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ABSTRACT: Lipopolysaccharide (LPS) is a major virulence determinant of the human bacterial pathogen
Haemophilus influenzaé&tructural elucidation of the LPS frohh. influenzaetype b strain RM7004 was
achieved by using electrospray ionization mass spectrometry (ESI-MS) and high-field NMR techniques
on delipidated LPS and core oligosaccharide samples of LPS. It was found that the organism elaborates
a series of related LPS glycoforms having a common inner-core structure, but differing in the number
and position of attached hexose residues. LPS glycoforms containing between four and nine hexose residues
were structurally characterized. The inner-core element was determined-to-béHepp-(1—2)-[PEA—6]-
L-o-D-Hepp-(1—3)-[3-D-Glcp-(1—4)]-L-a-D-Hepp-(1—5)-[P—4]-a-KDOp-(2—, a structural feature which

has been identified in everil. influenzaestrain investigated to date. Two major groups of isomeric
glycoforms were characterized in which the terminal plepsidue of the inner-core element was either
substituted at the O-2 position withfap-Galp residue or not. The structures of the major LPS glycoforms
were found to have oligosaccharide chain extensions from O-3 of the middie ndsiplue. Glycoforms
containing five and six hexose residues were most abundant and were shown to carry the tetrasaccharide
unit o-p-Galp-(1—4)-5-b-Galp-(1—4)-5-p-Glcp-(1—4)-a-p-Glep at the O-3 position of the middle heptose.

This tetrasaccharide displays the globoside trisaccharide (globotriose) as a terminal epitope, a structure
that is found on many human cells¥(Blood group antigen) and which is thought to be an important
virulence determinant fdd. influenzaeLPS glycoforms were characterized that had further chain extension
from thef3-p-Glcp-(1— residue of the proximal Hgp In the fully extended LPS (Hex9/Hekglycoforms),

both the proximal and middle heptose residues carried tetrasaccharide chains displaying terminal globotriose
epitopes. In addition, the LPS was found to carry phosphorylcholineCaadetyl groups.

Haemophilus influenzaeemains a significant cause of LPS that display extensive structural and antigenic diversity
disease worldwide. Both capsular and acapsular (nontypable)among multiple oligosaccharide epitopes. Recent studies have
strains are recognized, and the potential of this pathogen tofirmly established that LPS df. influenzads comprised of
cause disease has been linked to its ability to express capsulas conserved inner-core triheptosyl unit that is attached to a
polysaccharidel)) and lipopolysaccharide (LPSR) epitopes. lipid A moiety via 3-deoxyp-mannaoctulosonic acid (KDO)
Strains belonging to capsule serotype b are most invasive4-phosphates, 6). The inner-core unit provides the template
(3, 4). LPS is an essential and characteristic surface for attachment of oligosaccharide- and non-carbohydrate-
component oH. influenzaeThis group of bacteria has been  containing substituents, of which the nature and substitution
found to express heterogeneous populations of short-chainpatterns can vary both within and between straBs1().

H. influenzaeLPS has been found to mimic host surface
*National Research Council of Canada Publication 42469. antigens {1) and has the propensity for reversible switching
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o ngr:/r? Egﬁ’,giﬁ;,:&”hital_ steps involved in LPS oligosaccharide biosynthesis in type

! Abbreviations: DOG-PAGE, deoxycholatepolyacrylamide gel b strain Eaganl(5) and in the genome-sequenced strain, Rd
electrophoresis; GLEMS, gas liquid chromatograpfymass spec- (16, 17). In our laboratories, we have been interested in the

trometry; ESI-MS, electrospray ionization mass spectrometry; CZE, : ; :
capillary zone electrophoresis; COSY, correlated spectroscopy; TOCSY, genetic and molecular aspects of expression of the globotriose

total correlated spectroscopy; HMQC, heteronuclear multiple-quantum €pitope f-p-Galp-(1—4)-3-p-Galp-(1—4)-4-p-Glcp] in H.
coherence; NOE, nuclear Overhauser effect; NOESY, two-dimensional influenzaelLPS (7, 8, 15, 17—19). This epitope is found on

NOE spectroscopy; KDO, 3-deoxyHmannceoctulsonic acid; LPS,
lipopolysaccharide; LPS-OH, O-deacylated LPS; OS, oligosaccharide; many human cells, for example, as a component of the globo

PEA, phosphoethanolamine; PPEA, pyrophosphoethanolamine; KDO,.Serie_S of glycolipids (blood groukaz_intigen), structures
3-deoxyp-manneoctulosonic acid. implicated as receptors for bacterial ligand8,(20). In the
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type b strain Eagan, the globotriose epitope is expressed aslerivatives 82). The KDO residues iH. influenzaelLPS

a terminal trisaccharide moiety of a tetrasaccharide extensionwere previously reported to have tlremanno absolute
from the central heptose of the LPS inner-core unjt (n configuration 83). GLC analysis was performed with a
the type d-derived strain, Rd, the globotriose epitope is Hewlett-Packard model 5890 series Il gas chromatograph
expressed in a different molecular environment, being presentfitted with a hydrogen-flame ionization detector, using a
as a trisaccharide extension from the distal heptose of thefused-silica capillary column (0.3 mm 25 m) containing
inner-core unit §). It is noteworthy that the glycosyltrans- 3% OV 17; an initial column temperature of 18C was
ferases involved in the biosynthesis of this trisaccharide unit held for 2 min, followed by an increase to 24G at a rate

are encoded by homologous genes in the two strdids (  of 2 °C/min. Methylation analysis was performed on an LPS
In the investigation presented here, we provide evidence thatbackbone OS sample-@ mg) with iodomethane in dimethyl
type b strain RM7004 elaborates LPS having a basal structuresulfoxide containing an excess of potassium (methylsulfinyl)
similar to that of strain Eagan, but displaying the capacity methanide 84). Excess iodomethane was evaporated under
to express simultaneously two globotriose units on chain a stream of nitrogen; water (3 mL) was added, and the
extensions from the proximal and middle heptose residuesmethylated oligosaccharides were purified on a Sep-Pak C-18

of the inner-core unit in fully assembled glycoforms. cartridge as previously describe85]. Purified methylated
oligosaccharide was hydrolyzed with 0.25 M3, in 95%
EXPERIMENTAL PROCEDURES acetic acid at 85°C overnight, reduced (NaBf) and

acetylated according to acetolysis procedure of Stellner et
al. (36). Partially methylated alditol acetates were separated
by GLC and identified by electron impact (EI-MS) on a
Varian Saturn lontrap GLEMS system fitted with a DB-

17 fused-silica capillary column (0.25 men 25 m), using

Bacterial Growth and LPS Preparation. H. influenzgpe
b strain RM7004 was obtained from the culture collection
of E. R. Moxon (Oxford University, Oxford, U.K.). This
strain was originally obtained from L. van Alphen (strain
760705), one of several isolates from invasive diseases inthe temperature proaram which began at 180for 2 min
The Netherlands2(1). Bacteria were cultivated in liquid followedpb an inF::re%se 10 32T at% rate of FC/min
media of brain heart infusion broth as described elsewhere y '
(7). Cell pellets obtained by centrifugation of the bacterial NMR SpectroscopyNMR spectra were obtained on a
culture were washed, successively, once with ethanol, twice Bruker AMX 500 or 600 spectrometer using standard Bruker
with acetone, and twice with petroleum ether {&® °C). software. All measurements were taken on solutions at 27
The LPS was extracted from the air-dried cellular material °C in 0.5 mL of D,O (pD 6-7) after several lyophilizations
by the hot phencetwater procedure 2@), followed by with D,O. Proton spectra were obtained by using a spectral
extensive dialysis, or by precipitation with 4 volumes of Width of 6 kHz and a 990 pulse. The broadband proton-
ethanol 7). Crude LPS was purified by repeated ultracen- decoupled™C NMR spectrum was obtained at 125 MHz
trifugation (105009 at 4 °C for 5 h). using a spectral width of 33.3 kHz, a9pulse, and WALTZ
Deoxycholate-Polyacrylamide Gel Electrophoresis (DOC decoupling 87). Acetone was used as the internal standard,
PAGE). PAGE was performed using the buffer system of and chemical shifts were referenced to th.e methyl resonance
Laemmli and Favre2d) as modified by Komuro and Galanos ~ (On: 2:225 ppm;dc, 31.07 ppm). Two-dimensional (2D)
(24) with DOC as the detergent. LPS bands were visualized "omonuclear proton correlation (COSY), TOCSY, NOESY,

with a silver staining procedure as described by Tsai and @nd heteronuclear 2D°C—*H chemical shift correlation
Frasch 25). (HMQC) experiments were performed as previously de-

Oligosaccharide PreparationO-Deacylated LPS, LPS scribed @8).
backbone oligosaccharide, and core OS were prepared as Electrospray lonization (ESI) Mass Spectrome8gmples
described previously7( 26—28). The backbone OS products Were analyzed on a VG Quattro mass spectrometer (Fisons
were fractionated on the Bio-Gel P2 gel filtration column Instruments) fitted with an electrospray ion source. O-
(2.6 cmx 140 cm, 206-400 mesh, Bio-Rad). Elution was Deacylated LPS and backbone OS samples were dissolved
performed with pyridinium acetate (0.05 M, pH 4.5). Column in water which was then mixed in a 1:1 ratio with 50%
eluants were continuously monitored for changes in refractive aqueous acetonitrile containing 0.4% acetic acid for mass
index with a Waters R403 differential refractometer, and Spectral analysis in either the negative or positive ion mode.
collected fractions (4.5 mL) were assayed colorimetrically Samples were injected by direct infusion gt/min with
for neutral glycoses by the phenaulfuric acid methodZ9). a Harvard syringe pump 22. The electrospray tip voltage was
Analytical Methods and Methylation Analysilycoses ~ 2-5 KV. The mass spectrometer was scanned frgmls0
were identified by GLC as their alditol acetate derivatives, © 2500 with a scan time of 10 s. Data were collected in
Samples (0.20.5 mg) were hydrolyzed wit2 M TFA for multichannel analysis mode, and data processing was handled
90 min at 125°C and evaporated to dryness under a stream PY the VG data system (Masslynx).
of nitrogen. The liberated glycoses were reduced (NgBH CE-ESI-MS experiments were performed on a APl 300

and acetylated (A©) as previously describe®@). Per- triple-quadrupole mass spectrometer (Perkins Elmer/Sciex)
acetylated heptitol derivatives were found to beitigycero (38). A Crystal model 310 CE instrument (ATl Unicam) was
p-manno(or b-glyceraL-manng configuration by compari-  coupled to the mass spectrometer via a coaxial sheath-flow

son of their GLC retention times with that of an authentic interface. A sheath solution of 2-propanol and methanol (70:
standard. The-glycereb-mannoabsolute stereochemistry  30) was delivered at a flow rate of 1.4 /min to a low dead

is assumed on biosynthetic ground4)( The stereochemistry ~ volume tee (250um inside diameter, Chromatographic
of the hexoses was established to bedfeonfiguration by Specialties Inc.). All agueous solutions were filtered through
GLC analysis of their acetylatedR)-2-octyl glycoside a 0.45um filter (Millipore) before being used. An electro-
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RESULTS

Isolation and Characterization of LPS.PS from H.
influenzaestrain RM7004 was isolated by using the hot
phenot-water extraction method®p) in a yield of ca. 2-3%
from dried bacterial cells. Deoxycholatpolyacrylamide gel
electrophoresis (DOEPAGE) analysis of the LPS indicated
that it is a short-chain LPS, consistent with earlier investiga-
tions (7, 39). The LPS exhibited a heterogeneous mixture
comprised of several bands having electrophoretic mobilities
between those of the Ra and SR bands of S-Sglenonella
LPS (Figure 1, lanes 1 and 3). The electrophoretic mobilities
of the major bands were slower than those of the related
type b strain, Eagan (Figure 1, lanes 2 and 3), indicating the
presence of higher-molecular mass LPS species. We have
previously shown that Hex5 comprises the major LPS
glycoform population in strain Eagafi)( Glycose analysis
. of the LPS from strain RM7004 indicated the presence of
pD-glucose (Glc), b-galactose (Gal),L-glycerep-manne
heptose (Hep), and 2-amino-2-decxglucose (GIcN),
which were identified by GLEMS analysis of the corre-
2 3 sponding alditol acetate and 2-butyl glycoside derivatives.
Mild acid hydrolysis (1% HOAc, 100C, 2 h) of the LPS
sample afforded core oligosaccharide and insoluble lipid A
FIGURE 1: DOC—PAGE pattern of LPS fronsalmonella milwau-  fractions. Sugar analysis indicated that GIcN is present only
keestrain andH. influenzaetype b: lane 1S. milwaukedS-type in the lipid A component. The presence of KDO was
LPS, 10ug); lane 2H. influenzaestrain Eagan (4g); and lane 3,  confirmed by MS and NMR analysis (see below).

H. influenzaestrain RM7004 (40). O-Deacylated LPS (LPS-OH) was prepared by treatment
of the LPS sample with anhydrous hydrazine (& for 1
spray stainless steel needle (27 gauge) was butted againgt). Analysis of LPS-OH samples by electrospray ionization
the low dead volume tee and enabled the delivery of the mass spectrometry (ESI-MS) in the negative ion mode
sheath solution to the end of the capillary column. Separa- revealed a series of related structures that differed in the
tions were obtained on 90 cm (length) bare fused silica usingnumber of hexose residues (Table 1). It is now well-
30 mM aqueous morpholine acetate (pH 9) containing 5% established thatH. influenzae LPS is comprised of a
methanol. A voltage of 25 kV was applied at the injection conserved inner-core heptose trisaccharide (basal unit) at-
end of the capillary, and spectra were obtained in the negativetached to the lipid A moiety via a phosphorylated KDO
ion mode. The outlet of the fused-silica capillary (185 residue in which the central Hep is substituted with phos-
outside diametex 50 um inside diameter) was tapered to phoethanolamine (PEAB). Under the conditions that were
an outside diameter of 74m (20um inside diameter). Data  employed, the ESI mass spectra showed peaks corresponding
were acquired and processed in the Mass Lynx Windows to doubly and triply charged molecular ions (Table 1). The
NT-based data system. The calculation of oligosaccharidetriply charged molecular ions atVz 866.0, 920.1, 974.0,
molecular masses was facilitated using the computer program1028.1, 1082.0, and 1136.1, together with the corresponding
“Gretta’s carbos” developed by W. Hines (University of doubly charged counterparts, indicated the presence of
California, San Francisco, CA). glycoforms containing four to nine hexose residues, respec-

- B
-

Table 1: Negative lon ESI-MS Data and Proposed Compositions for O-Deacylated LP & friofftuenzaeRM7004

observed ionrtv2) molecular mass (Da)
LPS glycoform (M— 3H)*- (M — 2HY observed calculated proposed composition

Hex4 866.0 1299.4 2600.9 2601.3 Hédep; PEA, P, KDO; lipid A-OH
906.7 1361.1 2723.7 2724.4 Heiteps PEA; P, KDO; lipid A-OH

Hex5 920.1 1380.4 2763.1 2763.5 Hédep; PEA, P, KDO; lipid A-OH
961.3 1441.5 2886.0 2886.5 Heiteps PEA; P, KDO; lipid A-OH

Hex6 974.0 1461.8 2925.3 2925.6 Hédep; PEA, PL KDO; lipid A-OH
1015.1 1523.0 3048.2 3048.6 Heteps PEA; P; KDO; lipid A-OH

Hex7 1028.1 1542.8 3087.5 3087.5 Hédep; PEA; PL KDOq lipid A-OH
1068.5 1603.7 3209.0 3210.5 Hebteps PEA, P, KDO; lipid A-OH

Hex8 1082.0 1623.8 3249.0 3249.7 Hélep; PEA; PL KDO, lipid A-OH
1123.0 - 3372.0 3372.7 HexHep; PEA: P, KDO; lipid A-OH

Hex9 1136.1 - 3411.3 3411.9 HexHep; PEA; P, KDO; lipid A-OH
1177.3 - 3534.9 3534.9 HexHep; PEA; P, KDO; lipid A-OH

aCalculated average values of doubly and triply charged ibAserage mass units were used for calculatidf) (of molecular mass values

based on proposed compositions as follows: 162.15 for Hex, 192.17 for Hep, 220.18 for KDO, 79.98 for phosphate, 123.05 for PEA, and 953.03
for lipid A-OH.
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Table 2: Negative lon CE-ESI-MS Data and Proposed Compositions for O-Deacylated LP 8 fioffuenzaeRM7004

isomeric LPS elution molecular mass (Da) relative
glycoform point (min) observet calculatef distribution (%) proposed composition
Hex9 10.82 3575.5 (3) 3574.1 0.5 HexHep; PEA; P; KDO; lipid A-OH(K )¢
11.22 3411.0 (3) 3411.9 0.7 HexHep; PEA; P. KDO; lipid A-OH
Hex8 11.06 3372.5 @) 3372.9 45 HexHep; PEA;, P, KDO; lipid A-OH
11.38 3249.0 (3) 3249.8 1.6 HexHep; PEA; P, KDO; lipid A-OH
Hex7 11.22 3210.0 3) 3210.7 2.8 HexHep; PEA;, P, KDO;, lipid A-OH
11.62 3087.0 (3) 3087.7 1.4 HexHep; PEA; P. KDO; lipid A-OH
Hex6 11.46 3048.5 (3) 3048.6 5.3 HexHep; PEA; P; KDO; lipid A-OH
11.78 2925.0 (2) 2925.5 2.5 HexHep; PEA; P, KDO; lipid A-OH
11.86 2925.0 (3) 29255 5.7 HexHeps PEA; P, KDO lipid A-OH
Hex5 11.78 2886.0 (2) 2886.5 7.6 HexHep; PEA;, P, KDO; lipid A-OH
11.62 2802.0 (2) 2802.5 0.6 HexHep; PEA; P; KDO; lipid A-OH(K ™)
12.18 2802.0 (2) 2802.5 0.4 HexHep; PEA; P, KDO; lipid A-OH(K ™)
12.18 2762.5 (2) 2762.4 10.3 HexHeps PEA, P, KDO; lipid A-OH
Hex4 11.94 2724.0 2) 2724.3 1.6 HexHep; PEA; P; KDO; lipid A-OH
12.18 2724.0 (2) 2724.3 1.0 HexHeps PEA; P, KDO;, lipid A-OH
11.66 2640.0 (2) 2640.3 0.3 HexHep; PEA; P, KDO; lipid A-OH(K ™)
11.94 2640.0 (2) 2640.3 12 HexHep; PEA; P, KDO; lipid A-OH(K ™)
12.34 2640.0 (2) 2640.3 0.3 HexHep; PEA; P, KDO; lipid A-OH(K ™)
11.78 2600.5 (2) 2601.3 0.7 HexHep; PEA; P; KDO; lipid A-OH
12.02 2600.5 (2) 2601.3 0.5 HexHep; PEA; P; KDO; lipid A-OH
12.34 2600.5 (2) 2601.3 6.5 HexHep; PEA; P. KDO; lipid A-OH
12.58 2600.5 (2) 2601.3 1.6 HexHep; PEA; P; KDO; lipid A-OH
12.66 2724.0 (2) 2724.3 0.5 HexHep; PEA, P, KDO; lipid A-OH
Hex3 12.10 2478.0 @) 2478.1 2.8 HexHep; PEA; P; KDOq lipid A-OH (K)
12.34 2478.0 (2) 2478.1 2.4 HexHeps PEA; P, KDO; lipid A-OH (K*)
12.26 2438.5 (2) 2439.1 2.7 HexHeps PEA; Py KDO; lipid A-OH
12.82 2438.5 (2) 2439.1 4.3 HexHep; PEA; P, KDO; lipid A-OH
12.42 2562.0 (2) 2562.2 0.9 HexHep; PEA, P; KDO; lipid A-OH
Hex2 12.58 2276.5 (2) 2276.9 0.7 HexHep; PEA; P, KDO; lipid A-OH
13.31 2276.5 (2) 2276.9 0.4 HexHeps PEA; P KDO; lipid A-OH
12.82 2400.0 (2) 2400.1 0.5 HexHep; PEA, P, KDO; lipid A-OH
13.06 2400.0 (2) 2400.1 0.3 HexHep; PEA, P, KDO; lipid A-OH
Hex1 13.06 2154.0 2) 2153.9 8.1 HexHep; PEA; P, KDO; lipid A-OH(K ™)
13.06 2114.0 (2) 2114.8 0.4 HexHep; PEA; P, KDO; lipid A-OH
13.57 2114.0 (2) 2114.8 0.3 HexHep; PEA; P, KDO; lipid A-OH
13.87 2114.0 (2) 2114.8 2.2 HexHep; PEA; P; KDO; lipid A-OH
Hex0 13.63 1992.0 ) 1991.7 2.7 HepPEA; P, KDO; lipid A-OH(K ™)
14.27 1952.5 (2) 1952.7 0.6 HepPEA, P, KDO; lipid A-OH
1451 1871.5 (2) 1872.7 0.3 HepPEA; KDO; lipid A-OH

a|sotope-average molecular mass; most abundant charge state indicated in paréh@asafated using molecular mass values given
in Table 1. Potassium adduct.

tively, attached to the basal uni?,(33, 39—41). Similar 12.34 min was subsequently shown to carry hexose substit-
glycoform compositions of O-deacylated LPS from type b uents on each of the heptoses in the triheptosyl inner-core
H. influenzaestrains have been previously report&d 40, unit with a disaccharide on the central heptose being

42). Glycoforms containing five and six hexose residues were substituted with a disaccharide. The structures of the major
found to be most abundant from their relative peak intensities. isomeric glycoforms that contained four to nine hexose
A parallel series of triply and doubly charged ions shifted residues were determined by NMR spectroscopy (see below).

123 amu to higher mass could be attributed to glycoform  characterization of LPS Backbone Oligosaccharides.
populations that contain an extra PEA. This was especially pjigosaccharides, representative of intact LPS glycoforms,
evident in ESI-MS of the LPS-OH sample when the LPS \yere obtained following complete deacylation (hydrazine
previously 7). (NaBH,) of the terminal glucosamine uni2Q). Oligosac-
On-line coupling of capillary zone electrophoresis to charides obtained in this way were fractionated using size
electrospray mass spectrometry (CE-ESI-MS) was used toexclusion gel filtration chromatography on Bio-Gel P2. Three
separate and characterize the various O-deacylated LPSnajor OS fractions were obtained following repetitive (three
species 38). This technique was particularly useful in times) chromatographic fractionation (F+Er.3). Positive
establishing the presence of several isomeric glycoformsion ESI-MS of the fractions revealed a series of related
having the same composition. CE-ESI-MS revealed isomeric oligosaccharides containing between three and nine hexose
LPS-OH glycoforms varying in the number and positions residues (Table 3). Methylation analysis data for the OS
of hexose residues (Table 2). This is shown in Figure 2 for fractions are presented in Table 4. Each of the three fractions
Hex4 glycoforms in which four isomeric forms having a Hex contained the same methylated components but in differing
Hep; PEA, P, KDO; lipid A-OH composition eluted between  relative proportions. The 3,4-di-O-substituted tdep,3-di-
11.78 and 12.58 min. The most prominent glycoform O-substituted Hep 2-O-substituted Hgp 4-O-substituted
(representing 70% of the four isomeric forms) observed at Glcp, 4-O-substituted Ga| and terminal Glp, Galp, and
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4 8 12 16 20
12.34 P
B Hex - Hep-KDO-Lipid A (P,)
Hex Hex ,-Hep - PEA
Hep
4 8 12 16 20
Time (min)

FiGUurRe 2: Negative ion CE-ESI-MS of O-deacylated LPS fréiinfluenzaestrain RM7004. (A) Total ion electropherogramvg 300—

1500) showing separation of isomeric glycoforms. (B) Selective ion monitoringzat299 for doubly charged ions from Hex4 glycoforms.

A structural model for isomeric Hex4 glycoforms is shown in the inset. Major Hex4 glycoform populations carry a galactose residue off
the distal heptose of the basal unit.

Table 3: Positive lon ESI-MS Data and Proposed Compositions for large amount of 2,3,6-tt@-methyl-Gap than the lower-

LPS Backbone Oligosaccharide Fractions Derived fitdm molecular mass fraction (Fr.3). The occurrence of 2,3,4,6,7-
influenzaeStrain RM7004 pentaO-methyl-He indicated the presence of glycoforms
observed 0100 iar mass (Da) containing unsubstituted heptose in the inner c@jeThis
os ion(mz) _—— » was more prevalent in the higher-molecular mass fractions.
glycoform [(M + 2H)*"] observed calculatéd proposed composition Comparative analysis of the methylated sugar derivatives
Hex3 813.0 16240 = 16234  HeMep; KDO, HexN, showed smaller amounts of 2,6,7-®Hmethyl-Hep and
Hex4 894.5 1787.0 1785.6 Heklep KDOy HexN, . ;
Hex5 975.8 1949.6  1947.8 Hekleps KDO; HexN, 4,6,7—tr|O—methyI-HenD_than ex.pected, which could be due
Hex6 1056.8 21116  2109.9 HeMep; KDOg HexN, to incomplete hydrolysis of resistant Heplep bonds under
:gxg i;%? gi;g-g 5421;421'(2) @gz Eggl :gxx the relatively mild acid hydrolysis conditions that were
X . . . 1 X . T s
Hex9 1300.0 2598.0 25063 HeMep, KDO1 HexNy employed. By using stronger acidic conditions and longer

: — , hydrolysis times, these resistant Hagep bonds in meth-
aData obtained from Fr.1 containing a mixture of Hexex9 -
glycoforms with Hex7 and Hex8 as '?he major forms, from Fr.2 ylated gl,yCOformS havg been reported to be hydrolyzed in

containing Hex5 and Hex6 glycoforms, and from Fr.3 containing OtherH. influenzaestrains 6, 43).
L*X\fg:a';‘éxriaﬁggfj‘;fﬁgcfe r"g’ibhsgjeéﬁ (f‘;gugteiz% gfnt]t;?e&?;?ranggsns' The structures of the oligosaccharides that were present
values based on the proposed composition as follows: 162.15 Da for'" e?Ch of the three fracnons were elucidated by detaked
Hex, 192.17 Da for Hep, 220.18 Da for KDO, and 161.15 Da for HexN. and*C NMR analysis. ThéH NMR resonances were fully
assigned by COSY and TOCSY experiments. Subspectra
- - - , corresponding to all the glycosyl residues were identified
EZ?il\?eﬁ‘fr'\é'%tns_’lfﬂmrﬁlﬂéﬁzir?fé?,le;égf Backbone OS Fractions on the basis of the connectivity pathways delineated in the
homonuclear chemical shift correlation maps7, 28), the

relative detector resporfse

methlydlateld sugar substitution chemical shift values4d), and the vicinal proton coupling
(as alditol acetate) Tn» Frl Fr2 Fr3 pattern constants45). Assignment of carbon resonances was made
S’i'i'ﬁ'mzﬂ'gﬁ i-gg 2-8‘3 ‘i-(l)é %?) D'g!;g'&“ by direct correlation of the'H resonances to thé3C
,0,4,0- -D- . . . . D- -(1— . .
2.3.6-Me-0-Gal 134 068 037  015—4)p-Gap-(1— resonances of the directly attached protons in an HMQC
2,3,6-Me-D-Glc 135 136 0.98  1.00 —4)-Glcp-(1— experiment, and by comparison of tH€ resonances with
2'2'3'51,"““,’;“6" 1-33 8&‘31 8-22 8-22LD$|6|®|-4(1—' " the recorded chemical shift data of similar substituted
,4,0,/-Me-LD-Hep . . . .20 —2)-LD-Hep-(1— : 1 1
2.6.7'Me-o-Hep  2.36 015 015  0.16—3.4)i0-Hem-(1— glycosyl r_e5|dues7( 46, 47). The H and °C data are
4,6,7-Me-Lo-Hep 253 0.15 015  0.17 —2,3)i0-Hepp-(1— recorded in Tables 5 and 6.

a2 3,4,6-Ma-p-Glc represents 1,5-dd-acetyl-2,3,4,6-tetr®-meth- Structure of the Major Hex5 and Hex6 Backbone Oli-
yl-D-glucitol-d; and so on. Data for only neutral sugars are reported. gosaccharidesr.2 was the most abundant and homogeneous
Partially methylated glycose derivatives from the GlcN@)GIcN oligosaccharide fraction. ESI-MS of this fraction showed two

reducing end moiety were not detected, probably due to the relative . ot
resistance of the GIcN glycosidic linkage to the conditions used for molecular ions at/z 1056.8 [(M+ 2H)*"] and 975.8 [(M

acid hydrolysis (see Experimental Proceduré®etention timesTm) + 2H)*]in the positive ion mode (Table 3), corresponding
are quoted relative to that of 2,3,4,6-Me-Glc. ¢ Values are not to Hex6 M, = 2111.6 Da) and Hex5M; = 1949.6 Da)
corrected for differences in detector response factors and are presentegjlycoforms, respectively7j. Significant overlap of reso-
relative to that of 2,3,4,6-Meo-Gal. nances was observed in the low-field region (4473 ppm)

of the one-dimensional (1DH NMR spectrum (Figure 3).
Hep residues were identified. Significant amounts of Separation of the overlapping signals was achieved in the
2,3,4,6-tetra@-methyl-Gap were observed in each of the 2D COSY spectrum (Figure 4A). Nine major anomeéiit
fractions, indicating a preponderance of oligosaccharide resonances were observed in the low-field region of the
chains capped by a Gal residue at the nonreducing end. Thespectrum at 5.55 (dl; ; ~ 1.0 Hz), 5.35 (dJ; > = 4.1 Hz),
higher-molecular mass fraction (Fr.1) showed a relatively 5.12 (d,J; >~ 1.0 Hz), 5.09 (dJ; >~ 1.0 Hz), 4.95 (dJ; 2
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Table 5: Proton Chemical Shifts (parts per million) and Coupling Constants (hertz) of the Major LPS Backbone Oligosaccharide Glycoforms DekiadffoenzaeStrain RM7004 w
LPS backbone H-1 H-2 H-3 H-4 H-5 H-6 H-6' H-7 H-7' H-8 H-8 ]
unit® residue glyCOSE unit (lez) (J2,3) (J3'4) (J4,5) (sze) (Jsve, JG,G) (J6,7) (J6,7, J7,7) (J7,g) (J7'8, ngg) g
Hex5 GlcNol  —6)-D-GlIcNol 3.8% 3.53 411 3.66 3.96 4.15 3.81 3
(4.4) (4.6) (~1.0) 9.2) (3.5) (7.4,10.4) 2
GlcN —6)-/3-D-GlcpN-(1— 4.62 2.90 3.61 3.50 3.62 359 =<
KDO —5)-a-KDOp-(2— 1.85 4.18 411 371 3.78 395  3.65 <
(11.7) (5.8) (3.5) (6.9,11.5) <
Hepl —3,4)+1-0-D-Hepp-(1—  5.09 4.16 4.06 4.26 417 4.11 3.72 3.72 N
(1.0) (4.6) 9.2) (10.4) (2.0) (~1.0) (~1.0, 10.4) N
Hepll —2,3)1-a-D-Hepp-(1—~  5.55 4.27 4.10 4.15 3.68 4.08 3.62 3.73 =
(1.0) (4.6) (9.2) (10.4) (~1.0) (5.8) (8.1,10.4) ©
Heplll —2)-L-a-D-Hepp-(1— 5.12 4.06 3.93 3.84 3.81 4.05 3.73 3.69 =
(1.0) (4.6) (9.2) (10.4) (~1.0) (3.5) (9.2,10.4) o
Glcll —4)-a-D-Glcp-(1— 5.35 3.62 3.85 3.70 3.90 3.96 3.90 B
(4.1) (9.2) (9.2) (9.2) )
Glclll —4)-f -p-Glcp-(1— 4.56 4.56 3.68 3.66 3.66 3.99 3.83 w
(7.5) (10.0) (3.4)
Gall p-p-Galp-(1— 4.35 3.57 3.67 3.92 3.69 3.75 3.82
(8.1) (9.2) (4.1) (1.0) (4.6) (8.1,11.5)
Glcl B-p-Glep-(1— 453 3.35 3.46 3.37 345 3.95 3.77
(7.5) (9.2) (9.2) (9.2) (1.0) (6.9,11.5)
Galll p-p-Galp-(1— 4.45 3.55 3.66 3.92 3.72 3.78
(8.1) (9.2) (4.1) (~1.0)
Hex6 Galll* —4)--p-Galp-(1— 451 3.58 3.74 4.04 3.79 - -
(8.8) (10.0) (3.8) (1.0)
Gallll o-D-Galp-(1— 4.95 3.84 3.90 4.03 435 3.72 3.69
(4.5) (10.0) (4.5) (~1.0) (6.3) (6.3,11.3)
Hex7—Hex® Glcl* —4)--p-Glcp-(1— 4.58 3.46 3.62 3.50 — - -
(8.6) (8.6) (10.0) (8.6)
Glclv* —4)--p-Glcp-(1— 4.48 3.36 3.65 3.70 - - -
(8.6) (8.6)
Hex4—Hex8  Hepl* —3,4)1-0-D-Hep-(1—  5.09 4.15 4.08 4.30 417 4.05 3.70 3.70
(1.0) (4.3) (10.0) (1.0)
Hepll* —2,3)1-0-D-Hep-(1— 5.71 4.28 4.06 4.12 3.67 4.09 3.63 3.73
(2.0) (4.3) (10.0) (10.0) (1.0 (5.7) (8.6,11.4)
Heplll*  L-o-D-Hepp-(1— 5.12 3.83 - - - -
(1.0)
Glcll* —4)-0-D-Glep-(1— 5.30 3.62 3.89 3.73 391 3.98 3.83
(4.3) (10.0) (8.6) (10.0) (1.0 (5.7,11.4)

aMeasured at 27C in D,O (pD 6) from COSY and TOCSY spectraChemical shift values for conserved residues (i.e., residuesdblaBall) in Hex5-Hex9 glycoforms are the same-Q.01 ppm).
Hex5 and Hex6 carry Glcl as a terminal group from Hepl; Hex5 carries the Galll-Glclll-Glcll trisaccharide from Hepll, while Hex6 carries the &@&tHGIEIII-Glcll tetrasaccharide. In the Hex7Hex9
glycoforms, further chain extension occurs from Hepl: a GlclV-Glcl* disaccharide in Hex7, a GallV-GlcIV*-Glcl* trisaccharide in Hex8, and a @&N-@&clV*-Glcl* tetrasaccharide in Hex9. An
isomeric population of glycoforms, HeX4Hex8, lacks the Gall residue at Heplll and shows chemical shift differences in the inner core (i.e., Hepl*, Hepll*, Heplll*, and GMNHN)es for H-1 and); 2
H-1' = 3.77 ppmJy 2 = 6.9 Hz, and)yy = 12.7 Hz.9 Values for H-3a andsas H-3e = 2.17 ppm,Jse4 = 3.9 Hz, andJze3a~ 11.7 Hz (a and e correspond to the axial and equatorial protons of KDg,
respectively) The chemical shifts and coupling constants for GallV, GallV*, and GalV residues in the Hex8 and Hex9 glycoforms are indistinguishable from thos8alflGand Gallll, respectively.
The chemical shifts for GlclV in Hex7 were not assigned.
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Table 6: 13C Chemical Shifts (parts per million) of the Major LPS Backbone Oligosaccharide Glycoforms DerivedHfratfluenzaeStrain

RM7004
LPS backbone urfit residue glycose unit C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8

Hex5 GlcNol —6)--p-GlcNol 59.8 56.3 66.9 72.0 70.3 73.0
GlcN —6)-3-D-GlcpN-(1— 102.4 57.0 - 71.1 74.7 62.8
KDO —5)-0-KDOp-(2— 35.8 66.9 75.5 72.7 70.3 64.5
Hepl —3,4)1-0-D-Hepp-(1— 101.9 71.1 74.7 74.2 725 69.2 64.4
Hepll —2,3)+-0-D-Hepp-(1— 100.0 79.8 79.3 66.7 72.6 69.2 64.1
Heplil —2)-L-a-D-Hepp-(1— 101.2 78.9 70.8 67.7 72.9 69.6 64.4
Glell —4)-a-D-Glcp-(1— 101.2 72.6 72.5 79.3 722 -
Glelll —4)--p-Glep-(1— 103.2 73.9 75.5 79.2 758 —
Gall p-p-Galp-(1— 103.5 71.9 73.5 69.7 76.2 —
Glcl p-b-Glep-(1— 103.5 74.5 77.2 711 77.2 62.2
Galll p-b-Galp-(1— 103.9 71.9 735 69.7 76.2 —

Hex6 Galll* —4)-p-p-Galp-(1— 104.3 71.9 73.0 78.4 765 —
Gallll o-D-Galp-(1— 101.3 69.7 70.0 69.9 71.9 61.5

Hex7—Hex9 Glcl* —4)-3-b-Glep-(1— 103.5 74.2 75.9 — 76.0 -
Glclv* —4)-3-p-Glep-(1— 103.7 74.0 752 - - -

Hex4 —Hex8 Hepl* —3,4)1-0o-D-Hepp-(1— 101.8 71.2 74.0 740 — - -
Hepll* —2,3)1-0-D-Hepp-(1— 99.5 80.0 79.8 66.6 — - -
Heplll* L-a-D-Hepp-(1— 102.8 71.9 — - - - -
Glcll* —4)-0-D-Glep-(1— 101.2 72.5 72.2 79.0 72.2 60.9

aMeasured at 27C in DO (pD 6) from HMQC spectra Designations of backbone glycoforms are as in Table 5. Chemical shifts of conserved

inner-core residues (GlcNelGall in Hex5-Hex9 glycoforms and HepkGlcll* in Hex4'—Hex8 glycoforms) are the same withi0.1 ppm.

Ring protons

W‘M

Anomeric protons

\\é'

‘2‘

KDO protons

eHSa

LA_WJ

40
FIGUrE 3:

2.0 ppm

H spectrum of the LPS backbone oligosaccharide

fraction, Fr.2, consisting of major Hex6 and minor Hex5 glycoforms
from H. influenzaeRM7004 recorded in BD at pD 6 and 27C.

The anomeric, ring, and methyl resonances are indicated. Abbrevia-
tions are given in the legend of Figure 4. Anométicassignments
marked with an asterisk are from the isomeric Hex5 glycoform,
Hex5.

= 4.5 Hz), 4.56 (dJ,.= 7.5 Hz), 4.53 (dJ1, = 7.5 Hz),
4.45 (d,J; .= 8.1 Hz), and 4.35 ppm (d, , = 8.1 Hz), and

four minor anomerictH resonances at 5.71 (d;» ~

1.0

Hz), 5.30 (d,J;> = 4.3 Hz), 5.12 (dJ;» ~ 1.0 Hz), and
5.09 ppm (d,J.» ~ 1.0 Hz) were also observed (Table 5
and Figures 4A and 5A). The minor resonances could be
attributed to oligosaccharide components in the sample that
were lacking one sugar residue from Heplll in the basal unit
(Gall; see below). In addition, diagnostic signals from the
equatorial and axial H-3 methylene protons from a single
a-linked KDO pyranosyl residue were identified at 2.4

= 3.9 Hz,J3¢32= 11.7 Hz) and 1.85 ppmlfe 3,= 11.7 Hz),
respectively 7, 27, 28, 48—50). The*C NMR signal in the
high-field region of the spectrum from the methylene carbon
(C-3) of the KDO was observed at 35.8 pp) 27, 28).

The 2D'H—-13C correlation map was particularly valuable
for identifying resonances in th@&anomeric region of the
spectra (Figure 5A).
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FiIGURE 4: Partial 2D COSY (A) and NOESY (B) spectra of LPS
backbone OS fraction, Fr.2, from. influenzaeRM7004. Cross-
peaks relating anomeric and H-2 protons and NOE connectivities
are shown in spectra A and B, respectively. Cross-peaks labeled
with an asterisk are from isomeric Hex5 backbone oligosaccharides

The anomeric resonances served as the starting point fordue to the absence of Gall or Gallll. Cross-peaks relating H-1 and

2D spectral analysis, from which subspectra corresponding
to the ring systems for each of the glycosyl residues were
identified in COSY (Figure 4A) and TOCSY (data not
shown) spectra. The three heptose residues (Hédpplil)
were assigned on the basis of the observed sdal(~1

Hz) and J,5 (4.6 Hz) values, which pointed tmanne

H-2 of the minor residue HII* were weak in the COSY spectrum
and are not visible at the indicated contour level. Abbreviations:
Hepl—Heplll, HI=HIII; Glcl —Glclll, GI-GllI; KDO, K.

pyranosyl ring systems, and by the fact that eijtitand
seven!®*C resonances could be associated with each sub-
spectrum. The anomeritd and *3C chemical shift values
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Ficure 5: Heteronuclear 2B°C—1H chemical shift correlation map

of (A) the anomeric and (B) ring regions of the backbone OS
fraction, Fr.2, fromH. influenzae RM7004. Assignments are
indicated, and the abbreviations are given in the legend of Figure
4,

Masoud et al.
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FiGURe 6: Structure of the Hex9 backbone OS fréininfluenzae

RM7004 illustrating the connectivity network of observed trans-
glycosidic NOE connectivities.

(7). From the magnitude of thd,, couplings, aj-p
configuration was assigned to Glcllly(; = 7.5 Hz). The
high-field methylene proton resonances (H-3's) of KDO
served as the starting point in identifying the subspectrum
corresponding to the KDO ring system by COSY analysis
(Table 5).

Two characteristi¢®C resonances at 56.3 and 57.0 ppm

(7, 27) indicated that each of the heptose residue has thewere observed in the HMQC spectrum, which were attributed

a-D configuration, and this was confirmed by the occurrence
of a single intraresidue NOE between H-1 and H-2 reso-
nances %1).

On the basis of the large magnitude of the vicinal
couplingsJa s, J34, andJss (9—10 Hz), twolH subspectra
having the gluco configuration were readily identified
(labeled Glcl and Glcll). One of them (Glcl, 4.53 ppm) was
shown to have th@ configuration §;, = 7.5 Hz), and the
other residue (Glcll, 5.35 ppm) was shown to have ¢he
configuration {; » = 4.1 Hz). Analogously, twéH subspec-
tra were attributed t@-linked galactopyranosyl units (Gall
and Galll) based on their observed vicinal couplinglgf,

Jo3 Js4, @anddy5 (8.1, 9.1, 4.1, and~1.0 Hz, respectively),
while one'H subspectrum (Gallll, 4.95 ppm) was identified
as ana-linked galactepyranosyl unit §, .= 4.5 Hz,J, 3=
10.0 Hz,J3 4= 4.5 Hz, and); 5 ~ 1.0 Hz). The magnitude
of the vicinal couplings for anothéH subspectrum was not
well-resolved in the COSY spectrum but could be attributed
to a gluco-pyranosyl residue (Glclll) on the basis of a
comparison of chemical shift data with that of strain Eagan

to amino-substituted sugar residuetb)( assigned to the
glucosamine disaccharide component of the lipid A moiety
of the LPS 83, 52). The*C resonance at 57.0 ppm correlated
to the H-2 resonance (2.90 ppm) from tié&spin system of
the S-p-glucosamine (GIcNIl), while thé3C resonance at
56.3 ppm correlated to the H-2 resonance (3.53 ppm) of the
glucosamintol end group (Glai) (7, 27, 28). A cross-peak
observed in the anomeric regiody(= 4.62 ppmo. = 102.4
ppm) in the HMQC spectrum (Figure 5A) could be assigned
to the S-glucosamine residue (GIcNII).

The chemical shift data for the major glycose ring systems
in Fr.2 were closely correlated with those of the Hex6
backbone oligosaccharide observed as a minor glycoform
in H. influenzaestrain Eagan®). The structural identity of
the glycoforms was confirmed by NOE experiments. Trans-
glycosidic proton NOE connectivities between anomeric and
aglyconic protons on adjacent glycosidically linked residues
were measured in the two-dimensional mode. Part of the
NOESY contour plot is shown in Figure 4B, and connec-
tivities are shown in Figure 6. Intense transglycosidic NOEs
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were observed between Heplll H-1 and Hepll H-2, Hepll identified from the HMQC spectrum (Table 6). The linkage
H-1 and Hepl H-3, Hepl H-1 and KDO H-5 resonances, positions of the glycosyl residues in the lipid A backbone
which established the linear sequence of the triheptosyl region were deduced from the previously determined struc-
region of the backbone OS asa-b-Hepp-(1—2)-L-a-D- ture of the deep-rough chemotype Idf influenzaestrain
Hepp-(1—3)-L-a-b-Hepp-(1—5)-a-KDOp. [-69 Rd/b™ (33, 52), which showed that the lipid A
The NOE data indicate that the Hepl and Hepll residues backbone is composed ¢f(1',6)-linked glucosamine dis-
are further substituted with hexose extensions. The occur-accharide substituted with KDO at the Ogbsition of the
rence of transglycosidic NOEs between Glcl H-1 and Hepl nonreducing glucosamine.
H-4/H-6 and between Glcll H-1 and Hepll H-3 were Structural Identification of Extended Oligosaccharides in
indicative of substitution at O-4 of Hepl and at O-3 of Hepll Fr.1. ESI-MS of Fr.1 showed molecular ionsratz 1137.5
with the 8- anda-p-glucose residues, respectively. THE [(M + 2H)?'], 1218.7 [(M + 2H)?**], and 1300.0 [(M+
chemical shift value of the C-4 resonance for the O-4- 2H)?'], corresponding to OS glycoforms containing seven
substituted heptose (Hepl) showed a significant downfield (M, = 2273.0 Da), eightNl; = 2435.4 Da), and nine\{; =
shift of 7 ppm compared to those of analogous residues 2598.0 Da) hexose residues, respectively (Table 3). The
not substituted at that position (e.g., Hepll and Heplll) (Table detailed structures of the OS components from Fr.1 were
6). A similar pattern of NOE connectivities was previously elucidated by 2D NMR spectroscopy. Two additiotdlspin
observed 7). The presence of the globoside trisaccharide, systems were identified in the backbone OS, indicating the
a-D-Galp-(1—4)-3-p-Galp-(1—4)-5-p-Glcp-(1—, was es- presence of extended glycoforms from Hepl (Glcl* and
tablished from the observed transglycosidic NOE connec- GlclV*) (Table 5). In addition, intense cross-peak signals
tivities between Gallll H-1 and Galll* H-4 and between inthe COSY spectrum were observed for tHespin systems
Galll* H-1 and Gilclll H-3 and/or H-4. The occurrence of a from residues Galll* and Gallll, pointing to the presence of
strong NOE between H-1 of the-p-Galp residue (Gallll) spin systems from two similar overlapping residues. This
and only H-4 of thep-p-Galp residue (Galll*) clearly was evident from the NOESY experiment in which trans-
established the 1,4-linkage of the terminal galabiose unit, glycosidic NOEs were observed between Gallll H-1 and
and this was confirmed from the methylation analysis data Galll* H-4, Galll* H-1 and GlclV* H-4, GlclV* H-1 and
(Table 4). It is noteworthy that strong NOE connectivities Glcl* H-4, and Glcl* H-1 and Hepl H-4/H-6 resonances,
are generally observed between H-1 and H-4 as well asestablishing the sequence of the fully extended side chain
between H-1 and H-3 in 1,3-linked-p-Galp-3-p-Galp extension on the Hepl asbp-Galp-(1—4)-5-p-Galp-(1—4)-
disaccharide units5@). The trisaccharide side chain was S-b-Glcp-(1—4)-6-b-Glcp-(1—4)-L-a-b-Hepp (Figure 6). In
attached to thex-Glcp off Hepll as evidenced by a NOE addition, NOEs were observed between Galll* H-1 and
connectivity between Glclll H-1 and Glcll H-4. Methylation  Glclll H-4, clearly indicating the presence of two tetrasac-
analysis was consistent with substitution at O-4 of the two charide units in the Hex9 glycoform. For the extension on
Glc residues (Glcll and Glclll) (Table 4). THEC chemical Hepl, the terminal galabiose unit was labeled Gal¥allV*
shift data indicated that tHéC resonances at the substituted where Galll* and Gallv*, and Gallll and GalV, have
sites of the glycosyl residues showed significant downfield identical spin-systems. The occurrence of the isomeric series
shifts compared to those of unsubstituted analogous glycosylof glycoforms in which Heplll is unsubstituted was found
residues, in accord with the assigned positions of substitutionto be particularly prominent in Fr.1 as evidenced by the
deduced from NOE connectivities. Thus, as expected, therelative ratio of the anomeric signals from Hepll and HeplI*
13C resonance of Glclll C-4 showed a significant downfield which indicated only 30% substitution at Heplll. The
shift of 8.1 ppm with the concomitant upfield shift (1.7 ppm) backbone structures of Hex9 (and HEx8®S glycoforms
for the adjacent C-3, compared to unsubstityfegtglucose containing two tetrasaccharide side chains from the branching
(Glcl) (Table 6). Hepl and Hepll residues are shown in Figure 7. Methylation
Heplll is partially substituted at the O-2 position by Gall, analysis of Fr.1 showed a relative increase in 4-O-substituted
the occurrence of substitution being determined from the Glc and Gal derivatives, and a concomitant decrease in the
observed transglycosidic NOE between Gall H-1 and Heplll relative ratio of the terminal Glc (Glcl) compared to Fr.2
H-2. Transglycosidic NOEs were also observed between Gall (Table 4), which also pointed to the presence of two extended
H-1 and Heplll H-1 and between Hepll H-1 and Heplll H-1  OS chains from Hepl and Hepll of the inner core in Hex7
(Figure 4B), an indication of the proximity<@ A) of the Hex9 glycoform populations.
anomeric protons of Gall, Heplll, and Hepll residues in these  Structural Identification of More Truncated Oligosaccha-
glycoforms. The partial substitution of Heplll wifiip-Galp rides in Fr.3.The structures of the oligosaccharides in Fr.3
is responsible for the observed heterogeneity in the NMR were found to be similar to that of the major Hex6 glycoform
spectra of backbone OS in Fr.2. The absence of Gall from but lacking one or two galactose residues (Gallll and Galll)
the backbone OS caused chemical shift differencesHor  from the tetrasaccharide side chain off Hepll. ESI-MS
and*3C resonances on adjacent glycosyl residues (Figures 4analysis of Fr.3 showed two major molecular ionsna
and 5, labeled HI*, HII*, HIII*, and GII*), indicating the 975.0 [(M+ 2H)?"] and 894.5 [(M+ 2H)?'], in addition to
presence of an isomeric series of glycoforms in which Heplll a minor peak at 813.0 [(M+ 2H)?*] corresponding to
is unsubstitued. This is consistent with the methylation glycoforms containing fiveNl, = 1949.6 Da), four i, =
analysis results (Table 4), where a derivative corresponding1787.0 Da), and threeM; = 1624.0 Da) hexose residues,
to a terminal heptose was observed. Parts oflthespin respectively (Table 3). The truncated trisaccharide side chain
systems corresponding to Hepl*, Hepll*, terminal Heplll*, was concluded from the occurrence of a majbl spin
and Glcll* were identified from COSY and TOCSY experi- system corresponding to the termingip-Galp residue
ments (Table 5), and the correspondifg resonances were  (Galll) in Fr.3 (Table 5). Correspondingly*3C NMR
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Ficure 7: Structural model oH. influenzaeRM7004 LPS showing the major isomeric glycoforms. Isomeric glycoforms lacking the
B-D-Galp residue (Gall) on the distal heptose are labeled with a prime

chemical shifts determined from the HMQC spectrum for
this residue were in accord with those reportéd for
terminal 5-p-Galp residues (Table 5). In addition, a minor
IH spin system corresponding to a termifiab-Glcp residue
(Glclll) in Fr.3 was also observed (data not shown), pointing

as evidenced from the characteristic H-1 (5.08 pprmiji-2
(4.19 ppm)— H-3 connectivity pathway in the COSY
spectrum of a core oligosaccharide sample (unpublished
data). On the basis of the genetic similarities of the two
strains, we propose that tl@-acetyl groups are located at

to the presence of minor OS glycoform populations that carry the same position in the LPS of stain RM7004.

a cellobiose unit (Glcll and Glclll) on central heptose

On the basis of the combined 2D NMR, ESI-MS, and

(Hepll). This was supported by the observed reduction in methylation analyses, in conjunction with the previously

the relative proportion of 2,3,6-t@-methyl-D-galactopyra-

reported LPS structure of the deep-rough chemotype from

nose and the concomitant increase in the proportion of 4 influenzaestrain 1-69 Rd/b* (33, 52), the structures of

2,3,4,6-tetra®-methylb-glucopyranose in methylation analy-
sis of Fr.3 compared to Fr.2 (Table 4). Moreover, the
presence of 3,4,6,7-tet@-methylo-heptopyranose and
2,3,4,6,7-pent®-methylp-heptopyranose derivatives due to
partial substitution of Heplll (Table 4) is consistent with the
observed heterogeneity.

Structure of LPS Glycoform$hosphate substitution in
LPS glycoforms was found to be similar to that bif
influenzaetype b strain Eagan7{. Two phosphate mo-
noesters were found in the lipid A region, and a third

the major LPS glycoforms oH. influenzaetype b strain
RM7004 are proposed in Figure 7.

DISCUSSION

In this study, the chemical structure of LPS frarh
influenzaetype b strain RM7004 was investigated and the
detailed molecular structures of the major glycoform popula-
tions were elucidated (Figure 7). ESI-MS and NMR data
indicated that all LPS glycoforms are related to one another

phosphate group substituting the KDO. In addition, PEA was by addition or deletion of hexose residues and/or PEA to or

found to be on the O-6 position of Hepll, as we previously
demonstrated for strain Eagaf).(A LPS subpopulation was

from a common basal unit. The basal unit was found to be
composed of a heptose-containing trisaccharide which was

found to carry pyrophosphoethanolamine at the O-4 position linked to the lipid A via a phosphorylated KDO as observed

of KDO (Table 1), depending on the method used for LPS

in every strain oH. influenzadnvestigated to dates(-10).

isolation, while another contained only phosphomonoester. This basal structure has been found to be a common feature

Mild acid hydrolysis of the RM7004 LPS afforded a water
soluble oligosaccharide fraction and nonsoluble lipid A. Two

of LPS from Haemophilus ducrey{54) and Pasteurella
(Manheimig haemolytica(55, 56). Oligosaccharide exten-

sharp'H resonances (2.18 and 3.23 ppm, 3H) were observedsions from the basal unit result in a complex mixture of

in the 1D *H NMR spectrum which were attributed to
O-acetyl and phosphocholinéCho) substituents, respec-
tively (8, 9). The respective correspondid¥C resonances
were identified from an HMQC spectrum at 21.5 and 55.0

isomeric glycoforms ranging from Hex3 to Hex9 in this strain
of H. influenzae A Hex6 glycoform having a tetrasaccharide
extension from Hepll was found to form the predominant
LPS glycoform population, identical to an analogous LPS

ppm. In the O-deacylated sample of LPS, the signal due to glycoform in strain Eagarvj. Sequential addition of hexose

the O-acetyl group was absent. Thi and*3C resonances
typical of thePCho groups were observed at 3.24) and
55.2 ppm §c) in the O-deacylated LPS glycoform. We have
previously reported the presenceR§Eho groups in RM7004
LPS 39). Although PCho was observed to be present in a
very small amount£1%), its location was recently deter-
mined to be at the O-6 position of Gall inlia@2 mutant of
RM7004 Q). Because of the high heterogeneity of the core
OS sample obtained from the RM7004 LPS, it was not
possible to determine the location of tkacetyl groups.

In the LPS of a related strait. influenzaestrain Eagan,
and itslgtC mutant (L7), O-acetyl groups were found to be
at the O-3 position of Heplll. This was determined from the
relatively downfield shifted values for HeplIl H-3 (5.03 ppm)

residues to thg-p-Glcp residue on Hepl gives rise to the
major population of Hex#Hex9 glycoforms. Isomeric
populations of glycoforms (representing an average of 40%
of the total) in which Heplll is unsubstituted were also
characterized (Hex3Hex8 glycoforms). More extensive
chain extension from Hepl was particularly evident in this
population of isomeric glycoforms. The gene involved in
controlling glycan addition at Heplll I§sA) has been
identified (L5, 17). The Hex9 (Hex8 glycoform showed two
tetrasaccharide extensions on the first and second heptose
residues (Hepl and Hepll). Both extensions contain the
globoside trisaccharide {Pantigen)o-p-Galp-(1—4)-5-p-
Galp-(1—4)-3-p-Glcp, as a terminal unit. The expression of
oligosaccharide extensions that mimic human blood group
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Table 7: Structures of Major LPS Glycoforms Mf influenzaeRM7004 Showing Heterogeneity Arising from Phase Variable Gene Expression
R3—4)-B-D-Glcp-(1—4)-L-a-D-Hepp-(1—5)-a-KDOp-(2—6°)-Lipid A

3 4
T T
1 P...PEA
R,—>4)-B-D-Glep-(1->4)-0-D-Glep(1-3)-L-a-D-Hepp6«—PEA
2
T

1
R;—>2)-L-a-D-Hepp

phase variable gene expression

glycoform R2 R2 Rs lic2a IgtC lex2
Hex3 H H H off off off
Hex4 p-b-Galp H H off off off
H [-D-Galp H on off off
Hex5 -D-Galp B-p-Galp H on off off
H o-D-Galp-(1—4)-5-p-Galp H on on off
Hex6 [-D-Galp o-D-Galp-(1—4)-3-p-Galp H on on off
H o-D-Galp-(1—4)-5-p-Galp B-D-Glcp on on on
Hex7 -p-Galp o-D-Galp-(1—4)-3-p-Galp [-D-Glcp on on on
H o-D-Galp-(1—4)-5-p-Galp B-p-Galp-(1—4)-5-p-Glcp on on on
Hex8 p-D-Galp o-D-Galp-(1—4)-3-p-Galp [-D-Galp-(1—4)-3-p-Glcp on on on
H o-D-Galp-(1—4)-5-p-Galp o-D-Galp-(1—4)-3-p-Galp-(1—4)- on on on
[-D-Glcp
Hex9 p-b-Galp o-D-Galp-(1—4)-5-p-Galp o-p-Galp-(1—4)-3-p-Galp-(1—4)- on on on
S-D-Glcp

2 3-p-Galp is transferred to the O-2 position of Heplll YRy thelpsA gene (7). Expression of this gene is not regulated by phase variation.
Although glycoforms containing-p-Galp at Rt account for only ca. 70% of the isolated LPS, this may be due to donor availability or to steric
effects, particularly in higher-molecular mass glycoforms (cf. Table 2).

antigens such as theXRantigen is thought to provide a mediates the addition of UDP-galactose (UDP-Gal) fora
mechanism leading to an enhanced capacitydfdnfluenzae Glcp acceptor to give lactose in the growing oligosaccharide
to evade host immune defensd®,(13). The globotriose chain. Recently, the gene product fréghC in strain Eagan
terminal structure is also present in LPS of the closely relatedwas shown to haver-galactosyltransferase activityl?),
H. influenzadype b strain, Eagarv}, and nontypable strain ~ mediating the addition of UDP-Gal to lactose to give the
SB33 (L0), and in LPS species froMeisseria meningitidis  globotriose unit. This gene is also present in strain RM7004
L1 (57), Neisseria gonorrheaé8), andMoraxella catarrha- (15, 17). Both lic2A and IgtC contain multiple, tandem
lis (28, 59). The isomeric distribution of glycoforms would tetranucleotide repeat motifs at the extremezhd of the
suggest that addition of hexose residues during biosynthesiscoding regions of the genes. Loss or gain of one or more of
is highly regulated, where the elongation of hexose residuesthese tetranucleotide repeats, through a mechanism of
generally takes place on the central heptose before elongatiorslipped-strand miss pairing, shifts potential initiation codons
of the 5-p-Glcp on Hepl occurs. The gene responsible for in or out of frame with the remainder of the open reading
encoding the glycosyltransferase that initiates chain extensionframe, creating a translational switch, thus contributing to
from the 5-p-Glcp by addition of a second-p-Glcp (lex2) phase variable expression of the globotriose epitope. The
was recently characterized (R. Aubrey et al., manuscript effects of phase variable expressiorie{2, lic2A, andigtC
submitted for publication). It is possible tHak2is expressed  on LPS globotriose expression and glycoform distribution
at a later point in LPS biosynthesis, accounting for this are shown in Table 7.
observation. It is noteworthy that a nonfunctiolet2 gene It is interesting to note that the nine-carbon sugar acid
is present in strain Eagan (Aubrey et al., submitted) which neuraminic acid (sialic acid, Neu5Ac) has been detected as
is consistent with the absence of a globotriose extension froma component of the LPS in a majority of typable and
the glucose off Hepl in LPS from that straid)( In certain nontypable strains ofl. influenzaeg(62, 63). Sialylation of
mutant strains of RM7004, &-1,4-glucose disaccharide H. influenzaeLPS has been shown to increase the capacity
(cellobiose) extension has been observed at Hepl irrespectiveof the organism to resist the bactericidal effects of human
of the degree of substitution at Hepll. Thus, the major LPS serum {6, 62). LPS glycoforms containing sialyllactose and/
glycoforms expressed by lacl/lic2 double mutant strain  or sialyllactoN-neotetraose side chains have been structurally
(AH1-3) carry a cellobiose unit from Hepl with no characterized, and at least three sialyltransferases have been
substitution from Hepll §0). In a galE/galK mutant, LPS described 16, 64, 65). Expression of sialylated LPS glyco-
glycoforms containing mono- and diglucoside extensions forms would appear to depend on an exogenous source of
from Hepl and Hepll were observe®1). Glucose disac-  sialic acid or its nucleotide-activated form, CMP-Neur5Ac
charide branches were observed on both Hepl and Hepll in(16, 66). Sialic acid-containing glycoforms have previously
LPS fromH. influenzaetype b strain A2 40). been detected ifl. influenzaeLPS from serotype b strain
Genes in thdic2 locus inH. influenzaestrain Rd and type A2 (40), and from strain Eagan (RM153) when it was grown
b strains, Eagan and RM7004, have been implicated in theunder appropriate conditions, i.e., in the presence of Neu5Ac
expression of the globotriose epitop&5( 17, 19). lic2A (D. W. Hood et al., manuscript in preparation). Interestingly,



4474 Biochemistry, Vol. 42, No. 15, 2003

it has been reported that the globotriose side chaind.of
meningitidisimmunotype L1 LPS can carry terminal sialic
acid at the O-6 position of the-p-Galp residues§7). Under

the growth conditions employed in the this investigation, we
were unable to detect sialic acid-containing LPS glycoforms,
indicating their absence or expression levels below the
detection limits of the CE-ESI-MS techniques that were
employed.

The phase variable gern&3A, has been shown to encode
ano-2,3-sialyltransferase that mediates addition of Neu5Ac
from CMP-Neu5Ac to a lactose extensionhh influenzae
strain Rd as well as a wide range of nontypable strai6s (
While RM7004 contains this gene, there is a single deletion
of 141 base pairs downstream from the repeat region which
could account for the lack of a sialyllactose-containing LPS
phenotype 16).

To date, structural studies have indicated that LPS from
all H. influenzaestrains contain two phosphomonoester
groups in the lipid A, phosphate, or pyrophosphoethanol-
amine at the O-4 position of KDO, and PEA at the O-6
position of Hepll. Phosphomonoester groups were found to
be at the O-4 position of Heplll in the Hex4 LPS glycoform
of strain Eagan and itgtC mutant {; H. Masoud, D. Hood,

E. R. Moxon, and J. C. Richards, unpublished result), while
no phosphate groups were detected on Heplll in any of the
LPS glycoforms of strain RM7004 (this study). Interestingly,
PEA was found to substitute for the same heptose in LPS of
nontypableH. influenzaestrain 2019 43). We have found
PEA groups to be immunodominant epitopes that can evoke
a functional 1gG antibody in meningococcal lipopolysac-
charide oligosaccharidé&8, 69). In H. influenzad PS, PEA
groups in the basal unit may provide unique epitopes for
producing cross-reactivel. influenzaespecific antisera or
for development of LPS-based vaccine candidates. The
presence oPCho was detected in RM7004 LPS to the extent
of 1-2% by 'H NMR. The level of expression could be
enriched by selecting foicl phase-on variants when the
organisms were grown on solid medi@, 39). The PCho
groups were determined to be at the O-6 position ofte
Galp on the distal heptose of the basal unit itic2 mutant
strain @). PCho has been detected as a major component in
H. influenzaestrain RM118 (Rd) §). It is noteworthy that
the location ofPCho in strain RM118 is at the O-6 position
of the 5-Glcp on the first heptose.

The presence oD-acetyl groups was also identified in
the LPS ofH. influenzaeRM7004. TheO-acetyl group was
found to be attached at the O-3 position of Heplll in the
wild type andigtC mutant of strain Eagan (H. Masoud, D.
Hood, E. R. Moxon, and J. C. Richards, unpublished result),
and we assume it to be at the same position in strain
RM7004.
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