Hexs*Heps*AnKdo-
ol of R2846). (A) Product ion spectrum of [M + Na]™ at m/z 1920.0
corresponding to the Hex3Hep4 glycoform. Proposed key fragments
are indicated in the structure. (B) MS? of the ion at m/z 1205.6
from MS? of m/z 1920.0. Proposed key fragments are indicated in
the structure.

the fatty acid analysis in agreement with the lipid A structure
suggested by Helander et al. (29). Lipid A was investigated
by ESI-MS" in the negative mode as described earlier (20).
Molecular ions at m/z 1745.0, 1716.3, 1534.9, and 1307.8
were fragmented in MS?>* experiments giving results identi-
cal to those obtained previously for other NTHi strains (Table
S2 and Figure S1) (20).

OS fractions were analyzed using ESI-MS (Table S3). The
indicated high content of O-acetates and minor content of
ester-linked glycine were confirmed by analyses performed
on deacylated OS fractions in which O-acylated glycoforms
disappeared (Table S4). The glycoform populations observed
in OS1 and OS2 were more heterogeneous and of higher
molecular mass than those observed in OS3 and OS4. The
ESI-MS and 1D 'H NMR spectra of OS3 and OS4 were
virtually identical. Both fractions contained one major
glycoform that in addition to the triheptosyl inner-core region
contained three hexoses and one heptose (Hex3Hep4). In
contrast, OS1 and OS2 contained glycoforms with additional
hexoses and hexoseamines (HexNAc) and also glycoforms
containing P, PCho and additional PEtn substituents.

In agreement with the LPS-OH data, ESI-MS (negative
mode) on O-deacylated oligosaccharide of the main fraction
(OS3) indicated strong doubly and singly charged ions at
m/z 799.0 and 1598.5 corresponding to a glycoform with
the composition Hexs*Hep4* PEtn*AnKdo-ol. Methylation
analysis of OS3, showed a high content of terminal Glc,
terminal Gal, 6-substituted Glc, 4-substituted bD-Hep, 2-sub-
stituted Hep, and 3,4-disubstituted Hep. In addition, minor
amounts of 3-substituted Gal and 4,6-disubstituted Glc were
observed (Table 1).

Sequence and branching details of the major Hex3Hep4
glycoform were obtained using HPLC-ESI-MS" in the
positive mode on dephosphorylated and permethylated
0S3 (I8, 30). The glycoform (Hex;*Heps*AnKdo-ol) was
observed as a singly charged sodium adduct ion at m/z
1919.8. MS? and subsequent MS? on the resulting product
ions determined one isomer (Figure 1A and B). In the
following, heptoses originating from the inner-core unit are
referred to as Hepl (proximal heptose), Hepll (middle hep-
tose), and Heplll (distal heptose), and noncore heptose is
referred to as HepIV. Ions in the MS? spectrum at m/z 1453.7,
1249.5, and 1205.6 corresponded to the loss of tHex-Hep,
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tHex-HepIV-Hex, and tHex-HeplII-Hepll, which indicated
Hepl to be substituted by a tHex-HepIV-Hex- unit and HeplIl
to be substituted by one hexose. The structure was confirmed
in MS? experiments on m/z 1205.6, where the product ions
at m/z 987.4 and 739.3 indicated the loss of tHex and tHex-
HeplV, respectively.

The major Hex3Hep4 structure was established using
detailed 'H, *C, and 3'P NMR analyses. 'H, '’C, and 3'P
NMR resonances were assigned using gradient chemical shift
correlation techniques (COSY, TOCSY, and HMQC experi-
ments). The chemical shift data is given in Table 2 and the
TOCSY spectrum is shown in Figure 2A. Prior to NMR
analyses, the sample was treated with 1 M NH; to remove
O-acyl groups. In the spectra, each glycosyl residue was
identified on the basis of spin connectivity pathways
delineated in the 'H chemical shift correlation maps, the
chemical shift values, and the vicinal coupling constants.
The chemical shift data were consistent with each sugar
residue being present in the pyranosyl ring form. Further
evidence for this conclusion was obtained from NOE data,
which also served to confirm the anomeric configurations
of the linkages and the monosaccharide sequence (Table 3)
(31). The Hep ring systems were identified on the basis of
the small J,, values, and their o-configurations were
confirmed by the occurrence of single intra-residue NOE
between the respective H-1 and H-2 resonances. Occurrence
of intra-residue NOE between the respective H-1, H-3, and
H-5 resonances of Glcl, Glcll, and Gall indicated -config-
uration of these residues. Several signals for methylene
protons of AnKdo-ol were observed in the COSY and
TOCSY spectra in the region 0 1.87 to 2.18. This is due to
the fact that several anhydro forms of Kdo are formed during
the hydrolysis by elimination of phosphate or pyrophospho-
ethanolamine from the C-4 position (37). 'H—3'P NMR
correlation experiments indicated correlations between the
phosphomonoester of PEtn (dp —0.10) and the signals from
H-6 of HeplI (0y 4.57), which confirmed PEtn to be linked
to O-6 of Hepll of the inner-core unit.

In the '"H NMR spectrum of OS3, anomeric resonances
corresponding to the triheptosyl moiety (Hepl-HeplIIl) were
identified at 6 5.04-5.15, 5.68, and 4.99, respectively.
Subspectra corresponding to the hexose residues and the
noncore heptose were identified in the 2D COSY and
TOCSY spectra at 0 4.50 (Glcl), 4.96 (HeplV), 4.56 (GlcIl),
and 4.40 (Gall). The downfield H-6 shifts of residue Glcl
compared to GlclI (3.85/4.03 and 3.74/3.96, respectively)
were consistent with Glcl being substituted in the O-6
position and GIclI being terminal. This was also confirmed
in '"H—"3C HMQC experiments in which the corresponding
C-6 shifts were observed at 6 66.0 and 61.3. The chemical
shift data indicated Gall to be terminal (Table 2) (28). The
downfield-shifted H-4/C-4 (3.94/78.6) of HeplV indicated
the noncore DD-Hep to be substituted in position O-4 in
agreement with methylation analyses. Inter-residue NOE
were observed between the proton pairs of HepIV H-1/Glcl
H-6A and GlcIl H-1/HeplV H-4, confirming a f-p-Glcp-
(1—4)-p-a-p-Hepp-(1—6)-3-D-Glcp- unit extending from
Hepl (Table 3). Furthermore, inter-residue NOE between the
proton pairs of Gall H-1/Heplll H-1/H2 confirmed Gall to
be linked to position O-2 in HeplIl. The structure of the
major glycoform in strain R2846 is shown in Chart 1.
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Table 2: 'H and '3C Chemical Shifts for the Major Hex3Hep4 and Hex2Hep3 Glycoforms, Derived from Strain R2846, and the Mutant Strains

R2846losBI1, R2846l0sB2, and R2846losB1/losB2%"*

Residue Glycose unit H-1/C-1 H-2/C-2 H-3/C-3 H-4/C-4 H-5/C-5 H-6,/5/C-6 H-75/C-7
Major form; Hex3Hep4 (derived from OS3 of R2846 and R2846losB2)
Hepl —3,4)-L-0t-D-Hepp-(1— 5.04-5.15¢ 4.00-4.06 4.01° 421 4.11° -
97.1 70.9 72.8 73.8 68.2
Hepll —2,3)-L-0-D-Hepp-(1— 5.68 4.18 3.93 - 3.75° 4.57 3.72/3.90
? 99.2 79.6 69.3 71.6 75.3 62.4
PEtn
HeplII —2)-L-0-D-Hepp-(1— 4.99 4.14 4.00 - - - -
100.1 79.7 70.0
Glel —6)-B-D-Glep-(1— 4.50 3.40 3.44 3.54 3.59 3.85/4.03
103.6 74.1 772 70.6 74.1 66.0
HeplV —4)-D-a-D-Hepp-(1— 4.96 4.11 3.93 3.94° 4.18 - -
99.3 69.9 70.5 78.6 71.0
Glell B-D-Glep-(1— 4.56 3.31 3.55 3.41 3.55 3.74/3.96
103.2 73.8 76.0 70.2 76.9 61.3
Gall B-pD-Galp-(1— 4.40 3.59 3.70 3.92 3.75° -
103.8 70.8 72.8 69.2 75.7
Hex2Hep3 (derived from OS3 of R2846losB1 and R2846losB1/ losBZ)h
Heplll —2)-L-0-D-Hepp-(1— 5.12 422 3.96 - - - -
100.2 77.8 69.9
Glel B-D-Glep-(1— 4.53 3.37 3.46 3.46 3.46 3.80/4.03
103.3 74.2 76.7 70.5 76.7 61.5
PEtn 4.15 3.30
62.5 40.5

“ Prior to NMR analyses the samples from OS3 were O-deacylated. Spectra were recorded in D,O at 25 °C. Chemical shift values compared between
the glycoforms could vary up to & 0.01 ppm. Pairs of deoxy protons of reduced AnKdo-ol were identified in COSY and TOCSY spectra at  1.87 to
2.18. * OS fractions prior to O-acylation indicated Ac (Snyca 2.20/20.9) and Gly (Spocz 4.02/40.7). € Deacylated OS2 of R2846 indicated PCho (Oni/ci
4.36/ 60.1, Onoc2 3.69/66.5 and Omemyiric) 3.23/54.5). 4,6-Disubstituted -Gle (Glel’) was identified by (Ouici 4.55/103.4, Onaica 3.78/78.7 and Oueasice
3.87/4.16 and 68.3). Inter-residue NOE between HepIV H-1 and GlcI” H-6 was detected. 4-Substituted S-GlcNAc was identified by Ji» (~8 Hz) and
(Onic1 4.74/103.3, Opycz 3.83/55.7 and Onaics3.74/82.5). No inter-residue NOE connections could be determined. NAc (0 memyiicy 2.05/22.7) from
GlcNAc and GalNAc was observed. ¢ Several signals were observed for Hepl due to heterogeneity in the AnKdo moiety. ¢ Observed from intense NOE
signals. / -, not determined. ¥ Observed in COSY. " The anomeric signals of Hepll and Gall occurred at & 5.65 and 4.42.

Characterization of Glycose Extensions from O-4 Position
of Glcl. Sialyllacto-N-neotetraose [o-NeuSAc-(2—3)-f3-D-
Galp-(1—4)-3-D-GlcpNAc-(1—3)--D-Galp-(1—4)-3-p-Glcp-
(1—] and the related structure [(PEtn—6)-0-D-GalpNAc-
(1—6)-6-p-Galp-(1—4)-3-p-GlcpNAc-(1—3)--D-Galp-(1—4)-
B-D-Glcp-(1—], here referred to as SiaT and GaT, respectively,
have previously been observed linked to Hepl in Hi
strains (32, 33). These structural elements were also indicated
in the LPS of strain R2846. Because of low abundance, the
corresponding glycoforms were not detected in the full ESI-
MS spectrum of LPS-OH. The presence of sialylated
glycoforms, however, was confirmed in precursor ion
monitoring tandem mass spectrometry experiments by scan-
ning for loss of m/z 290 (NeuSAc, negative ion mode)
following CE-ESI-MS/MS. In the spectrum, quadruply and
triply charged ions at m/z 862.0/1149.5 and 892.5/1190.0
corresponded to sialylated glycoforms with compositions

Neu5SAc-HexNAc-Hexs*Heps* PEtn, ,*P+Kdo-lipidA-
OH. Oligosaccharide samples of the leading fractions (OS1
and OS2) were investigated to determine the larger structures
expressed. Since ketoses undergo hydrolysis under mild
acidic conditions, sialic acid (NeuSAc) residues were lost
during delipidation.

ESI-MS on O-deacylated OS1 and OS2 of the wild-type
strain (Table S4) were consistent with the data obtained on
LPS-OH, revealing doubly deprotonated signals at m/z 1062.9
and 1102.9 corresponding to glycoforms with the respective
compositions HexNAc*Hexs*Heps* PEtn* Py * AnKdo-ol. Fur-
thermore, ions observed at m/z 1226.0 and 1266.0 indicated
glycoforms with the respective compositions HexNAc,*
Hexs*Heps* PEtn,* Py *AnKdo-ol.

Methylation analysis performed on OS1 (Table 1) showed
high content of terminal Glc, terminal Gal, 3-substituted Gal,
6-substituted Glc, 6-substituted Gal, 4,6-disubstituted Glc,
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FIGURE 2: Selected region of phase sensitive TOCSY spectra
(mixing time 180 ms) of the OS3 fractions of R2846 (A),
R2846losB1 (B), and R2846losB1/losB2 (C). Cross-peaks of the
major glycoform in the respective samples are labeled. Signals
believed to originate from the Hex3Hep4 glycoform in R2846/0sB1
(B) are marked out within the squares.

4.4 p.p.m.

Table 3: NOE Data of OS3 Obtained from R2846 and R2846/0sB2¢

observed proton

anomeric proton intra inter

of residue residue NOE residue NOE
Hepl H-2 H-5/H-7 Kdo
Hepll H-2 H-3 Hepl, H-1 Heplll
HeplII H-2 H-1 and H-2 Hepll, H-1 Gall
Glcl H-3 and H-5 H-4 and H-6 Hepl
HeplV H-2 H-6A Glcl
Glcll H-3 and H-5 H-4 HeplV
Gall H-3 and H-5 H-1 and H-2 HeplII

“ Cross-peaks detected in the NOESY spectra were acquired with 250
ms spin lock time.

4-substituted bb-Hep, 2-substituted Hep, 3,4-disubstituted
Hep, terminal GalN, and 4-substituted GlcN. In addition,

Lundstrom et al.

minor amounts of 4-substituted Gal, 4-substituted Glc,
terminal bD-Hep, terminal Hep, and 4-substituted Hep were
detected.

Several glycoforms were observed by HPLC-ESI-MS" on
dephosphorylated and permethylated OS1 that were not
detected in underivatized samples (Table 4). This is because
of increased MS response obtained by permethylation in
combination with added sodium acetate. In addition to a
major ion at m/z 1919.8 corresponding to Hexs*Hep,*AnKdo-
ol, the full scan mass spectrum showed sodiated singly
positively charged adduct ions at m/z 2121.4, 2366.4, 2573.5,
and 2817.8, corresponding to the glycoforms HexNAc;,*
Hex4*Heps*AnKdo-ol and HexNAc, ,*Hexs*Hep4*AnKdo-
ol, respectively. Also, ions at m/z 1672.4 (Hex;*Hep;*
AnKdo-ol) as well as m/z 1715.8 and 2124.1 (Hex,4*
Heps+AnKdo-ol) were detected. Fragmenting the molecular
ion at m/z 2573.5 (Figure 3A) revealed ions at m/z 2353.9,
2110.1, 1905.9, 2106.9, and 1859.3, resulting from the loss
of tHex, tHex-HexNAc, tHex-HexNAc-Hex, tHex-Hep, and
tHex-HeplIII-Hepll, respectively. MS? experiments on m/z
1859.3 (Figure 3B) confirmed that the first hexose substitut-
ing Hepl is branched with both a t-Hex-HepIV- and a tHex-
HexNAc-Hex- unit. The fragmentation pattern indicated ions
at m/z 1642.1, 1395.8, 1192.2, and 1392.9 originating from
the loss of tHex, tHex-HexNAc, tHex-HexNAc-Hex, and
tHex-HeplV, respectively. In addition to the MS? experiment
described above, further MS3~ experiments were performed
to confirm that the OS extension from Hepl was not arranged
in a linear fashion. As for the major form, Heplll was
confirmed to be substituted by one hexose. The molecular
ion at m/z 2817.8 corresponded to a glycoform with the
composition HexNAc,*Hexs*Heps*AnKdo-ol. When this
ion (Figure 3C) was further fragmented, the spectrum showed
signals at m/z 2558.7, 2355.2, 2110.1, 1906.4, 2352.1, and
2103.9 resulting from the loss of tHexNAc, tHexNAc-Hex,
tHexNAc-Hex-HexNAc, tHexNAc-Hex-HexNAc-Hex, tHex-
Hep, and tHex-HepllI-Hepll, respectively. MS? experiments
confirmed the structure of this glycoform to be identical to
the glycoform determined for the ion at m/z 2573.5 with the
difference of containing a tHexNAc-Hex-HexNAc-Hex-
instead of a tHex-HexNAc-Hex- element at the branched
hexose linked to Hepl. Figure 3D shows the MS? experiment
on the fragment ion at m/z 2352.1 corresponding to the loss
of tHex-Hep. The resulting spectrum indicated key fragments
at m/z 1643.6, 1441.0, and 1638.0 corresponding to the loss
of tHexNAc-Hex-HexNAc, tHexNAc-Hex-HexNAc-Hex,
and tHex-HepIII-Hepll, respectively. MS? and MS? experi-
ments on the ions corresponding to glycoforms HexNAc;_*
Hex4*Heps*AnKdo-ol (m/z 2121.4 and 2366.4) confirmed
that these did not contain the tHex-HepIV- entity but still
contained the same tHex-HexNAc-Hex- and tHexNAc-Hex-
HexNAc-Hex- units connected to -Hex-Hepl as described
above.

In addition to the major HexNAc+Hex4*Heps*AnKdo-ol
glycoform (m/z 2121.4) containing the tHex-HexNAc-Hex-
Hex- unit from Hepl, a different glycoform having a
tHexNAc-Hex-Hex-Hex- unit from Hepl was indicated in
the MS?3 spectra. Elongation with two hexoses from Hepl
was also detected in MS?73 experiments on ions correspond-
ing to glycoforms with compositions Hexs*Heps*AnKdo-ol
and Hex,*Heps*AnKdo-ol (m/z 1672.4 and 2124.1). Because
of heterogeneity and small abundance, the OS structures
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Chart 1
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B-D-GlcIp-(1—4)-D-0i-D-HepI Vp-(1—6)-B-D-Glelp-(1—4)-L-0-D-Heplp-(1—35)-AnK do-ol
3

T

1
L-o-D-Hepllp6<PEtn

2

T

1

B-D-Gallp-(1—2)-L-0-D-HepIllp

Table 4: Glycoform Structures Obtained from Strain R2846 and the Mutant Strains R2846/0sB2, R2846losB1, R2846losB1/losB2, and R2846lpsA
Elucidated by HPLC-ESI-MS" (Positive Mode) on Permethylated and Dephosphorylated OS1 Fractions”

Hex,q

Hep,

HexNAc-Hex-HexNAc,,-Hex,-Hex,-Hep-4nKdo-ol

Hep

Hex,-Hep

relative glycoform abundance” (%)

structure relative isomer abundance®

R2846 R2846losB2 R2846losBI R2846losB1/ R2846IpsA

glycoform (A) (B) ©) losB2 (D) (E) k I m n o pqr (A B (© @O (E

Hex tr.? tr. 00 0 01 0 0 0 H H
Hexa tr. tr. 44 73 00 0 01 0 0 1 H H H H
Hex; 1 3 4 o0 o0 1 1 0 0 1 H H H

0O 0 0 0 1 0 0 2 T T
Hexy tr. 1 00 0 2 1 0 0 1 H H
Hex-Hep tr. tr. tr. 0o 0 0 01 1 0 0 H H H
Hex,+Hep 2 tr. 1 58 o0 0 01 1 1 0 M H H H

00 0 01 101 M L S
HexsHep 72 71 4 4 o0 o0 o0 1 1 1 1 H H H -

0O 0 0o 1 1 1 10 - - L H
Hex,*Hep 3 3 0O 0 0O 1 1 1 1 1 H H
HexNAc-Hex, tr. o0 1 1 1 0 0 O H
HexNAc-Hexs 3 2 00 1 2 1 0 00 L T

0O 0 1 1 1 0 0 1 M M

o1 1 1 1 0 0 O L M
HexNAc-Hexy 1 2 17 11 o1 1 1 1 0 0 1 H H H H

o0 1 21001 T T T T
HexNAc;*Hexs 3 3 28 9 1 1 1 1 1 0 0 1 H H H H
HexNAc-Hex;*Hep 2 00 1 1 1 1 10 H
HexNAc-Hex4*Hep tr. 2 14 o1 1 1 1 1 1 O nr# - H

o1 1 1 1 1 0 1 M -

o0 1 1 1 1 1 1 L -
HexNAc+Hexs*Hep 9 7 tr. o1 1 1 1 1 1 1 H H nr.

oo 1 21111 T T
HexNAc,*Hex4*Hep tr. 22 1 1 1 1 1 1 1 0 H
HexNAc,*Hexs*Hep 9 12 tr. 1 1 1 1 1 1 1 1 H H H

“ Subscripts denoted by the letters k, I, m, n, o, p, q, and r refer to the number of glycose residues in the structure. All glycoforms contain
Hep;*AnKdo-ol. ” Relative abundance expressed in percentage for each glycoform calculated from the detected molecular ions in the MS' spectrum.
¢ Relative abundance for structural isomers of each glycoform calculated from the intensity of the product ions in the MS? spectrum and indicated as
follows: H (high: over 80%), M (medium: 30-80%), L (low: 2-30%), and T (trace: < 2%). ¢ tr., trace. ¢ Indicated by ions in the MS? spectrum at m/z
1002 and 753 due to the loss of tHex-Hex-Heplll and tHex-Hex-HeplIl-Hepll from the molecular ion (m/z 1672). /-, not observed. *nr., not

rationalized.

extending from the O-4 position of Glcl could not unam-
biguously be established by NMR. However, the combined
data from precursor ion scan CE-ESI-MS and HPLC-ESI-
MS" analysis in addition to the significant amounts of
t-GalNAc, 6-Gal, 4-GlcNAc, 3-Gal, and 4,6-Glc detected in
methylation analysis makes it reasonable to suggest that strain
R2846 expresses both extending SiaT- and GaT-epitopes
from Hepl (Chart 2).

Characterization of LPS from Strain R2846losBI. Com-
positional sugar analysis of LPS-OH from strain R2846/osB1
indicated Gle, Gal, GIcN, and Hep in the ratio of 29:24:18:30.
In contrast to the wild-type strain, no dDD-Hep was detected.

Compositional analysis was also performed on dephospho-
rylated OS giving the same result (data not shown). The ESI-
MS analysis of LPS-OH and the deacylated OS fractions
(Tables S1 and S4) showed one major glycoform, indicative
in LPS-OH from the doubly negatively charged ions at m/z
1137.9 and 1198.8 and in the OS samples from the singly
negatively charged ion at m/z 1244.5, corresponding to the
glycoforms Hex,*Heps* PEtn; ,*P+Kdo-lipidA-OH and
Hex,*Heps* PEtn*AnKdo-ol, respectively. Interestingly, a
number of minor glycoforms containing four heptoses were
observed in LPS-OH as doubly charged ions at m/z 1233.9
and 1376.5 (Hex,*Hep4* PEtn* P+-Kdo-lipidA-OH and Hexs*
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FiGUrRe 3: HPLC-ESI-MS" analysis performed on the HexNAc;,*Hexs*Heps:AnKdo-ol glycoforms of R2846/osB2 (identical to
HexNAc,_,*Hexs*Hep,*AnKdo-ol of R2846). (A) Product ion spectrum of [M + Na]* m/z 2573.1 corresponding to the HexNAcHex5Hep4
glycoform. Proposed key fragments are indicated in the structure. (B) MS? of the ion at m/z 1859.3 from MS? of m/z 2573.1. Proposed key
fragments are indicated in the structure. (C) Product ion spectrum of [M + Na]* m/z 2818.1 corresponding to the HexNAc2Hex5Hep4
glycoform. Proposed key fragments are indicated in the structure. (D) MS? of the ion at m/z 2352.1 from MS? of m/z 2818.1. Proposed key

fragments are indicated in the structure.

Chart 2

B-D-Glcllp
1
{
4
D-o-D-HeplVp
1
{

0-D-GalNAcp-(1—6)-B-D-Galp-(1—4)-B-D-GleNAcp-(1—3)-B-D-Galp-(1— _ 6

"~ 4)-B-D-Glel’p-(1—4)-L-0:-D-Heplp

o-NeuSAc-(2—3)-B-D-Galp-(1—4)-B-D-GleNAcp-(1—3)-B-D-Galp-(1— =~

Heps+ PEtn,* P+Kdo-lipidA-OH) and in OS fractions as
singly charged ions at m/z 1437.4 and 1598.5 (Hex,3*
Heps* PEtn*AnKdo-ol). Since the R2846/osBI mutant did
not contain DD-Hep, the fourth heptose was concluded to be
a noncore LD-Hep, which in the following will be referred
to as HepIVip.

Methylation analysis performed on OS material that had
not been fractionated by gel-permeation chromatography
(0S’) showed major amounts of terminal Glc, terminal Gal,
2-substituted Hep, and 3,4-disubstituted Hep. In addition,
4-substituted Gal, 4-substituted Glc, 3-substituted Gal, 6-
substituted Glc, 6-substituted Gal, terminal Hep, 4,6-disub-
stituted Glc, 4-substituted Hep, terminal GalN, and 4-sub-
stituted GIcN were detected (Table 1). The 4-substituted LD-
Hep was concluded to originate from HepIVyp. Methylation
analysis performed on OS1 from R2846/osB1 was consistent
with the analysis performed on OS’ but with an increase of
4-substituted Glc, 3-substituted Gal, 6-substituted Gal, 4,6-
disubstituted Glc, terminal GalNAc, and 4-substituted GlcNAc.

Sequence and branching details of the major glycoform
in OS1 were obtained using HPLC-ESI-MS" in the positive

mode on dephosphorylated and permethylated material
(Table 4). In the full scan spectrum, ions were detected
at m/z 1467.9, 1671.9, 1715.6, 1919.6, 1917.1, 2121.0,
and 2366.2, corresponding to Hex, 3*Heps*AnKdo-ol,
Hex, 3+ Heps*AnKdo-ol, HexNAc+Hex;_4*Heps*AnKdo-
ol, and HexNAc,*Hex,*Hep;*AnKdo-ol, respectively (Fig-
ure 4B). In addition, traces of two large glycoforms at
m/z 2573 and 2818 corresponding to HexNAc;*
Hexs*Heps*AnKdo-ol were observed using selective reac-
tion monitoring (SRM). Only one isomer was found for
the major Hex2Hep3 glycoform (m/z 1467.9). It was
defined in MS? by the ions at m/z 1001.4 and 753.3,
corresponding to the loss of tHex-Heplll and tHex-HeplII-
Hepll, respectively. Hepl and HepllI were each substituted
by one hexose, which was confirmed in MS? experiments
(data not shown). The minor ions at m/z 1715.6 and 1919.6
as well as the detected glycoforms at m/z 2573 and 2818
with the compositions Hex, 3°*HepscAnKdo-ol and
HexNAc; »*Hexs*Heps*AnKdo-ol corresponded to gly-
coforms containing a noncore heptose. MS? and MS?
experiments confirmed the noncore heptose to be situated



Lipopolysaccharide from NTHi Strain R2846

A 1004 1919.9
8 - /
g
3 60
2 25731 2818.1
EE. 2123.8 l
§ " 2120% 2369.5
1 2366.11 J
0 ks lann \L \J‘J. .JJl.. aalln
1600 2000 2400 2800 /7
B 1007 (14679
s ||/
8 2366.2
S 60
< 2121.0 |
: |
s 16719 917
207 1715.6 Ljf”g-s
0-+ e Al * _Auu‘ " sl o ‘
1600 2000 2400 2800
C 100
1467.8
g
5 /
é 60+
. 21212 23659
©
¢ 501 16719 1916.6 ! l
MU
0- ul” pikadl ot il Ll‘ ”h.“ ‘ . ‘
1600 2000 2400 2800 /s

FIGURE 4: HPLC-ESI-MS full scan spectra (positive mode) on
dephosphorylated and permethylated OS1 fractions of R2846losB2 (A),
R2846losB1 (B), and R2846losB1/losB2 (C). The singly charged
sodiated ions observed are correspond to m/z 1468, Hex, *Hep; * AnKdo-
ol; 1672, Hexs*Heps*AnKdo-ol; 1716, Hex,*Heps*AnKdo-ol; 1917,
HexNAc, *Hexs * Heps * AnKdo-ol; 1920, Hexs*Heps*AnKdo-ol; 2121,
HexNAc, *Hexs*Heps * AnKdo-ol; 2124, Hexs * Heps * AnKdo-ol; 2366,
HexNAc,*Hex4*Heps*AnKdo-ol ; 2369, HexNAc, * Hex,* Hep,* AnKdo-
ol; 2573, HexNAc, *Hexs*Heps*AnKdo-ol; and 2818, HexNAc;*
Hexs*Heps*AnKdo-ol.

at the same position as in the wild-type strain. Figure 1
shows ESI-MS?3 analysis of the ion at m/z 1919.6
(Hexs+Heps*AnKdo-ol).

The predominant Hex2Hep3 glycoform was elucidated by
NMR on deacylated OS3 (Table 2 and Figure 2B). In the
TOCSY spectrum, resonances corresponding to GlcI and Gall
were observed at dy.; 4.53 and 4.42, respectively. On the
basis of the 'H and '*C chemical shift data, both residues
were concluded to be terminal. Chemical shifts originating
from the heptoses of the inner-core unit were similar to those
assigned for the wild-type strain except for HepIIl (Op.; 5.12;
Ono 4.22). Inter-residue NOE was observed between the
proton pairs of GlcI H-1/Hepl H-4/H-6 and Gall H-1/HeplII
H-1/H2, which confirmed GlcI to substitute Hepl at O-4 and
Gall linked to O-2 of HeplII.

In addition to the major Hex2Hep3 glycoform, a cross-
peak in the TOCSY spectrum between Op—; 4.96 and Oy,
4.09 was observed. It is reasonable to assume that this signal
would originate from either HepIVyp or Heplll from the
Hex3Hep4 glycoform. However, this could not be confirmed
by NOESY experiments.

Characterization of LPS from Strain R2846losB2. Analy-
ses of LPS from R2846losB2 gave virtually the same
results as the wild-type strain (Tables 1-4 and Supporting
Information Tables S1, S3, and S4). In contrast to R2846,
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however, no traces of 4-substituted Hep could be detected
in methylation analysis on OS1 derived from this strain,
indicating that it did not express noncore LD-Hep. Figure
4A shows the full scan ESI-MS spectrum (positive mode)
of dephosphorylated and permethylated OS1 derived from
R2846losB2. Singly charged ions were observed at m/z
1919.9, 2123.8, 2120.9, 2366.1, 2369.5, 2573.1, and 2818.1,
corresponding to Hexs 4*Heps*AnKdo-ol; HexNAc, ,*Hexy*
Hep;+AnKdo-ol; HexNAc-Hexy s*Heps*AnKdo-ol; and Hex
NAc,*Hexs*Heps*AnKdo-ol, respectively. Figure 3 shows
the ESI-MS?? spectra on ions corresponding to the HexNAc o+
Hexs+Heps*AnKdo-ol glycoforms.

Characterization of LPS from Strain R2846losB1/losB2.
Sugar analyses performed on LPS-OH from R2846losB1/
losB2 revealed the presence of Glc, Gal, GIcN, and Hep in
the ratio of 26:25:9:41. The ESI-MS analysis (Tables S1,
S3, and S4) of LPS-OH and the OS fractions showed the
same major Hex2Hep3 glycoform as that present in
R2846losB1. However, no glycoforms containing four hep-
toses were detected. This was also confirmed in HPLC-ESI-
MS" analysis (Table 4 and Figure 4C) on dephosphorylated
and permethylated OS material. To unambiguously establish
that no traces of glycoforms containing a noncore heptose
were present, SRM was performed on ions calculated to
contain four heptoses, (m/z 1512, 1716, 1920, 2124, 2165,
2369, 2573, 2614, and 2818, corresponding to Hex, 4*Heps*
AnKdo-ol, HexNAc, *Hex;_s* Heps* AnKdo-ol and HexNAc;*
Hex4 s*Heps*AnKdo-ol, respectively). Only noise was de-
tected in the mass spectra obtained from those experiments.

Methylation analysis (Table 1) performed on OS” material
showed terminal Glc, terminal Gal, 4-substituted Gal,
4-substituted Glc, 3-substituted Gal, 2-substituted Hep, 3,4-
disubstituted-Hep, terminal GalN, and 4-substituted GIcN in
the relative amounts of 16:13:2:5:7:18:36:1:2. Traces of
6-substituted Gal were also detected.

NMR analysis on deacylated OS3 (Table 2; Figure 2C)
revealed the same data as that previously described for the
Hex2Hep3 glycoform in the R2846/osB1 mutant.

Characterization of LPS from Strain R2846IlpsA. In
agreement with previously investigated /psA mutant strains,
R2846/psA did not express any elongation from Heplll
(Tables 1 and 4, and Supporting Information Table SI).
Compared to the wild-type strain, a decrease of Gal in sugar-
and of t-Gal in methylation analysis was observed, as well
as a significant increase of t-Hep. ESI-MS of LPS-OH
revealed major doubly negatively charged ions at m/z 1233.9
and 1294.8, corresponding to the glycoforms Hex,*Heps*
PEtn;,*P+Kdo-lipidA-OH. In sequence analysis on dephos-
phorylated and permethylated OS, no glycoforms were
observed with substitution from HepIIl. MS?? analysis on
the ion at m/z 1716.1 corresponding to the major glycoform
at Hex,*Hep4*AnKdo-ol indicated HepllI to be terminal and
Hepl to be elongated by the tHex-HepIV-Hex- unit. Notable
is an ion at m/z 2164.9 detected in the full scan spectrum
corresponding to HexNAc; *Hex;*Hep,*AnKdo-ol. MS? on
this ion indicated a fragment ion at m/z 1654.9 corresponding
to the loss of tHepIlI-Hepll. MS? on this ion resulted in the
loss of m/z 1395.8 which corresponded to the loss of
tHexNAc. Subsequent MS* on m/z 1395.8 gave fragments
at m/z 1177.8, 929.6 and 1191.7 corresponding to the loss
of tHex, tHex-HepIV-, and of two substituted hexose,
respectively. These results indicated an isomer with no
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FIGURE 5: CE-ESI-MS/MS spectrum (positive mode) of the doubly
charged ion at m/z 1008.4 corresponding to the composition
Ac,* PCho,*Hexs*Heps* PEtn - AnKdo-ol. Proposed key fragments
are indicated in the structure.

substitution from Hepll and HeplII but with Hepl substituted
by a branched hexose elongated by a tHexNAc-Hex- subunit
and a tHex-HeplIV- subunit.

Noncarbohydrate Substituents in NTHi Strain R2486 and
Mutant Strains R2846losB1 and R2846losB2. Information on
the location of PCho, PEtn, P, and Ac was provided by ESI
tandem mass-spectrometry (MS/MS) in the positive mode
following online separation by capillary electrophoresis (CE)
of OS fractions derived from R2846, R2846losBl, and
R2846losB2 (23). The position of glycine could not be
determined. Glycoforms containing P and PCho substituents
were predominantly detected in the leading fractions OS1 and
OS2 (Tables S3 and S4). In OS1 of R2846, the doubly charged
ion at m/z 1008.4 corresponded to the composition Ac,* PCho,*
Hexs*Heps* PEtn*AnKdo-ol. MS/MS on this ion resulted, infer
alia, in fragments at m/z 328.2, 358.2, 370.2, 724.4, 8774,
and 916.6 corresponding to the compositions PCho-Hex,
PCho-Hep, Ac* PCho*Hex, Ac*PCho+Hex,*Hep, Ac*PCho*
Hex < Hep,* PEtn, and Ac*PCho-Hex,*Hep,, respectively (Fig-
ure 5). Since there were no indications of an ion with the
composition PCho*Hep,*PEtn, the intense ion at m/z 370.2
combined with the ion at m/z 877.4 indicated PCho and Ac to
be substituted to the hexose linked to Heplll. The ion at m/z
916.6 was fragmented, which resulted in ions at m/z 358.2,
562.3, and 754.4 corresponding to PCho+Hep, Ac*PCho*Hex*
Hep, and Ac+PCho-Hex*Hep,, confirming PCho to be sub-
stituted on HeplV and the hexose linked to Hepl to be
acetylated. A glycoform with the composition Hexs*Heps*
PEtn-P+AnKdo-ol (m/z 1681.0) observed in deacylated OS2
of R2846/osB2 was fragmented, giving rise to the ions at m/z
273.0,435.2, and 750.4, corresponding to Hep* P, Hex*Hep* P,
and Hex+Hep,* PEtn* P, indicating that Heplll could be sub-
stituted with a phosphate.

Information about the additional location of Ac was
provided by CE-ESI-MS/MS in the positive mode as
follows: in OS3 of R2846, a glycoform with the composi-
tion Ac,*Hexs*Heps* PEtn*AnKdo-ol (m/z 1685.2) was
fragmented, which resulted in a fragment ion at m/z 316.2,
corresponding to Hepll-PEtn. Significant ions at m/z
508.2, 550.3, 670.3, and 712.3 with the compositions
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Hep,* PEtn, Ac+Hep,*PEtn, Hex*Hep,*PEtn, and Ac-
Hex <Hep,* PEtn, evidenced an acetylation site at HeplII.
For OS1 of R2846losBI, CE-ESI-MS/MS on the ion at
m/z 1288.7 corresponding to Ac*Hex,*Heps* PEtn*AnKdo-
ol indicated an additional acetylation site at Hepl. In the
spectrum, a minor fragment ion was detected at m/z 772.3
corresponding to a glycoform with the composition
Ac-Hep,* PEtn*AnKdo-ol. Since no ion with the composi-
tion Ac*Hep*PEtn was detected in the spectrum, the ion
at m/z 772.3 indicated Hepl to be acetylated. In OS1 of
R2846losB2, the doubly charged ion at m/z 1270.2
corresponding to the composition Ac,*HexNAc,*Hexs*
Heps* PEtn,; *AnKdo-ol was further fragmented, giving ions
at m/z 327.1, 489.4, 692.2, 734.5, 896.4, and 1058.5,
corresponding to PEtn*HexNAc, PEtn:HexNAc-Hex,
PEtn-HexNAc+*Hex+HexNAc, PEtn-Ac-HexNAc,*Hex
and Ac*HexNAc,*Hex, 3*PEtn, respectively, indicating
this element to contain both an acetate and a PEtn group.
Since no fragments corresponding to Ac+HexNAc*PEtn
or Ac-HexNAc-Hex*PEtn were observed, the Ac group
is proposed to be situated on the 4- substituted GlcNAc
unit of GaT.

Attempts were made to obtain the exact location sites of
the PCho and P substituents by a modification of methylation
analysis (28). Following the methylation of OS1 of R2846,
dephosphorylation, ethylation, hydrolysis, reduction, and
acetylation were carried out, which afforded partially ethyl-
ated and methylated alditol acetates of originally phosphory-
lated sugars. Using this procedure, significant amounts of
1,5-di-O-acteyl-2,3,4-tri-O-methyl-6-O-ethyl-D-galactitol-1-
d, were observed, evidencing PCho to substitute the O-6
position of Gall. In addition, both 1,4,5-tri-O-acetyl-2,3,6-
tri-O-methyl-7-O-ethyl-D-glycero-bD-mannitol-1-d; and 1,4,5-
tri-O-acetyl-2,3,7-tri-O-methyl-6-O-ethyl-D-glycero-D-mannitol-
1-d, were detected, indicating PCho to substitute either O-6
or O-7 of HepIV. It has been demonstrated that PEtn
migrates between 6- and 7-positions in strong alkaline
conditions (34), and it is therefore reasonable to assume that
the same migration takes place for PCho subunits. In the
3IP—TH HMQC spectrum of OS2 of R2846, a strong signal
assigned to a phosphate was observed at oy 3.91/0p 4.55
indicative of P linked to O-7 of Heplll (34). This was
supported by the absence of derivatives corresponding to Hep
residues phosphorylated at the 3- or 4-positions. Only 1,2,5-
tri-O-acetyl-3,4,6-tri-O-methyl-7-O-ethyl-L-glycero-D-man-
nitol-1-d; and 1,2,5-tri-O-acetyl-3,4,7-tri-O-methyl-6-O-
ethyl-L-glycero-D-mannitol-1-d, were detected in the modified
methylation analysis, indicating a 2-substituted Hep with a
phosphorylation site at the 7- and 6-positions. However, since
Hepll is substituted at O-6 with PEtn, this sugar will give
the same alditol products.

DISCUSSION

We here report the lipopolysaccharide (LPS) structures
expressed by nontypeable Haemophilus influenzae R2846,
a strain for which the complete genome sequence has recently
been obtained. The results are summarized in Chart 3. LPS
from strain R2846 contains the conserved inner-core moiety
L-0-D-Hepp-(1—2)-[ PEtn—6]-L-a.-D-Hepp-(1—3)-[3-D-Glcp-
(1—4)]-L-o-D-Hepp linked to lipid A via Kdo-4-phosphate
as every Hi strain investigated to date. In the predominantly
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Chart 3
PEtn
2 OAc
©) \

o-D-GalNAcp-(1—-6)-B-D-Galp-(1—4)-B-D-GlcNAcp-(1—3)-p-D-Galp-(1
a-Neu5Ac-(2—3)-B-D-Galp-(1—4)-B-D-GleNAcp-(1—3)-p-D-Galp-(1

B-D-GalNAcp-(1—3)-0-D-Galp-(1—4)-B-D-Galp-(1

expressed glycoform, the [(-p-Glc (Glcl) linked to the
proximal heptose (Hepl) is substituted at O-6 with the
structural element [5-D-Glcp-(1—4)-D-a-D-Hepp-(1—] and
as observed in several other Hi strains (28, 35-37), a [3-D-
Gal is linked to O-2 of the distal heptose (HepllI). Oligosac-
charide extensions from O-6 of Glcl have previously been
shown in strains having heptoses (L-0-D-Hep or D-a-D-Hep)
in the outer core. Thus, extensions having 3-D-Galp-(1—4)-
D-0-D-Hepp-(1—, f-D-Glep-(1—4)-D-o-D-Hepp-(1—, or S-D-
GalpNAc-(1—3)-a-p-Galp-(1—4)-4-p-Galp-(1—6)-L-0-D-
Hepp-(1— and truncated versions thereof have been found
at 0-6 of Glcl (6-8).

Much of our current knowledge of the genetic basis of Hi
LPS synthesis is based upon analysis of the Rd genome
sequence (10, 24, 38), the first, and for a long time the only,
Hi strain to be fully sequenced. NTHi R2846 LPS contains
structural features not present in the LPS of strain Rd. Thus,
strain R2846 provides an excellent chance to investigate
candidate genes required for the synthesis of LPS structures
not present in strain Rd. In particular, the genes involved in
the addition of the noncore heptose linked to O-6 of
GlcI (6-8) have been unknown. Two genes, losBI and losB2,
were identified as likely candidates to direct the addition of
this noncore heptose, and in this study, we present detailed
structural data consistent with both genes encoding hepto-
syltransferases. We conclude that the losBI gene in strain
R2846 is responsible for adding the predominant bp-Hep to
Glcl. When losBI was inactivated, bD-Hep was not expressed
but minor quantities of LD-Hep were found in its place in
the outer-core region. LPS from the R2846losBi/losB2
mutant showed no noncore heptose, evidencing that the losB2
gene is directing the addition of LD-Hep to the same position.
From methylation analysis on R2846/osB1, the LD-Hep was
observed to be linked in the O-4 position, but the identity of
the hexose substituting this residue could not be determined
because of its limited abundance. Because of the lack of a
reliable complementation system for H. influenzae, neither
the losBI nor the losB2 mutations have yet been comple-
mented in the relevant mutant strains. However, the same
phenotypes have been observed in multiple independent
mutant strains made with different plasmid constructs for
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each gene, thus minimizing the chance that other factors
relating to DNA transformation have influenced the LPS
phenotype.

In the genome of strain R2846, each of the heptosyltrans-
ferase genes, losBI and losB2, is adjacent to genes losAl
and losA2, respectively, encoding glycosyltransferases that
are predicted to direct the substitution of hexoses to the
noncore heptoses. Features of the LosAl and LosA2
sequences are consistent with the sugar added being a glucose
in each case (data not shown). As described previously (/2),
the presence of the gene pair losAl and losBI precludes the
genes lic2C and lic2B being present. Lic2C is responsible
for the addition of the first hexose to the middle heptose
(HeplI) in the LPS inner-core backbone (38). Its absence in
strain R2846 concurs with our observations that no glyco-
forms containing chain extensions from Hepll were present
in this strain. The /psA gene is required for the initiation of
oligosaccharide extension from HepllI (24). Allelic variants
of this gene direct the addition of either a 3-D-Glc or a 3-D-
Gal in either (1—2) or (1—3) linkage (39). The IpsA
sequence for strain R2846 would predict that Heplll is
2-substituted with a -pD-Gal (Gall), in agreement with our
structural findings. Gene function was further confirmed by
structural elucidation of LPS from a R2846/psA mutant strain
where HepllIl was observed to be terminal in all glycoforms
with no other significant changes observed in the LPS
molecule.

In all Hi strains investigated to date that contain a 3-D-
Gal linked to HeplIl, there is no evidence for this galactose
being further extended with saccharides (5). Inconsistent with
these results were the trace amounts of a Hex3Hep3
glycoform containing extension of two hexoses from HeplII
that were detected in the HPLC-MS" sequence analysis on
OS1 of the R2846/osBl and R2846losB1/losB2 mutants;
however, because of the limited amount of sample, these
epitopes could not be elucidated further.

PCho is an important structural feature of Hi LPS that
contributes to the ability of the bacterium to colonize and persist
within the human respiratory tract but that is detrimental to
survival within the host vascular compartment (40—42). PCho
has been detected in a majority of Hi strains, typically at one
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of several different positions (5). For NTHi R2846, the
bacterium elaborates LPS glycoforms that carry two PCho
substituents, a feature found for only a minority of strains (37, 43).
The expression of PCho is directed by the phase-variable lic/
locus comprising four genes (liclA—lic1D) of which liclD
determines the exact position of PChoin the LPS structure (35, 43).
In strain R2846, PCho was observed linked to both O-6 of Gall
and to HepIV. The substitution of PCho to O-6 on a terminal
[B-Gal at Heplll has previously been observed in the type b
strains RM7004 and Eagan as well as in nondisease-associated
NTHi strains 11 and 16 (28, 35, 37). The linkage of a PCho to
a noncore heptose on Glcl and the licID allele required for the
synthesis of this epitope has recently been reported for NTHi
strain 1158 (43). Because of heterogeneity and the limited
amount of sample, the exact position of PCho on HeplV in
strain R2846 was not unambiguously determined; however, the
analysis on partially ethylated and methylated alditol acetates
indicated PCho to be linked to either O-6 or O-7 of HepIV.
The licl sequences in R2846 are equivalent to the lic/ genes
previously described that encode the addition of PCho to HepIV
and to a hexose linked to HeplIl. In contrast to PCho, P
substitution has only been observed in Hi strain Eagan, where
it was attached to O-4 of HepllI (28). In this study, CE-ESI-
MS also evidenced P to be linked to Heplll; however, the
proton-shift (6 3.91), derived from the '"H—3'P HMCQ spectrum
of R2846 more likely originated from a H-7 than a H-4 shift
of Heplll (34).

Sialic acid, which is a common and important feature of
Hi LPS, has been shown to help the bacteria resist the killing
effect of normal human serum (44). We have also demon-
strated that host-derived NeuSAc is incorporated in Hi LPS
in vivo and that it is an essential virulence factor in
experimental otitis media (45). Up to four sialyltransferase
genes, lic3A, lic3B, IsgB, and siaA have been identified in
any Hi strain (46—48). IsgB and siaA have been implicated
in the sialylation of the lacto-N-neotetraose extension, SiaT
from O-4 of Hepl. The addition of these four sugar units
follows a biosynthetic mechanism distinct from that of the
rest of the LPS molecule and involves en bloc addition,
similar to that seen in O-antigen biosynthesis (33). Both
sialyllacto-N-neotetraose [0-NeuSAc-(2—3)--D-Galp-(1—4)-
B-D-GlecpNAc-(1—3)--D-Galp-(1—] and the related structure
[(PEtn—06)-a-D-GalpNAc-(1—6)--D-Galp-(1—4)-5-p-Glcp-
NAc-(1—3)--p-Galp-(1—] were observed linked to O-4 of
Glcl in strain R2846 (32, 33). Although the amounts were
not of a quantity suited for NMR analysis, data obtained from
methylation analysis combined with CE-ESI-MS and HPLC-
MS" clearly indicated the presence of both epitopes. How-
ever, the O-6 linkage of PEtn to GalNAc could not be
confirmed. In addition to the SiaT and GaT epitopes,
sequence analysis on HPLC-ESI-MS" gave evidence for a
tHexNAc-Hex-Hex- extension from Glcl and truncated
versions thereof. Since traces of 4-substituted Gal were
observed in the methylation analysis of both R2846 and the
mutant strains, it is presumed that this epitope is from a
globotetraose unit, [3-D-GalpNAc-(1—3)-0-D-Galp-(1—4)-
B-D-Galp-(1—4)--D-Glcp-(1—], which is a common oli-
gosaccharide epitope in several NTH; strains (5). Expression
of globotetraose and the truncated versions globoside [a-D-
Galp-(1—4)-$-p-Galp-(1—4)--D-Glcp-(1—] and lactose [3-D-
Galp-(1—4)--p-Glcp-(1—] involve the phase-variable ex-
pression of /g¢C and lic2A, which are present in strain R2486.
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Structural analysis of NTHi strain R2846 indicated the
bacterium to be heavily acetylated, and by the use of CE-
ESI-MS, several acetylation sites could be determined, of
which one is at a novel position. Acetylation on the GaT
epitope, presumably on the 4)-3-D-GlcpNAc-(1 unit, have
previously not been observed. In addition, acetates were seen
linked to Gall, Heplll, Hepl, and Glcl, positions that have
been previously identified (5). The biological impact of
complex O-acetylation patterns remains unknown, but re-
cently, the gene encoding an O-acetyl-transferase, oafA, was
studied (49). Inactivation of this gene led to the loss of one
specific O-acetyl group in the LPS and an increase in the
killing of the bacterium by normal human serum on the
bacterium when compared to the wild-type strain.

The elucidation of the detailed structure of the LPS from
strain R2846 and the concomitant genetic analysis based on
the complete genome sequence have provided evidence for
novel gene functions in NTHi LPS synthesis. These analyses
can be extended to investigate other structural features of
NTHi LPS where the genetic determinants are unclear, for
example, the addition of the hexose(s) to HepIV. Also, we
can investigate in more detail the genetic determinants for
elements contributing to the extensive heterogeneity of
R2846 LPS, such as the complex pattern of O-acetylation
and the addition of P to Heplll. Findings from these studies
can be extended to the LPS of other NTHi strains where the
detailed structure of the LPS glycoforms is known.
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phosphorylation and purification of lipid A, parameters used
in ESI-MS and NMR experiments, ESI-MS" spectra (nega-
tive mode) performed on lipid A from R2846, ESI-MS data
(negative ion mode) and proposed compositions for LPS-
OH of strains R2846, R2846/osB1, R2846losB2, R2846losB1/
losB2, and R2846IpsA, lipid A structures of strain R2846
obtained after mild acid hydrolysis of LPS and observed by
ESI-MS" analysis (negative ion mode), ESI-MS data (nega-
tive ion mode) and proposed compositions for OS1-3 of
strains R2846, R2846losB1, R2846losB2, and R2846losB1/
losB2, and ESI-MS data (negative ion mode) and proposed
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