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ABSTRACT. Common structural motifs dflaemophilus influenzagopolysaccharide (LPS) are globotetraose
[8-D-GalpNAc-(1—3)-a-p-Galp-(1—4)--b-Galp-(1—4)-5-b-Glep] and its truncated versions globoside
[o-D-Galp-(1—4)-3-p-Galp-(1—4)-3-p-Glcp] and lactosef-p-Galp-(1—4)-3-p-Glep] linked to the terminal
heptose (Heplll) of the triheptosyl inner-core moiety-b-Hepp-(1—2)-[PEA—6]-L-a-D-Hepp-(1—3)-
L-o-D-Hepp-(1—5)-[PPEA—4]-a-Kdo-(2—6)-lipid A. We report here structural studies of LPS from
nontypeabléH. influenzaestrain 1124 expressing these motifs linked to both the proximal heptose (Hepl)
and Heplll at the same time. This novel finding was obtained by structural studies of LPS using NMR
techniques and electrospray ionization mass spectrometry (ESI-MS) on O-deacylated LPS and core
oligosaccharide material (OS) as well as ESI'™™® permethylated dephosphorylated OS. The use of
defined mutants allowed us to confirm structures unambiguously and understand better the biosynthesis
of each of the globotetraose units. We found tigt is involved in the expression ef-p-Galp-(1—4)-
p-D-Galp in both extensions, wherelis2A directs only the expression gfo-Galp-(1—4)-5-b-Glcp when

linked to Heplll. The LPS of NTHi strain 1124 contained sialylated glycoforms that were identified by
CE-ESI-MS/MS. A common sialylated structure lih influenzael PS is sialyllactose linked to Heplll.

This structure exists in strain 1124. However, results fotge&mutant indicate that sialyllactose extends

from Hepl as well, a molecular environment for sialyllactosédinnfluenzaethat has not been reported
previously. In addition, the LPS was found to carry phosphorylcholine, O-linked glycine, and a third
PEA group which was linked to O3 of Heplll.

Haemophilus influenzais an important cause of human LPS is an essential and characteristic surface component
disease worldwide and exists in encapsulated (tygf and of H. influenzae This bacterium has been found to express
unencapsulated (nontypeable) forms. Type b capsular strainshort-chain LPS, lacking O-specific polysaccharide chains
are associated with invasive bacteraemic diseases, includingand often termed lipooligosaccharide (LOS). Extensive
meningitis, epiglottis, cellulitits, and pneumonia, while structural studies of LPS fromd. influenzaeby us and others
acapsular or nontypeable strainstéf influenzag(NTHi)?® have led to the identification of a conserved glucose-
are primary pathogens in otitis media and both acute andsubstituted trineptosyl inner-core moiety-b-Hepp-(1—2)-
chronic lower respiratory tract infection$)( The potential [PEA—6]-L-a-D-Hepp-(1—3)-[3-D-Glcp-(1—4)]-L-a-D-
of H. influenzaeto cause disease depends on its surface- Hepp linked to lipid A via 3-deoxyp-manneoct-2-ulosonic
expressed carbohydrate antigens, capsular polysacch@yide ( acid (Kdo) 4-phosphate. This inner-core unit provides the
and lipopolysaccharide (LPS3) template for attachment of oligosaccharide and noncarbo-

hydrate substituentd{-23). LPS ofH. influenzaecan mimic
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! Abbreviations: CE, capillary electrophoresis; Kdo, 3-deoxy- ; il
manneoct-2-ulosonic acid;AnKdo-ol, reduced anhydro-Kdo; Hep, responses of the hOSZ4). Terminal structures mImICkmg

heptoser ,p-Hep, L-glycerop-manneheptose; Hex, hexose; LPS-OH, .the glpboside ser!es of mammglian glycolipids have been
O-deacylated lipopolysaccharide; lipid A-OH, O-deacylated lipid A; identified. These include galabiose-p-Galp-(1—4)-3-D-
LPS, lipopolysaccharide; MSmultiple-step tandem mass spectrometry; _(1— - (1—A) RN (11 <ia-
Neu5Ac, N-acetylneuraminic acid; NTHi, nontypealtte influenzae Galp-(1~], lactose p-o-Galp-(1—4)-0-Glcp-(1-], sia
05, oligosaccharide®Cho, phosphocholine®EA, phosphoethanola-  lYllactose  p-Neu5Ac-(2-3)-5-p-Galp-(1—4)-5-p-Glcp-

mine; PPEA, pyrophosphoethanolamine; Ac, acetate; Gly, glycine. (1], and globotetraoseffp-GalpNAc-(1—3)-a-b-Galp-
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(1—4)-3-p-Galp-(1—4)-5-p-Glcp-(1—]. The genes involved  cassette, as described previoug§)( Strains 112psAand
in LPS biosynthesis have been investigated extensively in 1124gtC were made by transformation with plasmids p11
type b strain Eagan and in genome reference strain2Bd (  and pH2, respectively, described previoust)( and strain
26). The genes required for oligosaccharide initiation from 1124ic2A was constructed by transformation with chromo-
each of the three heptose residues in the inner core havesomal DNA derived from dic2A mutant of strain RM118
been identified adgtF, lic2C, and IpsA (27). A genetic (26). Each mutant strain was confirmed after growth on BHI-
mechanism, polymerase slippage in runs of tetranucleotidekanamycin (1Qug/mL) by PCR and Southern analyses.
repeats, directs LPS phase variation in five characterized Bacterial Growth and LPS PreparatiorBacteria were
chromosomal locillcd, lic2, lic3, IgtC, andlex2 (28—30)]. grown in brain-heart infusion broth supplemented with
Thelex2locus has been shown to encode a glucosyltrans- haemin (10ug/mL), NAD (2 ug/mL), and, in one experi-
ferase adding a secodp-Glcp to the glucose (Glcl) linked  ment, Neu5Ac (1@g/mL; NTHi 1124wt). LPS was extracted
to the proximal heptose (Hepl) in the inner core and is from lyophilized bacteria using phenol, chloroform, and light
important for further oligosaccharide extensi@i) It has petroleum as described previously but with the modification
been demonstrated that expressioriP@ho substituents in  that the LPS was precipitated with 6 volumes of diethyl ether
H. influenzad_PS is subject to phase variation mediated by and acetone (1:5, by volume}8). LPS was purified by
thelicl locus @2). Genes comprising thkc2 locus have ultracentrifugation (82009for 12 h at 4°C).
been shown to be required for chain extension from the Analysis of Lipopolysaccharide by Electrophoresso-
middle heptose (HeplI2({), and together witlgtC, thelic2A lated LPS was analyzed by tricinsodium dodecyl sulfate
gene is responsible for the phase variable expression of thepolyacrylamide gel electrophoresis{BDS-PAGE) and
galabiose component of the globoside oligosacchatiee-| staining with silver (Quicksilver, Amersham Pharmacig)(
Galp-(1—4)-6-b-Galp-(1—4)-5-p-Glcp-(1—]. The globoside ChromatographyGel filtration chromatography was per-
epitope has been identified in some strains as a trisacchariddormed using a Bio-Gel P4 column (2.5 cm80 cm) with
extension attached directly from the distal heptose (Heplll) pyridinium acetate (0.1 M, pH 5.3) as an eluent and a
(9, 18, 19, 21, 33) or as the terminal moiety of a tetrasac- differential refractometer as a detector.
charide extension from Hepl2Q, 22) and/or the central Preparation of Oligosaccharides. (a) O-Deacylation of
heptose (Hepll)¥, 21, 22). Thelic3 locus encodes am-2,3- LPS with HydrazineO-Deacylation of LPS was achieved
sialyltransferase that is responsible for addition of sialic acid as previously describe®9). Briefly, LPS (1 mg) was mixed
(N-acetylneuraminic acid or Neu5Ac) to terminal lactose with anhydrous hydrazine (0.1 mL) and stirred at°€7for
elongating from Heplll 84). 1 h. The reaction mixture was cooled, and cold acetone (1
Our previous studies have focused on the extent of ML) was added to destroy excess hydrazine. The precipitated
conservation and variability of LPS expression in a repre- O-deacylated LPS (LPS-OH) was centrifuged (48206
sentative set of clinical isolates of NTHi obtained from otitis 20 min), and the pellet was washed twice with cold acetone
media patients1(3, 16—20) and relating this to the role of ~and once with diethyl ether and then dissolved in water
the molecule in commensal and virulence behavior. Recently, followed by lyophilization.

we demonstrated that terminal sialic acid-containing oli-  (b) Mild Acid Hydrolysis of LPSCore oligosaccharide
gosaccharide epitopes are essential virulence determinant§actions were obtained following mild acid hydrolysis of
in experimental otitis media3p). LPS (30 mg of 1124wt, 30 mg of 11B%A 40 mg of

In this paper, we report on the structures and expressionllmiCZA' and 40 mg of 11241C, in 1% acetic acid at pH

of LPS glycoforms of NTHi strain 1124. The wild-type strain  5-1 and 100°C for 2 h). The reducing agent, _thel t()jordar_]e
was found to express a complex mixture of LPS glycoforms. \-meéthylmorpholine complex 34 mg), was included in

; ; the hydrolysis mixture. The insoluble lipid A (10 mg for
To determine structures unambiguously, we made use of
genetically defined isogenic mutant strains, includipsA 1124wt, 10 mg for 112psA 17 mg for 1124ic2A, and 17

lic2A, and IgtC, to truncate independent oligosaccharide mg for 1_124gt¢) was sepa_lrated fr_o_m t_he hydrolysis_ mixtures
extensions. This combination of genetics and detailed by centrifugation. Following purification on the Biogel P4

structural analysis enabled us to demonstrate that NTHi 1124¢0lumn, oligosaccharide fractions (8.7 mg of 0S1124wt, 5.6
expresses novel LPS glycoforms containing globoside epitopesmg of OS1124psA 15 mg of OS1124c2A, and 13.5 mg of
and their biosynthetic intermediates extending simultaneously ©511240tC) were obtained. _

from both the proximal and distal heptose residues. Mono- (C). Dephosphorylat!onOne m|II|gram of the ollgosac—_
and disialyl lactose units substituting one heptose residue,Charlde samples was mcuba}ed with 48% hydrogen fluoride
the other heptose residue, or both were characterized whichHF) (0.1 mL) for 48 h at 4°C. Then, the samples were

likely contribute to the resistance of the strain to killing by Placed into an ice bath, and HF was evaporated under a
normal human serungg). stream of nitrogen gas. The samples were dissolved in water

and lyophilized.
EXPERIMENTAL PROCEDURES Mass SpectrometryGLC—MS was carried out with a
Hewlett-Packard 6890 chromatograph connected to a Mi-
Construction of Mutant Straind\THi strain 1124 was  cromass quadrupole mass spectrometer using a DB-5 fused
obtained from the Finnish Otitis Media Study Group and is silica capillary column [25 mx 0.25 mm (0.25m inside
an isolate obtained from the middle ed6). The parent strain  diameter)] and a temperature gradient from 130 (1 min) to
will be termed 1124wt for clarity. Mutant strains were 250°C at 3°C/min.
constructed following transformatior8) of isolate 1124 Electrospray ionization mass spectrometry (ESI-MS) on
using plasmid and chromosomal DNA constructs containing LPS-OH and OS samples was carried out with a VG Quattro
the relevant gene interrupted by an antibiotic resistance triple-quadrupole mass spectrometer (Micromass, Manches-
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ter, U.K.) in the negative ion mode. The samples were B R
dissolved in a mixture of water and acetonitrile (1:1, v/v). - ml e
Sample solutions were injected via a syringe pump into a i L,
running solvent of water and acetonitrile (1:1, v/v) at a flow
rate of 10uL/min. Multiple-step tandem ESI-MS (ESI-Mp
experiments on permethylated OS samples were performed
in the positive ion mode on a Finnigan LCQ ion-trap mass
spectrometer (Finnigan-MAT, San Jose, CA). Samples were
dissolved in 1 mM sodium acetate in methanol and water .

(7:1, viv) at a flow rate of 1QuL/min. CE-ESI-MS was wt ipsA lic24 lgtC

carried out with a Crystal model 310 CE instrument (ATI FiGUrRe 1: T—SDS-PAGE patterns of LPS from NTHi strains
Unicam, Boston, MA) coupled to an API 3000 mass L124Wt 1128c2A, and 1124gtC.

spectrometer (Perkin-Elmer/Sciex, Concord, ON) via a

Table 1: Sugar Analysis Data for LPS-OH and OS Samples

Microlonspray interface as described previouslg)( Derived fromH. influenzaeStrains 1124wt, 112@sA 1124ic2A,
Analytical MethodsSugars were identified by GLEMS and 1124gtC
as their alditol acetates ot-{-2-butyl-acetylated glycosides relative detector response (%)

as previously described@, 41). Methylation was performed
with methyl iodide in dimethyl sulfoxide in the presence of
lithium methylsulfinylmethanide4?2). The methylated com-
pounds were recovered using a SepPak C18 cartridge an

sugar 1124wt 1124psA  1124ic2A  1124gtC
residué OS LPS-OH OS LPS-OH OS LPS-OH OS LPS-OH

d Glc 17 27 3 18 21 28 27 22
Gal 55 44 84 40 a7 42 39 31

subjected to sugar analysis or ESI-M$he relative propor- Hep 23 12 12 18 31 13 34 28
tions of the various alditol acetates and partially methylated GicN 16 19 16 19
alditol acetates obtained in sugar and methylation analyses, GalN 5 1 1 5 1 1

discussed below, correspond to the detector response of aSugars were identified by GLEMS as their alditol acetate.
GLC—MS. Fatty acids were identified as previously de-

scribed ¢3). region @6). Therefore, we predicted that the LPS ofpaA
NMR SpectroscopNMR spectra were recorded for OS  muytant of NTHi strain 1124 would not exhibit chain

samples in deuterium oxide {D) at 22, 25, 22, and 30C elongation from Heplll in its LPS, but would be otherwise

for 1124psA 1124ic2A, 1124gtC, and 1124wt, respectively.  strycturally identical to the LPS of the parent strain. The

The NMR experiments were carried out at different tem- |icoa andlIgtC genes have been shown to encode glycosyl-

peratures to prevent overlap of the HDO peak with anomeric yransferases involved in sequential additiorget,4-linked

proton signals in the various samples. Spectra were acquiredc_;,a“p (lic2A) anda-1,4-Gap (IgtC) to B-Glcp residues 26).

on a JEOL 500 MHz spectrometer using standard pulse The LpS fromIgtC and lic2A mutants of 1124 would

sequences. Chemical shifts were reported in parts per million, terefore be predicted to include glycoforms sequentially

and referenced to external sodium 3-trimethylsilylpropanoate- y ncated in globoside extensions [i.e-p-Galp-(1—4)-3-

ds (6 0.00,H), external acetone’(30.1,%°C), and external  _Gajp-(1—4)-3-0-Glep-(1—].

trimethyl phosphated(2.00,3'P). *H—!H gradient-selected

correlated spectroscopy (gCOSY), gradient-selected total

correlation spectroscopy (gTOCSY) with a mixing time of in liquid culture, and LPS was isolated by the phenol/

180 ms, gradient-selected heteronuclear single-quantum . . g
coherence (gHSQC), gradient-selected heteronuclear muItipIe—ChlorOform/ light petroleum extraction metho@. Tricine—

: sodium dodecyl sulfatepolyacrylamide gel electrophoresis
quantum coherence (QHMQC), and gradient-selected het- "™ )
eronuclear multiple-bond correlation (gHMBC) experiments (T—SDS-PAGE) analysis showed that 1124wt LPS was a

were performed according to standard pulse sequences. Fopeterogene.ous mixture comprised of several bands, whereas
interresidue correlation, two-dimensional gradient-selected mutant strains 112@sA 1124ic2A, and 11249tC produced

nuclear Overhauser effect spectroscopy (QNOESY) experi—trunc"’?ted glycoforms (_F igure 1). O-Deacylgtion of LP.S
ments with a mixing time of 250 ms were used. material by treatment with anhydrous hydrazine under mild

conditions afforded water-soluble material (LPS-OH). Com-
RESULTS positional analysis of the LPS-OH samples for 1124wt,
1124psA 1124ic2A, and 1124tC identified p-glucose

NTHi Wild-Type Strain 1124 and Isogenic Mutants (Glc), b-galactose (Gal), 2-amino-2-deoxygalactose (GalN),
1124IpsA, 1124lic2A, and 1124IgC. H. influenzamtype- 2-amino-2-deoxyglucose (GIcN), andglycerop-manne
able strain 1124 (1124wt) is a clinical isolate from otitis heptose (Hep) as the constituent sugars by 6MS
media obtained by the Finnish Otitis Media Study Group. analysis of the derived alditol acetate and 2-butyl glycoside
Preliminary structural studies indicated that this strain derivatives on oligosaccharide material (Table 1). Significant
produces heterogeneous mixtures of LPS glycoforms (seeamounts of Gal were detected in wild-type and mutant
below). To facilitate structural analysis, we constructed strains, indicating a predominance of this hexose in the
defined mutants in known biosynthetic genes that would limit oligosaccharide chains extending from the triheptosyl region.
some oligosaccharide extensions, thus simplifying analysesin earlier investigations, it was found that the LPS of 1124wt
of the remaining glycoforms in their LPS. It was recently contained ester-linked glycine and Neu5Ac as shown by
shown that thepsA gene is involved in initiating chain  HPAEC-PAD, following treatment of samples with 0.1 M
elongation from the distal Hep (Heplll) of the inner-core NaOH and neuraminidase, respectivedy,(45).

Isolation and Characterization of LPS from NTHi Wild-
Type Strain 1124 and Its Mutantall strains were grown
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Table 2: Negative lon ESI-MS Data and Proposed Compositions for O-Deacylated LPS (LPS-OH) and Oligosaccharide (OS) Sdmples of
influenzaeNTHi Strains 1124wt, 112psA 1124ic2A, and 112tC?

observed ionrt/2) molecular mass (Da) relative abundance (%)
sample (M—4H)*~ (M —3H)*~ (M — 2H)?>~ observed calculated wtlpsA lic2A IgtC proposed composition
LPS-OH 639.6 853.7 2563.2 2565.1 9 6 PChoHex:Heps:PEA,-P-Kdorlipid A-OH
670.3 894.F 2686.4 2688.2 16 5 PChoHexHeps-PEA3-P-Kdo-lipid A-OH
680.8 908.3 2727.9 2727.3 4 25 18 PChoHexs*Heps:PEA,-P-Kdorlipid A-OH
711.0 949.3 2850.9 2850.3 3 45 27 11PChoHexs*HepsrPEA3-P-Kdo-lipid A-OH
721.3 962.1 2889.3 2889.4 4 4 24 27PChoHexsHepsPEAyP-Kdo-lipid A-OH
752.5 1003.5 3013.8 3012.5 4 25  46PChoHexsi-HepsPEAs-P-Kdo-lipid A-OH
762.1 1016.3 3052.2 3051.5 8 3 PCho Hexs:Heps: PEA,+P-Kdo-lipid A-OH
772.9 1030.1 3094.5 3093.1 3 PChoHexNAc-HexsHeps:PEA,-P-Kdorlipid A-OH
792.9 1057.1 3175.0 3174.6 8 PChoHexs:Heps: PEA3+P-Kdo-lipid A-OH
803.1 1070.4 3215.3 3213.7 15 PChoHexsHeps:PEA,+P-Kdo-lipid A-OH
812.8 1084.2 3255.4 3255.5 7 PChoHexNag-Hexs-Heps:PEAz-P-Kdorlipid A-OH
833.5 1111.3 3337.5 3336.7 18 PCho Hexs*Heps:PEA3-P-Kdo-lipid A-OH
843.5 1125.2 3378.3 3378.5 9 PChoHexNag-Hexs-Heps:PEA3z-P-Kdo-lipid A-OH
853.7 1138.0 3417.9 3417.6 8 PChoHexNag-Hexs'Heps*PEA,-P-Kdo:lipid A-OH
884.1 1178.9 3540.1 3540.6 9 PChoHexNag-Hexs"Heps* PEAs-P-Kdo:lipid A-OH
oS 684.2 1370.4 1372.0 3 PChoHex;*Heps*PEA ,-AnKdo-ol
712.F 1427.4 1429.0 3 PCho Gly-Hex-Heps-PEA,-AnKdo-ol
742.8 1487.2 1486.1 4 PCho Glyz*Hex-Heps* PEA2*AnKdo-ol
765.% 1533.0 1534.1 11 8 3 PChoHex:Heps-PEA 2-AnKdo-ol
794.0 1590.0 1591.2 11 4 3 PChoGly-Hex*HepsPEA,-AnKdo-ol
822.8 1647.6 1648.2 13 3 PChoGlyz-HexHeps:PEA,-AnKdo-ol

847.3 1696.6 1696.3 5 39 19 10PChoHexs*Heps:PEA 2-AnKdo-ol
875.3 1752.6 1753.3 3 25 13 9PChoGly-Hexs-Heps-PEA,-AnKdo-ol
904.7 1811.4 1810.4 8 13 PCho Gly,-Hexs*Heps PEA,- AnKdo-ol
927.9 1857.8 1858.4 5 16 37PChoHexs-Heps-PEA »-AnKdo-ol
956.9 1915.8 1915.5 19PCho Gly-Hexs-Heps*PEA2-AnKdo-ol
985.0 1972.0 1972.5 12 PCho Glyz-Hexs*Heps-PEA,-AnKdo-ol

ENgEN|
w
=
N

1008.7 2019.4 20205 11 PChoHexs*Heps*PEA - AnKdo-ol

1029.4 2061.8 2062.3 4 PChoHexNAc-Hexs:Heps* PEA2*AnKdo-ol
1037.4 2076.8 2077.6 5 PCho Gly-Hexs-Heps: PEA,: AnKdo-ol

1057.9 2117.8 2119.4 1 PChoGly-HexNAc-Hexs-Heps-PEA,-AnKdo-ol
1089.8 2181.6 21827 21 PChoHexs:Heps:PEA 2 AnKdo-ol

1110.7 22234 22245 13 PChoHexNAc-Hexs:Heps* PEA2*AnKdo-ol
1118.7 2239.4 2239.7 7 PCho Gly-Hexs:Heps:PEA>-AnKdo-ol

1129.6 2261.2 2263.5 2 PChoHexNAc-Hexs:Heps* PEA,*AnKdo-ol
1139.6 2181.2 2181.5 4 PCho Gly-HexNAc-Hexs:Heps: PEAz-AnKdo-ol
1191.7 22854 2386.6 8 PChoHexNAc-Hexs:Heps* PEA,*AnKdo-ol
1220.2 2242.4 2443.6 3 PCho Gly-HexNAc-Hexs:Heps:- PEAz-AnKdo-ol

a Average mass units were used for calculation of molecular mass values based on proposed composition as follows: Hex, 162.14; Hep, 192.17;
Kdo, 220.18;AnKdo-ol, 222.18;P, 79.98;PEA, 123.05; HexNAc, 203.91PCho, 165.05; Gly, 57.05; lipid A-OH, 953.02. The relative abundance
was estimated from the area of molecular ion peak relative to the total area (expressed as a percentage). Peaks representing less than 5% of the bas
peak intensity are not include®The observedn/z values correspond to spectra from NTHi 1li@2A. ¢ The observean/z values correspond to

spectra from NTHi 112sA All other m/z values correspond to spectra from NTHi 1124wt. Observed values in@dsi®dnd 1124c2A varied
+1.0 Da.

ESI-MS of the O-deacylated samples from 1124wt, 1030.1, 1084.2/1125.2, and 1138.0/1178.9, corresponding
1124psA 1124ic2A, and 11249tC revealed abundant mo- to PChoHexNAc-Hex-HepsPEA,-P-Kdo-lipid A-OH,
lecular peaks corresponding to triply and quadruply depro- PChoHexNAc-Hexs*HepsPEA,—3-P-Kdo:-lipid A-OH, and
tonated ions. The MS data indicated the presence of PChoHexNAc-Hex;Heps:PEA,_3-P-Kdo:lipid A-OH, re-
heterogeneous mixtures of glycoforms, consistent with eachspectively. The Hex6 glycoforms were found to be the most
molecular species containing the conserP&d substituted abundant from their relative peak intensities. The ESI-MS
triheptosyl inner-core moiety attached via a phosphorylated data indicated significantly restricted populations of glyco-
Kdo linked to the O-deacylated lipid A (lipid A-OH). forms for the mutant strains. Thus, for strain L&A triply
Moreover, subpopulations of glycoforms were observed charged ions were observednalz 853.7/894.7, 907.7/948.8,
which differed by 123 Da, indicating LPS substitution with and 962.0, corresponding to glycoforrR€hoHex:Heps-

a third PEA group. lons corresponding to glycoforms PEA,_3-P-Kdorlipid A-OH, PChoHexs Heps: PEA,—3-P-Kdo-
containing between two and seven glycosyl residues werelipid A-OH, andPChoHexs:Heps: PEA,-P-Kdo-lipid A-OH,
detected as shown in Table 2. respectively. The ESI-MS spectrum of 11i22A showed

For 1124wt, triply charged ions were observednat triply charged ions at/z 908.3/948.4, 962.1/1002.4, and
908.3/949.3, 962.1/1003.5, 1016.3/1057.1, and 1070.4/1016.7 corresponding BChoHexsHepPEA,_3-P-Kdo-lipid
1111.3, indicating the presenceREhoHex-HepPEA,—3-P- A-OH, PChoHex; HepsPEA,—3-P-Kdorlipid A-OH, and
Kdo-lipid A-OH, PChoHexs-Heps*PEA,—3-P-Kdo:lipid PChoHexs-Heps:PEA,-P-Kdo-lipid A-OH, respectively. In
A-OH, PChoHexs*HepsPEA,—3-P-Kdo:lipid A-OH, and the ESI-MS spectrum of 118C, triply charged ions at
PChoHexs*Heps*PEA,_3-P-Kdo-lipid A-OH, respectively. m/z853.7/894.7, 908.3/949.3, and 962.1/1003.5 corresponded
Also, HexNAc-containing glycoforms were observedrét to PChoHexHep;PEA,_3*P-Kdolipid A-OH, PChoHexs:
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Ficure 2: CE-ESI-MS/MS (negative mode) spectra of LPS-OH derived from NTHi 1124wt andidsi®4rhe indicated compositions
include theP-Kdo:-lipid A-OH element. (A) Precursor ion spectrum usimgz 290 as the fragment ion for identification of sialylated
components in 1124wt. (B) Precursor ion spectrum us¥z90 as the fragment ion for identification of sialylated components inlp$24
(C) Precursor ion spectrum usimyz 581 as the fragment ion for identification of disialylated components in [tj124

Heps:PEA,_3-P-Kdo-lipid A-OH, and PChoHex;-Heps: tive compositions, NeuSAeHex*HepsPEA,—3-P-Kdo-lipid
PEA,_3-P-Kdo-lipid A-OH, respectively. From the relative  A-OH, Neu5A¢-PChoHex,:Heps: PEA;-P-Kdolipid A-OH,
peak intensities in the spectra, it could be concluded thatand Neu5Ag-PChoHexs-HepsPEA3z-P-Kdo-lipid A-OH.
Hex3, Hex3/Hex4, and Hex4 glycoforms were the most The spectrum of 112@sA (Figure 2B) revealed ions cor-
abundant species in 11p4A 1124ic2A, and 1124tC, responding to sialylated Hex2 glycoform NeusARCho
respectively. HexorHepsPEA,—3-P-Kdo-lipid A-OH. In addition, the di-
lons corresponding to sialylated glycoforms were not sialylated glycoform lacking the phosphorylcholine moiety,
unambiguously identified in the full ESI-MS spectra of LPS- Neu5AG-Hex*Hep*PEA;+P-Kdorlipid A-OH, was identi-
OH samples due to extensive overlap with those correspond-fied at m/z 775.4. The precursor ion scan spectrum of
ing to major, nonsialylated glycoforms, and/or low abun- 1124gtC was dominated by ions corresponding to disialyl-
dances. However, their presence could be confirmed in ated Hex4 glycoforms having the structures NeubRCho
precursor ion monitoring tandem mass spectrometry experi- HexsHeps:PEA;—3P-Kdorlipid A-OH. Disialylated glyco-
ments (negative ion mode) by scanning for lossntd 290 forms in 1124psAand 1124gtC (Figure 2C) were confirmed
(Neu5Ac) following CE-ESI-MS/MS. The data are shown by scanning for loss ofivz 581 (NeuSAc-Neu5Ac).
in Figure 2 and summarized in Table 3. Quadruply and triply ~ Characterization of Lipid AThe lipid A backbone oH.
charged ions corresponding to a complex mixture of sialy- influenzaeLPS has been shown to consist gf-4.,6-linked
lated glycoforms containing two to five hexose residues were p-glucoseamine disaccharide, which is phosphorylated at
observed in the spectrum of 1124wt (Figure 2A). The major positions 1 and'443). The disaccharide is primarily acylated
ion atm/z 1100 corresponded to glycoform NeuSRE€ho with four 3-hydroxytetradecanoic acids. N-Acylation occurs
Hexy-Heps:PEA;-P-Kdorlipid A-OH. In addition, ions atr/z at C2 and C2and O-acylation at C3 and C3n addition,
993, 1034, 1197, and 1252 corresponded to disialylatedthe 3-hydroxy groups of the fatty acids at positionsa@d
Hex2, Hex4, and Hex5 glycoforms having the respec- 3 are acylated with myristic acid48). ESI-MS data (Table
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Table 3: Negative lon ESI-MS Data and Proposed Compositions for Sialylated O-Deacylated LPS (LPS-OH) Based on a Precursor lon Scan
(m/z 290 and 581) of Nontypeabld. influenzaeStrains 112psA 1124gtC, and 1124wk

observed ionrtVz) molecular mass (Da)
sample (M— 6H)5~ (M — 5H)> (M — 4H)* (M — 3H)*" observed calculated proposed composition
IpsA 570.5 713.5 2857.8 2856.4 Neu5SREhoHex Heps PEA,
594.5 743.5 2977.8 2979.4 NeuSREhoHex - Heps PEA3
516.9 620.5 775.5 3106.2 3105.6 NeuSAldex-Hep PEA;
IgtC 634.5 794.5 3179.8 3180.7 NeuSREhoHex*Heps PEA,
652.8 815.5 3266.8 3267.7 NeuSatiexsHeps*PEA3
659.5 825.5 3304.3 3303.8 Neu5REhoHex*Heps PEA;
668.% 836.5 3348.8 3349.0 Neu54ChoHex;-Heps* PEA
684.9 857.5 3430.8 3429.8 Neu5AelexHeps:PEA3
693.% 866.5 3471.3 3472.0 Neu54ChoHex:Heps*PEA,
717.% 898.5 3595.3 3595.1 Neu54ChoHex-Hep-PEA;3
wt 951 2856 2856.4 Neu5ABCho Hex-Heps:PEA;
993 2982 2979.4 Neu5ARCho Hex*HepsPEA;
993 2982 2982.4 Neu5Adex-Heps:PEA;
1006 3021 3018.5 Neu5ARCho Hexs:Heps*PEA,
1034 3105 3105.6 NeuS5Adiex-Heps;-PEA3
1047 3144 3141.6 Neu5ABRChoHex Heps PEA;
1059 3180 3180.7 Neu5ARChoHex-HepsPEA,
1100 3303 3303.8 NeuS5ARChoHexs Heps*PEA3
835 1113 3343 3342.8 Neu5/RChoHexsHeps'PEA,
—¢ 1154 3465 3465.9 Neu5ARChoHexs*Heps*PEA3
867 —c 3472 3472.0 Neu5AePChoHex;-Heps*PEA;
898 1197 3595 3595.1 Neu5APChoHex-Heps PEAs
938 1252 3758 3757.2 NeuS5APChoHexs*Heps*PEA;

a Average mass units were used for calculation of molecular mass values based on proposed compositions as follows: Hex, 162.14; HexNAc,
203.19; Hep, 192.17; Kdo, 220.18, 79.98;PEa, 123.05;PCho, 165.13; Neu5Ac, 291.26; lipid A-OH, 953.02. All compositions include the
P-Kdorlipid A-OH element.P Confirmed in a precursor ion scan amiz 581.° Not detected due to overlap.

Table 4: Methylation Analysis Data of the Dephosphorylat®e® Samples Derived frofd. influenzael124wt, 1124psA 1124ic2A, and
1124gtC

relative abundance

methylated sugér Tgn® linkage assignment 1124wt 11p8A 1124ic2A 1124gtC
2,3,4,6-Me-Glc 1.00 D-Glep-(1- trace 10 4
2,3,4,6-Me-Gal 1.06 p-Galp-(1- 15 18 13 28
2,3,6-Me-Gal 1.24 -4)p-Galp-(1- 13 16 11

2,3,6-Me-Glc 1.26 -4)p-Glcp-(1- 17 12 17 27
2,4,6-Me-Gal 1.29 -3)p-Galp-(1- 2

2,3,4,6,7-Me-Hep 1.43 L,D-Hepp-(1- 2 19 2 ?
3,4,6,7-Ma-Hep 1.65 -2)&,b-Hepp-(1- 30 20 22 19
2,6,7-Me-Hep 1.76 -3,4)-,0-Hepmp-(1- 19 16 14 19
4,6,7-Me-Hep 1.86 -2,3)-,0-Hem-(1- 3 11 3

a Methylation analysis data obtained from OS samples that were not dephosphorylated also showed the presence of terminaRG@adNGAC.
Me;-Glc represents 1,5-dD-acetyl-2,3,4,6-tetr®-methylp-glucitol-1-d;, etc. © Retention timesTgy) are reported relative to that of 2,3,4,6-Melc.

2), fatty acid compositional analysis yielding 3-hydroxytet- (Table 1) was consistent with data obtained for the corre-
radecanoic acid, and NMR experiments (data not shown) onsponding LPS-OH samples revealing the presence of Glc,
LPS-OH were indicative of this lipid A structural model. Gal, and Hep in all four strains and GalN in all strains except
Moreover, ESI-MS of the lipid A derived from 1124wt, 1124gtC. The absence of GIcN in the OS samples confirmed
purified by partitioning in chloroform, methanol, and water this sugar to be part of only lipid A.
(2:1:1; viviv), in the negative mode with chloroform and OS samples were dephosphorylated with 48% hydrogen
methanol (1:1; v/v) as solven#§) revealed major ions at  fluoride prior to methylation analysis. The resulting material
m/z 1825.0 and 1744.6 corresponding to diphosphorylated from OS1124wt revealed terminal Gal, 4-substituted Gal,
and monophosphorylated lipid A, respectively, with four 4-substituted Glc, 2-substituted Hep, and 3,4-disubstituted
3-hydroxytetradecanoic acid and two tetradecanoic acids. TheHep in a 15:13:17:30:19 proportion as the major constituents
monophosphorylated lipid A is assumed to be a product of (Table 4). Methylation analysis of dephosphorylated
the mild acid hydrolysis method described below. 0OS112lpsAshowed a terminal Hep as a major component
Characterization of Oligosaccharides Degid from 1124wt in addition to these sugars which is in agreement with the
and Isogenic IpsA, lic2A, and IgtC MutantMild acid expected lack of substitution of Heplll. OS1122A and
hydrolysis of LPS with dilute aqueous acetic acid afforded 0S1124gtC contained the same sugars as OS1124wt except
insoluble lipid A and core oligosaccharide material (OS), that terminal Glc was also observed in significant amounts
which after purification by gel filtration chromatography in OS1124ic2A, while 4- and 3-substituted Gal were not
resulted in oligosaccharide samples OS1124wt, OSp&24 observed in OS1124tC. It is noteworthy that OS112i42A
0S1124ic2A, and OS112@tC. Sugar analysis of the OS  contained 4-substituted Gal. The methylation analysis data
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were consistent with biantennary structures, containing thethe presence of several isomeric compounds was revealed

common inner-core elementa-b-Hep-(1—2)-L-a-D-Hepp-
(1—3)-[p-D-Glcp-(1—4)]-L-o-D-Hepp-(1—5)-a-Kdop, of H.
influenzael PS.

ESI-MS on OS samples (Table 2) indicated all four strains
to be glycylated. The Hex6-, Hex3-, Hex3/Hex4-, and Hex4-
containing glycoforms were prevalent in1124wt, 1A
1124ic2A, and 1124tC, respectively. All of the strains
comprised an anhydro-Kdo moietyArfKdo-ol) formed
during delipidation bys-elimination of aPPEA group from
C4 of Kdo as observed in previous studids-6, 8—10, 12,

13, 16—21).

In the ESI-MS spectrum of OS1124wt (negative mode),
doubly charged ions were observedratz 847.3, 927.9,
1008.7.0, and 1089.8, corresponding to glycofoP@ho
Hexs—¢-HepsPEA,:AnKdo-ol, respectively. Their glycylated
counterparts were detectedmafz 875.3, 956.9, 1037.4, and
1118.7, respectively. HexNAc-containing glycoforms were
identified atm/z 1029.4, 1110.7, and 1129.6 which cor-
responded t&ChoHexNAc-Hex,—g-Heps: PEA,-AnKdo-ol,
respectively. Glycylated HexNAc glycoforms were found at
m/z 1057.9, 1139.6, and 1220.2, correspondingP@ho
Gly-HexNAcHex—¢-HepPEA,-AnKdo-ol, respectively. ESI-
MS on OS112psArevealed the?ChoHex -4 Heps PEA,:
AnKdo-ol glycoforms at/z684.2, 765.4, 846.1, and 925.9,
respectively. The glycylated counterparts were founaat
712.7, 793.4, 874.5, and 955.9, respectively. ESI-MS on
0S1124ic2A revealed ions atwz 765.5, 847.3, and 927.9
corresponding toPChoHex—4-Heps*PEA,-AnKdo-ol, re-
spectively. The ions found atz 742.6, 794.0, 823.0, 875.3,
904.7, and 956.9 corresponded to glycylated glycoforms.
Notably, mz 742.6, 823.0, 906.5, and 985.0 corresponded
to glycoforms with two glycines, whereas the others con-
tained one glycine. The ions at'’z 765.1, 847.1, and 928.1
in the ESI-MS spectrum of OS11AC revealed that the
sample compriseBChoHex—4-Heps;*PEA,-AnKdo-ol gly-
coforms, respectively. Glycoforms containing one glycine
were found atm/z 794.9, 875.3, and 956.3, while their
counterparts with two glycines were identifiednafz 823.0,
906.5, and 985.0.

Information about the location of Gly, phosphorylation
sites, and the glycose sequence of o Gly-Hexs-Heps:
PEA,-AnKdo-ol component in OS1124sA was provided
by CE-ESI-MS/MS in the positive mode. A product ion
spectrum was obtained from its doubly charged iomét
877. lons atm/z 1382 and 1102 corresponded to losses of
Gly-Hep PEA and Hex-PCho units from the molecular ion,
respectively. The ion atVz 328 corresponded t8ChoHex
to which additions corresponding to HexHex/t 490 and
652) or Hep Wz 520) could be made, the latter indicating
that PChoHex substituted for Hepl. In addition, the ion at
m/z 373 corresponded to a GilepPEA fragment. It could
be concluded that glycine and oREA residue were linked
to Heplll.

by identifying product ions in MBspectra (Table 5). Only
isomeric glycoforms showing chain elongation from Hepl
and/or Heplll were identified, consistent with the absence
of lic2C as indicated by genomic analysis (data not shown).
MS2 experiments were employed when necessary to confirm
structures. Because of the increased MS response obtained
by permethylation in combination with added sodium acetate,
several glycoforms were observed in the MS spectra that
were not detected in underivatized samples (Figure 3). Thus,
in the ESI-MS spectrum of dephosphorylated and permethy-
lated OS112kpsA (positive mode, Figure 3B), five sodiated
adduct ions ([M+ Na']) were observed atm/z 1263.7,
1468.3, 1671.8, 1875.9, and 1916.7 corresponding to per-
methylated Hex 4-Heps:AnKdo-ol and HexNAeHexs-Heps-
AnKdo-ol, respectively. To obtain sequence and branching
information, these molecular ions were further fragmented
in MS?2 and MS experiments. The Hexl glycoform was
defined by ions atn/z 1001.6 and 753.5 corresponding to a
loss of a tHep-Hep unit from the parent iom/g 1263.7).
The Hex2 glycoform was defined by ionsratz 1205.7 and
957.6 corresponding to the loss of tHep-Hep from the parent
ion (Mm/z 1468.3). The Hex3 glycoform was defined by ions
atm/z 1409.7 and 1161.6 corresponding to the loss of tHep-
Hep from the parent iomf/z 1671.8). The Hex4 glycoform
was defined by ions atvz1613.9 and 1161.6 corresponding
to the loss of tHep-Hep from the parent iom/z 1875.9).
MS? fragmentation on the ion atvz 1916.7 corresponding

to the HexNAcHexs-Heps-AnKdo-ol glycoform resulted,
inter alia, in signals atvz 1655.0 corresponding to the loss
of tHep (Figure 4A). We subjectenvz 1655.0 to further
fragmentation which resulted in an ion atz 1406.8,
corresponding to the loss of -Hepll- (Figure 4B). In the
subsequent MSfragmentation ofn/z 1406.8, the resulting
ions atnvz 1147.5, 943.0, and 740.3 corresponded to the
loss of tHexNAc, tHexNAeHex, and tHexNAeHex-Hex,
respectively, indicating a tHexNAldex-Hex-Hex unit linked

to Hepl (Figure 4C). In summary, in OS11@A4A chain
elongation only occurred from Hepl which was in agreement
with the proposed function of thipsA gene.

In the ESI-MS spectrum of OS11iePA (positive mode,
Figure 3C), six sodiated adduct ions were observeavat
1264.7, 1468.2, 1672.0, 1875.6, 2079.4, and 2121.6 corre-
sponding to permethylated Hgex-Heps:AnKdo-ol and
HexNAcHex;-Hep ArKdo-ol glycoforms, respectively. These
ions were further fragmented in M®&xperiments, and some
of the resulting product ions underwent further fragmentation
to confirm the existence of the proposed glycoforms shown
in Table 5. One isomeric Hex1 glycoform was defined by
the ion atm/z 797.4 corresponding to the loss of tHex-Hep
from the parent ionrtyz 1264.7). The other Hex1 glycoform
was defined by the ion atvz 753.5 corresponding to a loss
of a tHep-Hep unit from the parent ion. Two Hex2 isomeric
glycoforms were identified by M&on the molecular ion at

Sequence Analysis of Dephosphorylated and Permethy-nm/z 1468.2 and subsequent ¥8n the product ions atvz

lated Oligosaccharide Samples by Multiple-Step MSYMS
0S1124wt, 0S1128sA OS1124ic2A, and OS1124tC

1205.6 and 1001.5 representing the loss of tHep and tHex-
Hep, respectively. The isomer having a disaccharide linked

were dephosphorylated, permethylated, and analyzed by ESIto Hepl was defined by the ion at/z 957.5 corresponding
MS" to determine the sequence and branching details of theto the loss of Hepll fromm/z 1001.5. The isomer having a
various glycoforms. This strategy has been proven to be hexose linked to Hepl was defined by the iomalz 753.5

particularly informative for profiling glycoform expression
in several NTHi strains18—20, 23). For most glycoforms,

corresponding to the loss of -Heplll-Hepll from'z 1205.6.
Two Hex3 isomers were identified by performing K1&n
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Table 5: Structures of Glycoforms from OS1124wt, OS1p2A OS1124c2A, and OS112tC Elucidated by ESI-MS(Subscripts Denoted
by the Lettersa—d Indicate the Number of Hexose Residues in the Following Structure)

HexNAc—Hex,—Hep-4nKdo-ol

Hep

HexNAc—Hex,—Hep

relative abundance(%) structure 1124wt structuipsA  structurelic2A  structurelgtC relative abundanée
glycoform wt IpsA lic2A IgtC a b ¢ d a b c a b c a b wt IpsA lic2A IgtC
Hex 5 4 4 1 0 0 O 1 o0 O 1 0 0 M H M
0 1 0 O 0 1 0 M M
Hex 5 19 15 7 2 0 0 O 2 o0 O 2 0 0 2 0 H H M M
1 1 0 O 1 1 0 1 1 L M L
0o 2 0 O 0 2 L L
Hexs 8 67 33 20 3 0 O O 3 o0 O 3 0 0 M H M
2 1 0 o 2 1 0 2 1 L M M
1 2 0 O 1 2 L M
Hex, 11 6 40 72 4 0 0O 0O 4 0 O 4 0 0 L H H
3 1 0 O L
2 2 0 O 2 2 M H
1 3 0 O L
Hexs 15 6 5 0 0 H
4 1 0 O L
3 2 0 O M
2 3 0 O M
Hexs 16 4 2 0 0 L
3 3 0 O H
HexNAc-Hex 4 5 3 0 1 O 3 0 1 M H
0 3 0 1 M
HexNAc-Hex 6 3 3 1 1 0 3 1 1 0 H
1 3 0 1 H
HexNAc-Hex 8 2 3 O 1 H
HexNAc-Hex 13 3 3 0 1 H
3 3 1 o0 L
HexNAc-Hexs 6 3 3 1 1 H

a Relative abundance for each glycoform. Calculated from the intensity of the molecular ion peak relative to the total intensity of all molecular

ion peaks in the MS spectrum expressed as a percerit&gdative abundance for structural isomers of each glycoform. Calculated from the
intensity of the product ions in the MSpectrum and indicated as follows: H, high§0%); M, medium (36-80%); L, low (2-30%); and T, trace

(<2%).

the parent ion atv/z 1672.0 and subsequent M8n the
resulting product ions atvz 1409.7 and 1205.6 due to the
loss of tHep and tHex-Hep, respectively. The isomeric
glycoform having a trisaccharide substituting for Hepl was
defined by the ion aim/z 1161.5 observed in the MS
spectrum at/z 1409.7 (loss of tHep-Hep). MSf the ion

at m/z 1205.6 showed a product ion afz 957.4 (loss of
-Hepll-) defining the Hex3 isomer with a disaccharide
substituted for Hepl. Only one Hex4 glycoform was identi-
fied when MS was performed on the molecular ionratz
1875.6 and subsequent ®18n the product ion due to the
loss of -Hex-Heplll aim/z 1409.6. The resulting product ion

glycoforms with chain extension from Hex-Heplll were not
detected by ESI-MS

In the ESI-MS spectrum of OS11RAC (Figure 3D),
major ions were observed a¥z 1468.1, 1671.9, and 1876.8
corresponding to permethylated HexHeps-AnKdo-ol gly-
coforms, respectively. In analogy with the experiments
described for 0S112dsAand OS112Uc2A, MS? on these
ions and subsequent M8n product ions (data not shown)
led to the identification of six glycoforms in 11RAC (Table
5), most of which showed disaccharide substitution at Hepl
and/or Heplll.

In the ESI-MS spectrum of 0S1124wt (Figure 3A), major

a trisaccharide group linked to Hepl. Only one Hex5
glycoform was identified by M5on the molecular ion at
m/z 2079.4 and MS8on the product ion due to the loss of
-Hex-Heplll atm/z 1614.0. The ion ai/z 1366.0 showing

2079.8, 2284.4, and 2528.9 corresponding to permethylated
Hex—s*Heps*AnKdo-ol. Minor HexNAc-containing glyco-

forms were observed atVz 1917.0, 2121.8, 2324.3, and

2528.9 corresponding to HexNAdex;—g-Heps*AnKdo-ol,

the loss of -Hepll indicated that a tetrasaccharide group Wwasrespectively, as well as an ion corresponding to HexNAc

linked to Hepl. The structure of the HexNAtex-Heps-
AnKdo-ol glycoform was determined by M®n the mo-
lecular ion atm/z 2121.5 and subsequent M&n the ion at
m/z 1407.4 due to the loss of Hex-Hep-Hep. The resulting
ions atm/z 1148.5 and 944.8 were due to the loss of
tHexNAc and tHexNAeHex, respectively, evidencing a
tHexNAc-Hex-Hex-Hex unit linked to Hepl. The function
of the lic2A gene in strain 1124 was confirmed since

Hexs*HepsAnKdo-ol atm/z 2775.0. These ions were further

fragmented in M&experiments, and some of the resulting

product ions underwent further fragmentation (data not
shown) to confirm the existence of the proposed glycoforms
shown in Table 5. The results of 0S1124wt reflected those
obtained from thdpsA lic2A, andIgtC mutants showing

full extensions from Hepl by HexNAcHexHexHexHex or

Hex4 units and from Heplll by a HexNAcHexHexHex unit.
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Ficure 3: ESI-MS spectra showing sodiated adducts{Nla)" of permethylated (A) 0S1124wt, (B) OS11gdA (C) OS1124c2A, and
(D) OS1124gtC. The peaks denoted with asterisks indicate glycoforms with monomethylated phosphate groups resulting from incomplete
dephosphorylation.

NMR Analysis of 0S1124wt, 0S1124IpsA, 0S1124lic2A, Structure of the Hex3 Glycoform in OS1124IpS&quence
and OS1124IgtCThe structures of major oligosaccharides analysis of 0S1128sAby ESI-MS' revealed a predominant
derived from the various strains were elucidated by detailed Hex3 glycoform having a trineptosyl inner core from which
H and**C NMR analyses'H and™*C NMR resonances were  chain elongation by a trisaccharide unit only appeared from
assigned using gradient chemical shift correlation techniquesHepl (see above and Table 5). In th& NMR spectrum of
(COSY, phase-sensitive TOCSY, HMQC, phase-sensitive 0S1124psA anomeric resonances corresponding to the
HSQC, and HMBC experiments). The chemical shift data triheptosyl moiety (HeptHeplil) were identified at) 5.04—
corresponding to 0S1124wt, OS11@h OS1124c2A, and 512 5.855.90, and 5.23, respectively (Figure 5). Inter-
OS1124gtC are given in Table 6. Subspectra corresponding yesjdue NOE connectivities between proton pairs Heplll H1/
to the |nd|v!dual glyco.syl residues werelldentme_d on the Hepll H2 and Hepll H1/Hepl H3 established the presence
basis of spin connectivity pathways delineated in the o the common inner-core triheptosyl moietyl8f influen-
chemical shift correlation maps, the chemical shift values, ;5 gypspectra corresponding to the hexose residues were
and the vicinal coupling constants. identified in the two-dimensional COSY and TOCSY spectra

The chemical shift data are consistent with eae$uigar  at ¢ 5.00 (Gal residue VI), 4.64 (Gal residue V), and 4.57
residue being present in the pyranosyl ring form. Further (G|c residue IV) (Figure 6A). The chemical shift data were
evidence for this conclusion was obtained from NOE data consistent with VI being a terminal residue in agreement with
which also served to confirm the anomeric configurations methylation analysis. The presence of the globoside trisac-
of the linkages and the monosaccharide sequence. The HeRp4ride attached to Hepl, with the sequeaas Galp-(1—4)-
ring systems were identified on the basis of the srigjl f-p-Galp-(1—4)-3-0-Glop-(1—4)-L-a-b-Hepp-(1—, was con-
values, and thein-configurations were confirmed by the firmed by interresidue NOEs between VI H1 and V H4, V

occurrence of single intraresidue NOEs between the reSPeCiy1 and IV H4. and IV H1 and Hepl H4 and H6 (Figures 6B
tive H1 and H2 resonances. Several signals for methyleneand 7) '

protons of AnKdo-ol were observed in the COSY and
TOCSY experiments, and this is due to the fact that several As observed previously, Hepll H6 of the inner core was
anhydro forms of Kdo are formed during the hydrolysis by detected in thg-anomeric region ad 4.57. The signal ad
elimination of phosphate or pyrophosphoethanolamine from 4.57 correlated t@ 75.4 in the!H—'3C HMQC spectrum
the C4 position ). which was in agreement with previous data-6, 8—10,
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FIGURE 4: ESI-MS analysis of permethylated OS11@4A-P. (A) MS? spectrum ofwz 1916.7 corresponding to the sodium adduct of the
Hex3HexNAc glycoform. (B) MS spectrum of the fragment ion at¥'z 1655.0. (C) M3 spectrum of the fragment ion at¥/z 1406.8.

12, 13, 16—-21). *H—3P correlation studies demonstrated indicated thatPEAIl was substituted at the O3 position of
PEAI to be linked to O6 of Hepll as &P resonance at Heplll since a3®'P resonance ad 0.04 coupled to the
0.73 correlated to the methylene protonsP&AI at ¢ 4.12 methylene protons dPEAIl at ¢ 4.14 and to H3 of Heplll
and to H6 of Hepll atd 4.57. Furthermore, these studies atd 4.36. This finding was corroborated by the significantly
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Table 6: *H and*3C NMR Chemical Shifts for NTHi 112#sA 1124ic2A, 1124gtC, and 1124wt Recorded in D at 22, 25, 22, and 3€C,
Respectively

Residue Glycose unit H-1/C-1 H-2/C2 H-3/C-3 H-4/C-4 H-5/C-5 H-6,/C-6 H-6; H-7,/C-7 H-Ts
Hex3 glycoform (1124/psA)
I —3, 4)-L-0-D-Hepp(1— 5.04 (n.r.) 3.99 3.97° 429 2 4119 2 K
97.5 71.1 72.7° 745 69.0
I L-0-D-Hepp(1— 5.86° (n.r.) 426 2 - 3.90 457 3.75 3.92
6 99.3 79.8 - 75.4 61.0
1
PEA
111 —2)-L-0-D-Hepp(1— 5.23"(n.r) 428" 436 K K K K
3 101.9% 70.4 76.9'
T
PEA
v —4)-B-D-Glep (1— 4.57(7.8) 3.46 3.620 375 3.74 433! 433!
6 103.8 73.6 75.5 78.8% 74.6 64.5
T
PCho
\% —4)-B-D-Galp(1— 4.64™ (7.8) 3.54 3.74 4.06 - -
103.9 71.5 733 78.2
Vi o-D-Galp(1— 5.00" (4.1) 3.83 3.91 4.04 438 3.70 3.70
101.3 69.5 70.1 71.6 71.6 63.0
Hex4 glycoform (derived from 1124lic24)
VIl B-D-Glep (1— 4.66 (8.3) 3.34 3.56 3.44 3.44 3.73 3.90
103.3 73.7 76.3 73.2 76.5 62.1
Hex4 glycoform (derived from 1124/gtC)
VIl —4)-B-D-Glep (1— 4.73 (8.3) 3.39 3.68 3.66 3.59 3.81 3.99
102.8 73.1 74.7 79.7 75.1 60.9
v B-D-Galp(1— 4.77°(7.8) 3.52 3.65 3.93 @ -
103.8 71.8 73.7 69.4
VIII B-D-Galp(1— 4.45 (7.8) 3.55 3.70 3.96 2 A
104.0 71.8 73.2 69.4
Hex6 glycoform (derived from 1124wt)
\ —4)-B-D-Galp(1— 4.86 (7.8) 3.59 3.76 4.07 A A
103.8 71.5 74.2 78.2
VIII —4)-B-D-Galp(1— 4.53 (7.8) 3.61 3.78 4.08 3.83
104.3 72.2 74.2 78.2 76.2
IX o-D-Galp(1— 4.97 (4.2) 3.85 3.94 4.07 4.38 3.74
101.3 69.2 70.1 71.1 71.8 63.3
Hex7 glycoform (derived from 1124wt)
IX —3)-0-D-Galp(1— 4.94 (4.4) 3.94 3.98 4.28 B 2
101.3 68.7 772 69.7
X a-D-GalpNAc(1— 4.68 (7.8) 3.97 3.80 3.97 - K
103.8 54.8 64.1 69.0
PEAI 4.16 3.30
63.2 40.8
PEAII 4.22 3.34
62.4 40.8
PCho 4.39 3.72
60.4 66.9
Gly 4.01°
41.4°

a3J, 4 values for anomeriéH resonances are given parentheses. n.r. means not resolved (small coupling). Signals correspe@timgiethyl
protons and carbons occurred at 3.16 and 54.8 ppm, respectively. Pairs of deoxy protons of Aetlidmedvere identified in the DQF-COSY
spectrum at) 1.89-2.16. # means not determined. Chemical shift values which differ by more #a66 ppm {H) and+0.6 ppm {C) between
strains are denoted with superscript letters as folloWs06Y4.0412A, ¢75.74/75,212A[75,09¢C, 94, 20M/4,17°2A/14,189C, &5, 70"/5.69°2A(5,729C,
f5.11%/5.08°24/5.119C, 9100.7191¢/100.82A, 4.40%/4.36/°2A/4.389C, 175.41191C/75 Jic2A | 13, 73/3.71i°2A/3,749C, k80.8WI91C/80. 7ic2A, 14,25, 4.38Y
4.22, 4.3T2A4.23, 4.36'C, ™4.86"/4.83°2A14, 7791, "4,98%, 04, 74", andPobserved in the 1124tC mutant.
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FiGure 6: (A) Selected region of the two-dimensional gradient and phase sensitive TOCSY spectrum (mixing time of 180 ms) of OS
derived from LPS of 112psA Cross-peaks of significant importance are labeled. See Table 6 for an explanation of the Roman numerals.

(B) Selected region of the two-dimensional gradient NOESY spectrum (mixing time of 250 ms) of OS derived from LPSlp$A124

Cross-peaks of significant importance are labeled.

downfield-shifted H3 and C3 of Heplll. The C3 chemical
shift of Heplll was identified in théH—3C HMBC spectrum

observed in théH—3C HMQC spectrum ab 4.36/76.9. In
addition, the downfield-shifted H@§ and C6, and &P

which appeared as a cross-peak between H1 and C3 ofresonance ai -0.11 coupled to Hgof residue 1V, indicated

Heplll, and the!H—13C position 3 resonances of Heplll were

this residue is substituted witACho.
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From the combined data for 11Ip4A the structure of
the major glycoform in OS112dsAis proposed as shown
in Scheme 1. ESI-MSexperiments revealed minor glyco-
forms in OS112psA having a HexNAcHexHexHex unit
extending from Hepl. Since sugar analysis indicated GalN,
it is proposed that this residue is linked to VI.

Structure of the Hex4 Glycoform in 0S1124lic2®e-
quence analysis of OS11liePA allowed the identification
of glycoforms showing chain elongation from Hepl in the
same manner as for OS11@4A and Heplll by a hexose

NOESY between proton pairs of VIII H1, VII H4, and Heplll
H1 and H2. Furthermore, it was also established that lactose
could elongate from Hepl as indicated by NOESY data
showing cross-peaks between proton pairs V H1, IV H4, and
Hepl H4 and H6.

In the tH—13C HMQC spectrum of the 1124tC mutant,
we observed a cross-peak @t4.01/41.4 which was not
observed in the spectra of the other samples. As glycine is
most abundant in the 11R{C mutant (see Table 2), it was
reasonable to assume that this cross-peak corresponded to
the methylene nuclei of this residue. This was corroborated
by a'H—*C HMBC spectrum showingH—13C cross-peak
at 0 4.01/169.0 consistent with coupling between the
carbonyl carbon and the Ghprotons of the glycine residue.
The available positions for attachment of the glycine moiety
are at 04, 06, and O7, but due to signal overlap, NMR data
did not provide information about the exact location of the
glycine moiety on the Heplll residue.

No further differences were observed with the isomeric
glycoform shown in Scheme 2. Thus, the structure shown
in Scheme 3 is proposed for the major Hex4 glycoform in

(see above and Table 5). The occurrence of interresidueOS1124gtC.
NOESY connectivities between the various anomeric protons  Structure of the Hex6 and Hex7 Glycoforms in OS1124wt.

and ring protons in OS11#d42A confirmed an identical

Sequence analysis of 0S1124wt revealed the wild-type strain

structural element as shown in Scheme 1. In addition, in the to express a highly heterogeneous mixture of LPS glycoforms

H NMR spectrum of OS112i¢2A, an anomeric signal at
0 4.66 could be attributed to a termin&b-glucose residue
VII. An interresidue NOE between H1 of VIl and H1/H2 of
Heplll gave evidence for thg-p-Glcp-(1—2)-L-a-D-Hepllip-
(1— unit. The phosphorylation pattern BEAL, PEA2, and
PCho in 1124ic2A was similar to that in 1124sA. This
was confirmed by the'H—3P HMQC spectrum which
showed the respective phosphorus atom®BAI, PEAII,
and PCho atd 0.53,—0.49, and 0.53 correlated to H6 of
Hepll ato 4.57, H3 of Heplll aty 4.33, and Hg,ato 4.22
and 4.37, respectively (see Figure 8). HexNAc-containing
glycoforms could not be identified by NMR due to their low
abundance, but as for OS11p4A sugar analysis together
with ESI-MS' indicated a terminal GalNAc substituting for
o-D-Galp. The structure shown in Scheme 2 is proposed for
the major Hex4 glycoform in OS118d42A.

Structure of the Hex4 Glycoform in OS1124IgESI-MS!
analysis indicated the major Hex4 glycoform of OS1iggad
to carry disaccharide units at both Hepl and Heplll of the
inner-core triheptosyl unit. NMR analysis of OS11@€C
revealed that Heplll was substituted with a lactose yfit{
Galp-(1—4)--b-Glcp-(1—] as evidenced by interresidue

having the triheptosyl inner core from which chain elongation
only appeared from Hepl and Heplll (Table 5). Chain
elongations from Hepl were the same that appeared in the
IpsAmutant, and a HexNA¢lex-Hex-Hex unit appeared to
be the most extended oligosaccharide chain from Heplil.
In the'H NMR spectrum of OS1124wt, anomeric protons
of the major Hex6 glycoform corresponding to Gal residues
V, VI, VI, and IX and Glc residues IV and VII were
identified at 6 4.86, 4.95, 4.53, 4.97, 4.57, and 4.73,
respectively. Interresidue NOEs between VI H1 and V H4,
V H1 and IV H4, and IV H1 and Hepl H4 and H6 established
the sequence of a trisaccharide unit and its attachment point
to Hepl as a-b-Galp-(1—4)-5-p-Galp-(1—4)-3-p-Glcp-
(1—4)-L-a-D-Hepp-(1—. Interresidue NOEs between IX H1
and VIII H4, VIII H1 and VII H4, and VII H1 and Heplll
H1 and H2 established the sequence of a trisaccharide unit
and its attachment point to Heplll asp-Galp-(1—4)-4-p-
Galp-(1—3)-5-b-Glcp-(1—2)-L-o-D-Hepp-(1—. In summary,
the Hex6 glycoform comprised globoside epitopes elongating
from Hepl and Heplll. In the spectrum, terminab-Galp
residues corresponding to V and VIII originating from shorter
glycoforms were observed &t4.78 and 4.47, respectively.
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The'H NMR spectrum also revealed signalsdas.68 and
4.94 which could be attributed to terminalp-GalNAc
residue X and 3-substituted residue lx-p-Galp), respec-
tively. An interresidue NOE between H1 of X a#4.68 and
H3 of the 3-substituted IX ad 3.98 evidenced th@-p-

GalpNAc-(1—3)-a-b-Galp-(1— element. It was concluded

It is reasonable to assume that the HexNAex-Hex-Hex
elongation from Hepl indicated by ESI-M&lso comprises
a terminal$-p-GalpNAc-(1—3)-o-p-Galp-(1—-.

DISCUSSION

A characteristic feature oH. influenzaelLPS is the
extensive inter- and intrastrain heterogeneity of glycoform
structure. This diversity of LPS structure is key to the role
of the molecule in both the commensal and disease-causing
behavior of the bacterium. NTHi strain 1124 investigated in
this study exhibits one of the most heterogeneous LPS
structures determined to date. Through a combination of our
state-of-the-art structural analyses and use of our extensive
knowledge of the genetic blueprint for LPS synthesis, to
construct isogenic strains making truncated LPS, we have
analyzed the extremely complex glycoforms expressed by
this disease-causing isolate and identified some novel pat-
terns.

LPS from NTHi strain 1124 contains the conserved inner-
core elementL-a-b-Hepp-(1—2)-[PEA—6]-L-o-D-Hepp-
(1—3)-[3-D-Glcp-(1—4)]-L-o-D-Hepp-(1—5)-[PPEA—4]-a--
Kdop-(2—6)-lipid A of H. influenzaelt was found that both
the proximal and terminal heptose (Hepl and Heplll,
respectively) could be substituted by globotetraose chains
p-p-GalpNAc-(1—3)-a-p-Galp-(1—4)-3-p-Galp-(1—4)-5-D-
Glcp-(1— or the truncated versions thereof (globoside and
lactose). Lactose attached to Hepl has previously only been
observed in NTHi strain 20194, and extension by glo-
botetraose and globoside units directly from Hepl is a

that the Hex7 glycoform in OS1124wt has the structure as completely new structural variant dfl. influenzaelLPS.

shown in Scheme 4.

Oligosaccharides that mimic the globoside series of mam-
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malian glycolipids are common motifs bf. influenzad_PS. initiating synthesis of the tetrasaccharide unit to Glevz=P.

Globotetraose has been found linked to Heplll in a number Therefore, although those structures are extended lactoses,
of different strains 9, 18 19). In addition, globoside the biosynthesis of the lactose unit from Hepl in NTHi strain
oligosaccharides have been found as extensions from all24 is not by this en bloc mechanism and should involve
glucose linked to Hepl and/or Hepll in both capsulate and a conventional galactosyltransferase. A possible candidate
NTHi (7, 20—22). Four genes are involved in the biosyn- would belic2A; however, our structural studies on the 1124
thesis of globotetraose when it is linked to HepllpsA lic2A mutant showed that the chains extending from Hepl
lic2A, IgtC, and IgtD (26). In strain Rd, for which the  were the same as those observed in the wild-type strain. The
biosynthetic genes were initially identified from the genome function of lic2A was, as expected, in the expression of
sequence, globotetraose is linked to O2 of Heplll, and the lactose from Heplll. No further homologues lf2A were

four genes are required for sequential addition of the identified in strain 1124 following PCR and Southern
glycoses.IpsA is responsible for adding the first glucose analyses of DNA isolated from the wild-type and mutant
residue.lic2A is responsible for adding-o-Galp in a 1,4- strains (data not shown). The phase varidei€ locus has
linkage to the3-p-Glcp residuelgtC is responsible for adding  been shown to encode a glucosyltransferase important in
ana-p-Galp to form globoside ¢.-p-Galp-(1—4)-3-p-Galp- further oligosaccharide extension frg#p-Glcp-(1—4)-Hepl
(1—4)-4-p-Glcp-(1—]. IgtD mediates addition of the 1,3- (31). Interestingly, NTHi strain 1124 also possessedéka
linked terminal-p-GalpNAc. IpsA lic2A, IgtC, andIgtD gene, but no clear evidence for tlfep-Glcp-(1—4)-5-p-
homologues had been identified in NTHi strain 1124 by Glcp-(1— epitope could be found in either the wild-type or
PCR-based analysis of LPS biosynthesis genes present irmutant strains. We could, however, by the use of ESPFMS
that strain (data not shown)he results presented here show identify traces of glycoforms having Hex4 extensions from
that IpsA lic2A, andIgtC have identical functions in LPS  Hepl. A galabiose-containing tetrasaccharide extension from
biosynthesis in NTHi strain 1124 as in strain Rd. In addition, Hepl is found in type b strains with the structuzeGalp-

as shown by the structural studies on I mutant strain, (1—4)-5-p-Galp-(1—4)-3-p-Glcp-(1—4)-5-b-Glcp-(1— (22).

IgtC is involved in the expression of galabiose as part of the One could speculate that this is an alternative structure
globoside extension from Hepl. It has previously been shown extending from Hepl in NTHi 1124 whelex2 is active. It
thatlgtC contributes to the expression of terminal galabiose is possible that lex2 and the still unidentified galactosyl-
[a-D-Galp-(1—4)-5-b-Galp] as part of the globoside epitopes transferase are competing and the galactosyltransferase is
extending frono-p-Glcp-(1—4)-Hepll ands-b-Glcp-(1—4)- dominant, the phase variablex2 is predominantly not
Hepl in type b strains Eagan and RM70@b); Now, for expressed under our in vitro culture conditions, or lex2 in
the first time, we have shown that thgtC gene can be this strain of NTHi has galactosyltransferase activity. We
involved in expression of the globoside epitopes from Hepl are currently investigating these possibilities.

and Heplll in the same strain. Botlic2A and IgtC are A majority of typeable and nontypeable strains tf
variably expressed, and the mechanism of phase variationinfluenzaehave the potential to incorporate Neu5Ac into their
is presumed to account for a majority of the LPS structural LPS @33, 44), and strains expressing this sugar are more
variation seen in modtl. influenzaestrains. The emphasis resistant to the bactericidal activity of normal human serum
placed on making expression of the galabiose highly variablein vitro. Incorporation of Neu5Ac irH. influenzaelLPS
likely reflects its immunodominance and role as a molecular depends on an exogenous source of the sugar. Recently, we
mimic of host structures that can influence survivalthf have shown that host-derived Neu5Ac is incorporateld.in

influenzaewithin different host compartments. influenzaelLPS and is a major virulence factor in experi-
Recently, we have shown thhit influenzaecan express  mental otitis media35). Three genes have been described
sialyllactoN-neotetraoseo-Neu5Ac-(2—3)--D-Galp-(1—4)- as encoding sialyltransferasesHn influenzaelic3A, IsgB,
-D-GlcpNAc-(1—3)-5-p-Galp-(1—4)-5-b-Glcp-(1—] or the andsiaA lic3A encodes the phase variable?,3-sialyltrans-
related structureREA—6)-a-b-GalpNAc-(1—6)-3-p-Galp- ferase sialylating terminal lactose extending from Heplll, and
(1—4)-p-b-GlcpNAc-(1—3)-4-p-Galp-(1—4)-5-p-Glcp- IsgB and siaA are involved in sialylation of the lacth-

(1— linked to Hepl (5). The biosynthesis of the terminal neotetraose units, described above, extending from Fdpl (
tetrasaccharide moieties was found to resemble that of48). The level of sialylation irH. influenzad_PS is generally
O-antigen repeat units and is mediated by genes iithg low, and detailed structural analysis of sialylated glycoforms
locus of theH. influenzaggenome. The tetrasaccharide units has only been possible for less heterogeneous strains grown
are added en bloc, not stepwise, to the glucose linked to Heplunder appropriate conditions to maximize sialylated glyco-
[8-D-Glcp-(1—4)-Hepl] @7). The gene responsible for form expressioni3, 17).
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Analysis has shown that NTHi strain 1124 contains each
of the sialyltransferase gendis3A, IsgB, andsiaA Initially,
sialylation of this strain was demonstrated by us in a survey
made on 24 NTHi strains using HPAEC-PAD in combination
with neuraminidase treatmem4). A more detailed char-
acterization of the sialylated glycoforms in NTHi strain 1124
could be done here by using precursor ion scan CE-MS/MS
(Table 5 and Figure 1). We found that 1124wt expresses
sialylated glycoforms ranging from Hex2 to Hex5 species.
Most predominant was the glycoform with the Neu5Ac
PChoHexy-Heps*PEA3-P-Kdo-lipid A-OH composition. In
the IgtC mutant, a disialylated Hex4 glycoform with the
Neu5Ag-PChoHex-HepsPEA;-P-Kdo-lipid A-OH com-
position predominatedvhich is consistent with the observa-
tion made for strain Rd whereby LgtC competes with Lic3A
for the same acceptor and thel§€ mutant expressed high
levels of sialyllactose from Heplll34). The nature of a
disialylated species in 112ytC and also 1124wt could
involve either monosialylation at two different sites or
disialylation at one site. Disialylated (Neu5Ableu5Ac)
extensions from Heplll have been observed previousdy (
33). Evidence for sialylated epitopes extending from Hepl
was obtained by analysis of tigsA mutant which showed
both mono- and disialylated Hex2 glycoforms. This provides
compelling evidence for expression of mono- and disialylated
structures extending from Hepl in the parent strain. It is
tempting to assume th&t3A is involved in the biosynthesis
of this epitope. We are currently investigating the genetic
basis of LPS sialylation in NTHi 1124 and the role of the
sialylated glycoforms in the biology of the bacterium.

Chain extension from Hepll was not detected in NTHi

Yildirim et al.

of Heplll is still unknown and is currently under investiga-
tion.

Ester-linked glycine has been shown to be a prominent
substituent in the core region b influenzadLPS. All strains
investigated so far express minor amounts of this amino acid
(45). The most common site for this substituent is Heplll,
but it can also been found at Hepll or Kdo. In strain 1124,
the position of glycine is indicated at Heplll. The biological
significance of glycine with respect to the role of LPSHbf
influenzads not clear.O-Acetyl groups which are found in
approximately 50% of all strains investigated by us are absent
in NTHi 1124,

In conclusion, these analyses have shown that the synergy
between genetic and structural analyses is tremendously
powerful in the investigation dfl. influenzad_PS. Structural
analysis has been a key in determining the genetic blueprint
for LPS synthesis inH. influenzae however, genetic
manipulation of key genes has been a powerful tool in aiding
the structural analysis, and this is still an ongoing process
as novel structures and genes are found.
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