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ABSTRACT: Lipopolysaccharide (LPS) is a major virulence determinarid@émophilus influenzaeThe
organism is capable of expressing a heterogeneous population of LPS which exhibits extensive antigenic
diversity among multiple oligosaccharide (OS) epitopes. Structural elucidation of variable and conserved
OS epitopes oH. influenzaeserotype b strain Eagan was determined by the application of high-field
NMR techniques and MS-based methods on oligosaccharides obtained from LPS samples by a deacylation
strategy. LPS extracted by the hot aqueous phenol method gave complex electrophoretic patterns consisting
of at least six low-molecular mass bands. Electrospray ionizatiwass spectrometry @d-deacylated

LPS revealed a series of related structures differing in the number of hexose residues as well as
subpopulations of glycoforms containing additional phosphoethanolamine (PEA) groups. It was
demonstrated that the LPS contains a conserved PEA-substituted, heptose-containing trisaccharide inner
core moiety attachedia a KDO 4-phosphate unit to a lipid A component. Tandem MS experiments
unambiguously established the presence of a KDO 4-pyrophosphoethanolamine unit in the subpopulation
of LPS containing additional PEA groups. The occurrence of LPS containing this structural feature was
found to be dependant on the isolation procedure used. Each heptose of the common inner core element
L-o-D-Hepp(1—2)-L-a-D-Hepp(1—3)-L-a-b-Hempp(1—5)-0-KDO is substituted by a hexose residue with
further chain elongation from the central unit. The structures of the major glycoforms containing four
(three Glcs and one Gal), five (three Glcs and two Gals), and six (three Glcs and three Gals) hexoses
were determined in detail. The Hex6 glycoform contains the terminal struatumeGGalp(1—4)-5-p-
Galp(1—4)-3-p-Glc, providing, for the first time, definitive structural evidence for the expression of the
PX-blood group antigen il. influenzad_LPS. Moreover, an analogue of the Hex4 glycoform was identified

in which the third heptose residue carries phosphate-4t

Haemophilus influenzaés a major cause of disease (Moxon & Maskell, 1992). Both capsular and nontypable
worldwide. In developed countries, serotype b capsular strains ofH. influenzaeexpress heterogeneous populations
strains are associated with invasive diseases, includingof rough-type LPS which exhibit extensive antigenic diversity
meningitis and pneumonia (Turk, 1981), while nontypable among multiple oligosaccharide (OS) epitopes (Flesher &
(i.e. acapsularM. influenzaestrains are primary pathogens Insel, 1978; Inzana, 1983). These carbohydrate regions of
in otitis media and respiratory tract infections (Murphy & the LPS molecules provide targets for recognition by host
Apicella, 1987). Lipopolysaccharide (LPS$ an essential ~ immune systems, and expression of certain OS epitopes is

and characteristic surface component of these pathogendmMplicated in virulence potential (Kimura & Hansen, 1986;
Copeet al, 1990; Maskelkt al,, 1992). A structural model

has been advanced fdHaemophilusLPS in which a
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f'eth?Phg;Ei'a?SG'-le'\t/'S- 935,”q,Uidt,ChromatogratPhW?SS (S:POeSC{( variation between defined structures which leads to an
rometry; , electrospray Ionizatioimass spectrometry; y . . . s . .
correlated spectroscopy; TOCSY, total correlated spectroscopy; HMQC, ex_tenswe repertoire of OS epitopes within a SIngIQ strain
heteronuclear multiple-quantum coherence; NOE, nuclear Overhauser(Kimura & Hansen, 1986; Maskekt al, 1991; Weiser,
effect; NOESIY, tWQ-dimc?nLS;?Snall_ NOEI Spectﬁos%omll\;/leDO, 3-deloxy-I 1992). It is believed that phase variation provides a
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antibody; LPS-OHO-deacylated LPS; lipid A-OHD-deacylated lipid  Mechanism whereby the pathogen can adapt to variations in
A; OS, oligosaccharide; PEA, phosphoethanolamine: PPEA, pyrophos- €nVironmental conditions within and between individual hosts

phoethanolamine. (Weiseret al,, 1990; Weiser, 1993). In serotype b capsular
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strains, monoclonal antibody binding studies have revealed Deoxycholate-Polyacrylamide Gel Electrophoresis
phase-variable expression of the galactose-containing P (DOC—PAGE)

epitope,a-p-Galp(1—4)-3-p-Galp (Virji et al, 1990; Man-
drell et al, 1992), an antigen also found on the surface of S
human epithelial cells (Lunét al., 1987). The molecular and Favre (1973) as modified by Komuro and Galanos

structure of this LPS OS epitope has not been established(1988_) with D_OC as t_he deterge_nt. LPS b_ands were
by chemical means. Here we employ a combination of visualized by silver staining as described by Tsai and Frasch
NMR- and MS-based techniques for the elucidation of (1982).

variable and conserved structural features exhibited by LPS
of H. influenzaeserotype b strain Eagan, providing, for the
first time, definitive evidence for expression of the terminal (1) Core Oligosaccharides.LPS (25-100 mg) was
a-D-Galp(1—4)-5-p-Galp(1—4)-4-p-Glcp unit. Our studies  hydrolyzed in 2% aqueous acetic acid-{20 mL) for 2.5
confirm the presence afa-b-Hepp(1—2)-L-o-D-Hepp(1—3)- h at 100°C; the solution was then cooled ¢€), and the
L-a-D-Hepp(1—5)-KDO as a common LPS inner core precipitated lipid A was removed by low-speed centrifugation
element of thisH. influenzaeserotype b strain. It is (Masoudet al, 1994a). The supernatant solution was
established that triantennary structures constitute the majorlyophilized, and the water soluble components were fraction-
LPS population group in which each heptose is substituted ated by gel filtration. A Bio-Gel P2 column (25 140 cm,

by a hexose residue with further chain elongation from the 200-400 mesh, Bio-Rad) was used for this purpose, and

PAGE was performed using the buffer system of Laemmli

Preparation of Oligosaccharides

central unit leading to full expression of thé& &pitope. elution was performed with pyridinium acetate (0.05 M, pH
4.5). Column eluants were monitored for neutral glycoses
EXPERIMENTAL PROCEDURES (Duboiset al., 1956), and the core oligosaccharide fractions
] ) . were collected by lyophilization.
Bacterial Strains and Growth Conditions (2) O-Deacylated LPS.LPS was O-deacylated with

p anhydrous hydrazine under mild conditions (Hadstal,

clinical isolate (Andersost al., 1972). For this study, strains 1991) as previOL_Jst described (Masoetil, 1994a). F(_)r
from two sources were employed: one from the Oxford ESI—MS analysis, a sample {114 mg) was treated with

culture collection (Oxford; NRCC 4247) and the other kindly anhydrous hydrazing (0-2.0 mL) and stirred at 37C. Aft(_ar
supplied by Dr. P. Anderson (Rochester; NRCC 4246). 1 h, the reactlon.r_nlxture was cooled (@) and hydrazine
Eagan strains were characterized by their binding to mono- destroyed_ by addition Of_ cold ?‘Cﬁ‘“’“e < mL),_ 3”0' the product
clonal antibodies (Mabs) 4C4, 6A2, and 12D9 but not to was obtained k_)y centrifugation. The precipitated product
Mab 5G8 in colony blot assays (Guleg al., 1987). Mabs W&_IS washed with acetone (>4 2 mL) and acetonewater
were kindly supplied by Dr. E. H. Hansen. (4:1, 5 mL) and then Iyqphlllzed f“?m water.

Bacterial strains were cultivated in liquid media by using présp)alr_eF;ISfr?)?rg:kl_b;ge( zﬁ)légfnsg;cgéégi;&ggnviitﬁsarm?f
Ijhoen(];O\lft/?:r\:lir]ngogl(jlgdgfl%ff.o(r(lj)ISJSAZ?‘(I:%Illgcf;t‘glg;sz\(l)vere drous hydrazine under mild conditions, followed by dephos-

h in brain heart infusion broth (BHI) (Oxoid) containing 2 phorylation with agueous HF, reduction of the reducing

. . / ; terminus with NaBH, and N-deacylated with anhydrous
mg/L NAD (Sigma) and 10 mg/L Hemin (Sigma) in 10 L hydrazine under more vigorous conditions as described

batches as previously described (Highal., .1993)' Cells previously (Holstet al,, 1991; Masouckt al., 1994b). The

were harvested by Iow?speed centrifugation _(Eg)OQhe_ . oligosaccharide products were fractionated on the Bio-Gel
pellet was resuspended in phosphate buffer sa]me containings gel filtration system as described above. Oxford LPS
0.5% (w/v) phenol and then collected by centrifugation. (2) ¢orged high- and low-molecular mass OS fractions (labeled

For large-scale preparations of LPS, Oxford or Rochester ,\nw and LMW, respectively) as the major components,
strains were first resuscitated from frozen stocks on chocolate

) i while Rochester LPS gave a HMW fraction as the major
agar plates (Quelab) and then cultivated at@m amedium — rqyct. The Rochester HMW fraction was resolved into

containing BHI (3.7% w/v, Difco) supplemented with 2 mg/L  ay5 and Hex6 backbone OS glycoforms by further frac-
Hemin (Sigma) in 28 and 75 L fermenters (New Brunswick 5nation on the Bio-Gel P2 system.

Scientific). Stationary phase cells were killed by addition
of phenol (1% final concentration) and harvested with a Analytical Methods and Methylation Analysis
Sharples continuous-flow centrifuge.

H. influenzaestrain Eagan is an encapsulated serotype

Glycoses were determined by GLC as their alditol acetate
Preparation of Lipopolysaccharide derivatives. Samples (0.-2).5 mg) were hydrolyzed with
2 M trifluoroacetic acid (TFA) for 90 min at 128C and
The wet cell mass obtained by centrifugation of the evaporated to dryness under a stream of nitrogen. The
bacterial growth was washed successively, once with ethanol liberated glycoses were reduced (Nafgknd acetylated
twice with acetone, and twice with light petroleum ether, (Ac,0) as previously described (Yomrt al, 1985b). The
and LPS was extracted from the air-dried cellular material configuration of peracetylated heptitol derivatives was
by the hot phenetwater extraction procedure of Westphal determined to be-glycerap-manno(or b-glyceroL-manng
et al. (1952). LPS was obtained from the aqueous phaseby comparison of their GLC retention times with that of an
either after extensive dialysis and lyophilization (method A) authentic standard. On the basis of biosynthetic grounds
or by precipitation with 4 volumes of ethanol (method B), (Coleman, 1983), the-glycerep-mannoabsolute stereo-
followed by purification by repeated ultracentrifugation chemistry is assumed. Hexoses were determined to have
(10500@ at 4°C for 2 x 5 h). theb-configuration by GLC analysis of their acetylatd®){
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2-octylglycoside derivatives (Gerwigt al, 1979). The 500 MHz by using a spectral width of either 3 or 6 kHz and
absolute configuration of KDO was previously reported to a 90 pulse. Broad-band proton-decoup!é@-NMR spectra
be b-manno(Helanderet al., 1988). were obtained at 125 MHz using a spectral width of 33.3
GLC analysis was performed with a Hewlett-Packard kHz, a 90 pulse, and WALTZ decoupling (Shaket al.,
model 5890 series Il gas chromatograph fitted with a 1983). Acetone was used as the internal standard, and
hydrogen-flame ionization detector, using a fused-silica chemical shifts were referenced to the methyl resonahge (
capillary column (0.3 mmx 25m) containing 3% OV 17;  2.225 ppmpc, 31.07 ppm). Two-dimensional homonuclear
an initial column temperature of 18C was held for 2 min, proton chemical shift correlation experiments (COSY) (Bax
followed by an increase to 241 at 2°C/min. et al, 1981) were measured over a spectral width of 2.2 or
Methylation analysis was performed on oligosaccharide 1.5 kHz, using data sets$; (x t;) of 256 x 2048 or 512x
samples (25 mg) with iodomethane in dimethyl sulfoxide 2048 points; 32 or 64 scans were acquired, respectively.
containing an excess of potassium (methylsulfinyl) methanide Spectra were processed in the magnitude mode with sym-
(Hakomori, 1964). Excess iodomethane was evaporatedmetrization about the diagonal. Two-dimensional total
under a stream of nitrogen and water (3 mL) added, and thecorrelated (TOCSY) (Subramanian & Bax, 1987) and nuclear
methylated products were extracted into chloroformk(8 Overhauser effect (NOESY) (Kumat al, 1980) experi-
mL). The chloroform extracts were evaporated undgr N ments were performed in the phase-sensitive mode over a
and the methylated OS was purified on a Sep-Pak C-18spectral width of 2.2 kHz, by using a data set of 26@048
cartridge as previously described (Mat al, 1983). For  points. Mixing times of 66 and 400 ms were employed, and
locating phosphate substituents, methylated OS was treated4 and 128 scans were acquired for eacratue for TOCSY
with aqueous 48% HF (0C for 48 h), dried under i and and NOESY, respectively. Heteronuclear two-dimensional
remethylated with perdeuteiro iodomethane (CDN Isotopes *H—"*C chemical shift correlations were measured in'the
Inc.) as above. detected modeia multiple-quantum coherence (HMQC)
Purified methylated oligosaccharides were hydrolyzed with (Baxet al., 1983) with proton decoupling in tHéC domain,
0.25 M H,SO, in 95% acetic acid at 85C overnight, reduced by using data sets of 2048 256 points and spectral widths
(NaBD;), and acetylated according to the acetolysis proce- Of 4.5 and 13.9 kHz fofH and*C domains, respectively.
dure of Stellneret al. (1973). Partially methylated alditol ~ Sixty-four scans were acquired for eaghalue. 3P spectra
acetates were separated by GLC and identified by electronwere measured at 202 MHz with a spectral width of 13 kHz,
impact on a Hewlett-Packard 5958 B or Varian Saturn 1l and phosphoric acid (85%) was used as the external standard
lontrap GLG-MS system fitted with a DB-17 fused-silica (Jr, 0.0 ppm). *H—3'P correlations (HMQC) were made in
capillary column (0.25 mnx 25 m), utilizing the temper-  the *H-detected mode by using a data matrix of 16,024

ature program of 186C for 2 min followed by an increase ~ Points, sweep widths of 10 kHz f8tP and 1.3 kHz fofH,
to 320°C at 5°C/min. and a mixing time of 60 ms.

Electrospray Mass Spectrometry RESULTS

Samples were analyzed on a VG Quattro Mass Spectrom- Characterization of LPS from H. influenzae Eagan. H.
eter (Micromass, Manchester, U. K.) fitted with an electro- influenzaeEagan from two sources (Oxford and Rochester)
spray ion source. Backbone oligosaccharide @mdeacy- was grown in liquid culture, and cell wall LPS was isolated
lated LPS samples were dissolved in water, which was thenby the hot phenetwater extraction method (Westphal,
mixed in a 1:1 ratio with 50% aqueous acetonitrile containing 1952). LPS was obtained from the aqueous phase following
1% acetic acid for mass spectral analysis in either the extensive dialysis against tap water or by ethanol precipita-
negative- or positive-ion mode. Samples were injected by tion in yields ofca. 2—3% from dried bacterial cells. DGE
direct infusion at 4L/min with a Harvard 22 syringe pump. PAGE analysis of the LPS revealed a heterogeneous mixture
The electrospray tip voltage was 2.7 kV, and the mass of at least six low-molecular mass components having
spectrometer was scanned froniz50 to 2500 with a scan  electrophoretic mobilities between those of the Ra (core) and
time of 10 s. Data were collected in multichannel analysis SR (coret+ one repeat unit) bands of S-tySalmonellaLPS
mode, and data processing was handled by the VG data(Figure 1). The R-type nature dfl. influenzaeLPS is
system (Masslynx).O- andN-deacylated LPS samples were consistent with results of earlier investigations (Flesher &
analyzed as described above except samples were dissolvethsel, 1978; Inzana, 1983). Apart from the relative intensity
in acetonitrile-H,O—methanot-10% aqueous ammonia (4:  of the individual bands, similar LPS banding patterns were
4:1:1), and a scan time of 15 s was used. For negative-ionobserved for the different strains &f. influenzaeEagan.
MS—MS experiments, precursor ions were selected using Bacterial growth conditiorfsand the methods employed for
the first quadrupole mass analyzer and fragment ions, formedLPS isolation were also found to influence the relative band
by calycinal activation with argon in the RF-only quadrupole intensities. A comparison of the DG&PAGE banding
cell, were mass analyzed by scanning the third quadrupole.patterns from Oxford and Rochester LPS revealed a pre-
Collision energies were typically 60 eV (laboratory frame ponderance of the intermediates to highLPS components
of reference). in the latter (Figure 1). In agreement with previous reports

(Zamze & Moxon, 1987; Inzanet al., 1985), compositional
Nuclear Magnetic Resonance Spectroscopy

NMR spectra were obtained with a Bruker AMX 500 2 LPS obtained fronH. influenzaeEagan grown in liquid culture,
spectrometer using standard Bruker software. All measure-°" solid media, and in the interstitial space of chicken eggs in our
. ) laboratories gave similar patterns of PAGE banding, differing only in
ments were made onzD solutions at 37C after several  ne relative intensity of the individual bands (A. Martin, H. Masoud,

lyophilizations with O. Proton spectra were recorded at M. E. Deadman, E. R. Moxon, and J. C. Richards, unpublished results).
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FiGure 2: Negative-ion ESHMS of the triply charged molecular
> ion region ofO-deacylated LPS froni. influenzaeEagan strain

Oxford obtained by phenelwater extraction following (A) exten-

sive dialysis and (B) ethanol precipitation. The calculated molecular

masses and proposed structures are given in Table 1. lons indicated

- —— by an asterisk are due to potassium (spectrum A) or sodium
(spectrum B) aducts of the major LPS-OH species.
. sates of core OS. The presence of KDO has been previously
. reported (Zamzet al., 1987).
Treatment of the LPS samples with anhydrous hydrazine
under mild conditions (37C, 1 h) afforded water soluble
O-deacylated material (LPS-OH). Electrospray ionization
S W1 w2 mass spectrometry (ESMS) in the negative-ion mode of
FiGURE 1: DOC—PAGE patterns of LPS fronSalmonella mil- LPS-OH revealed a series of related structures differing in
waukeeandH. influenzaeserotype b Eagan: lane S, milwaukee the number of hexose residues (Table 1). The ESI mass

(S-type LPS, 1Qug); lane W1 H. influenzaestrain Oxford (4ug); spectra were dominated by molecular peaks corresponding
and lane W2H. influenzaestrain Rochester (4g). to doubly and triply deprotonated ions. The triply charged

] o region of the ES+MS of Oxford LPS-OH is shown in Figure
analysis of the LPS samples indicateeglucose (Glc), 2 The MS data are consistent with each molecular species

D-galactose (Gal)L-glycerop-manneheptose (Hep), and  containing a conserved PEA-substituted, heptose-containing
2-amino-2-deoxy-glucose (GIcN) as the constituent gly-  trisaccharide inner core moiety attachéala phosphorylated
coses which were identified by GL-EMS of the correspond-  KpO linker to the putativeO-deacylated lipid A (lipid
ing alditol acetate andRj-2-octylglycoside derivatives. A-OH) (Phillips et al, 1993; Gibsonet al, 1993). H.
Significantly more galactose was detected in Rochester LPSinfluenzaelipid A-OH is known (Helandeet al., 1988) to
(Glc:Gal ratio of 3:2) than in Oxford LPS (Glc:Gal ratio of pe composed of a bis-phosphorylatgel,6-linked glu-
3:1.3). cosamine disaccharide substituted by 3-hydroxytetradecanoa-
Partial acid hydrolysis of LPS with dilute acetic acid mide groups at C-2 and C-2Thus, the triply charged ions
afforded an insoluble lipid A and core OS fraction which at m/z865.8, 920.1, and 974.2 (Figure 2A), together with
was purified by gel filtration chromatography on the Bio- the corresponding doubly charged counterparts (Table 1),
Gel P2 system. The core OS was composed of Glc, Gal, indicated that the major LPS glycoforms contain four (Hex4),
and Hep; GIcN was not detectable in the total acid hydroly- five (Hex5), and six (Hex6) hexose residues, respectively.

Table 1: Negative-lon ESIMS Data and Proposed Compositions @Deacylated LPS oH. influenzaeStrain Eagah

observed ionr(i/2 molecular mass (Da)

LPS glycoform [M— 3H]*~ [M —2H]> observed calculatéd proposed composition
Hex2 757.8 1137.% 2276.2 2277.1 HexHeps'PEA-P1-KDO;lipid A-OH
Hex3 811.8 1218.3 2438.4 2439.2 HeddepsPEA-P1-KDO;#lipid A-OH
Hex4 865.8 1299.3 2601.3 2601.3 HetepsrPEA;-P;-KDO;lipid A-OH

892.8 1339.7 2681.4 2681.3 HeddepsPEAP,KDO;#lipid A-OH

906.7 1360.9 2723.5 2724.4 Hebdep;: PEA;-P;-KDO;+lipid A-OH

933.5 - 2803.5 2804.4 HexHeps'PEAP,KDO:lipid A-OH

Hex5 920.1 1380.8 2763.6 2763.5 Hekeps:PEAP;1-KDO;-lipid A-OH
961.3 - 2886.9 2886.5 HexHeps'PEAP1-KDO;lipid A-OH

Hex6 974.24 1461.2 2925.4 2925.6 HexHeps*PEA;-P1-KDOs-lipid A-OH
1015.1 - 3048.1 3048.6 HexHeps'PEAP1-KDO;lipid A-OH

aUnless indicated, data obtained on LPS-OH sample from Oxford strain using extraction condifidweBage mass units were used for

calculation (Gibsoret al., 1993) of molecular mass values based on proposed compositions as follows: Hex, 162.15; Hep, 192.17; KDO, 220.18;

phosphate, 79.98; PEA, 123.05; and lipid A-OH, 953{3ata obtained on LPS-OH sample from Oxford strain using extraction condition A.
d Data obtained on LPS-OH sample from Rochester strain using extraction conditfidvlidor components.
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Table 2: Methylation Analysis of the LPS Backbone OS Fractions
Derived fromH. influenzaeStrain Eagan

relative detector resporfse

Oxford strain Rochester strain

methylated sugar LMW HMW  HMW fraction

(as alditol acetate) T.° fraction fraction
2,3,4,6-Ma-p-Glc 1.00 1.2 1.0 1.0
2,3,4,6-Mea-p-Gal 1.06 0.9 1.9 1.8
2,3,6-Me-p-Gal 1.30 - nd? 0.1
2,3,6-Me-p-Glc 1.31 1.2 2.3 21
2,3,4,6,7-MeL,p-Hep 151 — no 0.1
3,4,6,7-Ma-L,0-Hep 1.71 0.7 1.0 0.9
2,6,7-Me-L,b-Hep 1.94 0.8 1.0 0.7
4,6,7-Me-L,D-Hep 2.03 1.0 1.4 0.9

a2,3,4,6-Me-D-Glc represents 1,5-dd-acetyl-2,3,4,6-tetra-O-meth-
yl-p-glucitol-d;, etc. Data for neutral sugars are reported only. Partially
methylated glycose derivatives from the GIlcN¢&)GICN moiety were
not detected, probably due to the relative resistance of the GIcN
glycosidic linkage to the conditions used for acid hydrolysis (see
Experimental Procedures)Retention timesT ) are quoted relative
to that of 2,3,4,6-MgD-Glc. ¢ Values are not corrected for differences
in detector response factofsValue not determined.

LPS-OH glycoforms having similar compositions have been
previously reported (Phillipet al., 1993, 1996) forH.
influenzaestrain A2. In strain Eagan, an abundant ion at
m/z 892.8 indicated the presence of an additional Hex4
glycoform that contains an extra phosphate group (Figure
2A). Moreover, a parallel series of ions displacedday

41 m/zunits to higher mass in the triply charged region could
be attributed to a subpopulation of glycoforms containing
an additional PEA group (Table 1). This subpopulation of
glycoforms was particularly evident in the MS of LPS-OH
samples obtained following ethanol precipitation (Figure 2B).
The ESHMS of Rochester LPS-OH was similar to that of
LPS-OH derived from the Oxford strain except that a
preponderance of the Hex5 glycoform is observed (data not
shown).

Characterization of Backbone OS FractionBackbone
OS samples were obtained from LPS by a procedure
involving deacylation, dephosphorylation, and reduction of
the lipid A terminal GlcN residue (Masouet al., 1994a).
Oxford LPS afforded high- and low-molecular mass (HMW
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Ring protons

Anomeric protons

Hm, 31 Gally fooy)
\'/ alm, St N et
Huy G\
Vooem RN
B e

KDO protons

H-3¢ H-3a
N/

3.0
Ficure 3: 'H-NMR spectra of the backbone oligosaccharides from
(A) the HMW fraction consisting predominantly of the Hex5
glycoform and (B) the derived Hex6 LPS glycoform produced from
H. influenzaeEagan strain Rochester. Anomeric resonances are
indicated using the following abbreviations: Glcl-Glclll, GI-GlII;
GIcN, GNII; and Hepl-Heplll, HI-HIII.

20ppm

[M + 2]?" ion atm/z975.6 from the Hex5 glycoformM;

of 1949.2) was observed in the positive-ion EMS of the
HMW fractions together with minor peaks@z1056.5 W,

of 2111.0) and 894.4\; of 1786.8) from the Hex6 and Hex4
glycoforms, respectively. Nine major anomefid reso-
nances were observed in the low-field region (463 ppm)

of theH-NMR spectrum of the HMW fraction (Figure 3A).
This is particularly evident in the two-dimensioriél—13C
chemical shift correlation (HMQC) spectrum (Figure 4A).
A minor anomeric resonance (relative signal areeen0.2H)
observed at 4.95 ppm could be attributed to an additional
hexose residue from the Hex6 oligosaccharide (Figure 3A).
The Hex6 backbone OS was obtained in a pure form by
further fractionation of Rochester HMW material on the Bio-
Gel P2 system. It showed 10 resonances in the anomeric
region of thelH-NMR spectrum (Figure 3B) and a single
doubly protonated molecular ion in its ESUS at m/z
1056.8. In the positive-ion ESIMS of the LMW backbone
OS fraction, an abundant doubly charged fM2H]?>" ion
was observed ain/z894.4, consistent with the Hex4 LPS
glycoform. As expected, thiH-detected HMQC spectrum
of the LMW fraction revealed eight anomeric resonances
from the Hex4 backbone OS in the low-fieltl (5.6-4.3
ppm) and*3C (105-90 ppm) regions. ThéH- and 3C-

and LMW, respectively) backbone OS fractions following NMR resonances from the Hex4, Hex5, and Hex6 oligosac-
size exclusion chromatography on the Bio-Gel P2 system, charides were fully assigned (see below) by two-dimensional
while Rochester gave mainly a HMW fraction. The back- homo- and heteronuclear chemical shift correlation tech-
bone OS fractions were found to contain Glc, Gal, Hep, niques (Masouctt al., 1994a,b), and the data are recorded
GlcN, and KDO. Methylation analysis data for the HMW in Tables 3 and 4.

and LMW fractions are presented in Table 2. The three Structure of the Hex5 Backbone OBhe HMW backbone

fractions gave qualitatively similar results, indicating that 0S sample from Rochester LPS waé subjected to detailed

the major backbone_ 0S cqmponents contain 3©d' NMR analysis which led to determination of the sequence

substituted Hep, 2,3-di-O-substituted Hep, 2-O-substituted -

Hep, 4-O-substituted Glp, and terminal nonreducing Glc of glycoses within the Hex5 glycoform. ThEH-NMR

and Gal residues. The hydrolysis products from the HMW resonances of this OS were fully a55|gn§d by COSY (Figure

fractions contained significantly more 2,3,4,6-te@anethyl- 5A) and TOCSY (data not shown) experiments. Subspectra
corresponding to all the glycosyl residues were identified

p-Gal and 2,3,6-tr@-methylo-Glc, together with a lesser . S ; .~
amount of 2,3,4,6-tetr®methylo-Glc than the LMW on the basis of connectivity pathways delineated in‘the

fraction. This is consistent with the major OS component chemical shift correlation maps (Masoed al, 1994a,b),
in the HMW fraction (Hex5) containing an additiormGal the chemical shift values (Bock & Thggerssen, 1982), and
residue. Results from methylation analysis of the Rochesterthe vicinal proton coupling constants (Altona & Haasnoot,
HMW fraction revealed small amounts of 2,3,6®@imethyl- 1980). The chemical shift data (Table 3) are consistent with
p-Gal and 2,3,4,6,7-pen@-methyl+,p-Hep due to minor eachp-sugar residue being present in the pyranosyl ring form.
OS components. Further evidence for this conclusion was obtained from NOE
The HMW samples from the two strains gave similar data (Figure 5B) which also served to confirm the anomeric
ESI-MS and!H-NMR spectra. A major doubly charged configurations of the linkages.
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. 1 . . . spectra of the HMW backbone OS (predominantly Hex5).H-1
FiGURe 4. Heteronuclear 2BH—1C chemical shift correlationmap 1.5 cross-peaks and NOE connectivities are labeled in spectra A
of (A) the anomeric and (B) the ring regions of the HMW backbone 4 B respectively. Cross-peaks labeled by Gallll* and Galll* are
OS (predominantly Hex5). Resonance assignments are indicated,qm thea-p-Gal(1~4)-3-0-Gal(t— end group arising from minor

Abbreviations are as follows: GlcNol, GNI*; and KDO, K; the  amounts of the Hex6 glycoform in the sample. Abbreviations are
abbreviations are also as indicated in Figure 3. given in Figures 3 and 4.

Assignments of thé’C resonances were made by one- 1988). Two subspectra typical Bfo-galactopyranose ring
bond correlation with theH resonances of the directly  gystems (labeled Gall and Galll) were identified from the

attached proton; in the HMQC experiment (Figure 4). In magnitude of their respectivi » (7.5 Hz),J».5 (8.8 Hz),J3.4
the one-dimensionaPC-NMR spectrum, resonances were (3.2 Hz), andlss (~1 Hz) values. On the basis of the

observed in the low-field region (90105 ppm) correspond-
ing to the anomeric carbons from 10 sugar residues. Nine
of these residues were directly correlated to the correspondin
anomeric'H resonances in the HMQC experiment (Figure
4A). A 3C resonance showing an absence dHa-13C
connectivity in the HMQC experiment (100.44 ppm) was
assigned to the C-2 (quaternary) resonance from the KDO . . - :
residue. In addition, a diagnostic signal from the methylene The later res!due could besattrlbutgd to the lipid A-derived
carbon (C-3) of the KDO residue was observed at 35.56 Iopmﬂ-D-GIcN residue from thé3C chemical shift value (56.63

The corresponding H-3 methylene protons showed charac—ppnp of its C-2 (Bock & Pedersen, 1974). Assignment of
teristic resonances (Masoed al., 1994a,b; Carlsoet al., the 'H spin system from the reduced terminal glucosamine

1988; Yorket al, 1985a), at 1.86 (t, 1H, Hs3 and 2.17 resio!ue (Glf:NoI) of thqﬁ-l,6-Iinked_D.-qucosaminr.e.disac-
ppm (dd, 1H, H-3), indicative of am-linked KDO residue. charlde_m0|ety of thg deacylated lipid A was facilitated by
The IH subspectra corresponding to the three heptose Correlation between its C-2 (56.15 ppm) and H-2 (3.53 ppm)
residues (HeptHeplll) were identified on the basis of the in the HMQC experiment (Figure 4B). The relative stere-
observed smalld;,; (<1 Hz) and J,5 (4.4 Hz) values, ochemistry of the subspectrum for Glclll was not readily
indicative of themannepyranose ring systems, and by the discernible from the'H spin system since second-order
fact that eight proton resonances were associated within eacteffects rendered the proton couplings difficult to determine
subspectra. The anomefid and3C chemical shift values  (Table 3). Since methylation analysis indicated three Glc
indicated (Masouet al., 1994a, 1995) that each of the Hep residues in the HMW fraction, this subspectrum could be
ring systems has thex-p-configuration, and this was attributed to a glucopyranose residue. In accord with this
confirmed by the occurrence of single intraring NOE between assignment, the occurrence ofté—H NOE between H-1,
the respective H-1 and H-2 Resonances (Richards & Perry,H-3, and H-5 (Figure 5B) pointed to thep-pyranosyl ring

observed largd, 3 Js.4, andJds s, ring couplings (8-10 Hz),
three'H subspectra were attributed to hexopyranosyl residues
ghaving theglucoconfiguration (Glcl, Glcll, and GIcN). From
the anomeric proton couplings, Glcll was assignedae
configuration ¢;, = 3.8 Hz), while Glcl and GIcN were
identified as having th@-p-configuration §,, = 7.5 Hz).
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Table 3: Proton Chemical Shifts (Parts per Million) and Coupling Constants (Hertz) for the LPS Backbone Oligosaccharide Deritfed from
influenzaeEagan

LPS H-1 H-2 H-3 H-4 H-6 H-6' H-7 H-7' H-8 H-8
glycoforn residue glycose unit (J1) (23 (Jsd (Jay HD5  (Je (e de) (J) ez, d7) (79 (Jrs Jss)
Hex4 GlcNol —6)-p-GlcNol 3.8 353 4.11 3.65 3.98 4.16 3.82
(44) (44) €10) (88) (32) (7.3,111)
GIcN —6)-0-GlepN(I—~ 474 307 3.64 351 363 3.62
(75 &> ) =) =)
KDO  —5)-a-KDOp(2— 186 417 411 368 3.79 3.96 3.64
(12.4) (5.8) €1.0) 8.8) (4.4) (5.8,11.7)
Hepl —3)-L-o-D-Hepp(1— 5.09 4.15 4.06 425 4.16 4.10 3.71 3.71
4 ~10) (44) (9.1) (10.2) #1.0) ~1.0) (1.0,11.7)
1
Hepll —2)-L-o-D-Hepp(1— 5.53 4.26 4.10 415 3.68 4.08 3.62 3.72
3 ~10) (44) (93) (9.3) #1.0) (5.8) (8.8, 10.2)
1
Heplll —2)-L-o-D-Hepp(1— 511 4.05 3.92 3.83 3.80 4.04 3.72 3.68
(~1.0) (44) (88) (9.3) #1.0) @.4)  (9.1,11.1)
Gall pB-b-Galp(1— 4.35 3.57 3.67 3.92 3.69 3.75 381
75 (88 (32) £10) 29) (7.3,11.7)
Glcl B-b-Glep(1— 4.53 3.34 3.46 3.37 345 3.95 377
(75) (88) (88) (88) #1.0) (5.8, 11.7)
Glcll —4)-0-D-Glcp(1— 5.34 3.62 3.85 3.70 3.89 3.96 3.88
38 (93 (93) (93 £1.0) ()
Glelll*  S-b-Glep(1— 4.53 3.31 3.53 342 351 3.94 374
(75) (92) (92) (9.2 (3.0) (5.7,11.9)
Hex5 Glclll  —4)-4-p-Glcp(1— 4.56 3.35 ~3.68 =~3.62 ~3.62 3.99 384
(75 (88 () =) =) =)
Galll  p-p0-Gap(1— 445 354 366 393 372 378
(75) (88 (32) £1.0) =)
Hex6 Galll* —4)-3-p-Galp(1— 4.51 3.58 3.74 4.04 3.79 3.85 393
61 (96) (42) 1.0 4.2) (7.5,12.5)
Gallll*  o-p-Galp(1— 4.95 3.83 3.91 4.03 4.35 3.72 3.69
(36) (102) (42) #%10) O (6.9~111)

aMeasured at 32C (Hex5) or 27°C (Hex4 and Hex6) in BD (pD ~6) from COSY spectrek Chemical shift values for conserved residues (i.e.,
residues GlcNol to Glcll) in Hex4, Hex5, and Hex6 glycoforms are the sah@®0Q ppm). In Hex4, the central oligosaccharide chain carries
GlcllI* as a terminal residue. Hex5 contains the disaccharide Galll-Glclll as the terminal end group; Hex6 contains the disaccharide Gallll*-
Galll* as the terminal end group.Values for H-1 and); . H-1' = 3.78 ppm;Jy» = 6.4 Hz,J;v = 11.7 Hz.9 Values for H-3a ands, 4 H-3. =
2.17 ppm;Jzea= 4.1 Hz; J3a3.= 12.4 Hz (a and e correspond to the axial and equatorial protons of KDO, respectiely) coupling constant
unresolved! —, chemical shift unresolved.

Table 4: 3C Chemical Shifts (Parts per Million) for the LPS Backbone Oligosaccharides DerivedHrdnfluenzaeEagari

LPS
glycoform residue glycose unit C-1 C-2 C-3 Cc-4 C-5 C-6 C-7 C-8
Hex4 GlcNol —6)-D-GlcNol 59.67 56.15 66.75 71.79 70.18 72.57
GlcN —6)--D-GlcpN(1— 100.57 56.63 73.24 70.78 75.3 62.51
KDO —5)-a-KDOp(2— 175.17 100.44 35.56 66.47 75.09 72.79 70.07 64.44
Hepl —3)-L-a-D-Hepp(1— 101.69 71.08 74.48 74.10 72.33 69.07 64.20
4
t
Hepll —2)-L-a-D-Hepp(1— 99.83 79.70 79.10 66.75 ~72.79 69.07 64.08
3
t
Heplll —2)-L.-a-D-Hepp(1— 100.89 78.90 70.54 67.47 72.79 69.78 63.92
Gall p-p-Galp(1— 103.45 71.35 73.38  69.40 76.15 61.95
Glcl B-b-Glep(1— 103.40 74.10 76.92 70.99 77.25 6204
Glcll —4)-a-D-Glcp(1— 100.89 7243 ~72.33 79.36 72.13 60.90
Glclil* B-b-Glep(1— 102.7 73.2 75.6 69.8 75.9 60.3
Hex5 Glclll —4)-3-p-Glcp(1— 103.35 73.81 75.09 79.2 —f 60.90
Galll p-p-Galp(1— 103.77 71.35 73.33 69.40 76.19 61.86
Hex6 Galll* —4)-3-p-Galp(1— 104.2 ~71.8 73.1 78.2 76.2 61.2
Gallll* o-b-Galp(1— 101.2 69.4 70.0 69.9 71.8 61.5

aMeasured at 32C (Hex5) or 27°C (Hex4 and Hex6) in BD (pD ~6). Chemical shifts were measured from a one-dimensional spectrum for
the Hex5 glycoform and from two-dimensional HMQC experiments for the Hex4 and Hex6 glycoforms. Chemical shift values for conserved
residues (i.e. residues GlcNol to Glcll) in Hex4, Hex5, and Hex6 glycoforms are the se®rE)(ppm). Values for the variable OS residues in
Hex4 and Hex6 are given to one decimal place ohfgee Table 3 for definitions.Assignments may be reversedissignments may be reversed.
e Assignments may be reverséd/alue not determined.

system. Moreover, thé, ; value (7.5 Hz) was consistent measurements were made in the two-dimensional mode; part
with the 8-b-configuration. of the NOESY contour plot is shown in Figure 5B. The
The sequence of the glycoses within this backbone OSoccurrence of intense transglycosidic NOE connectivities
was determined from transglycosidic proton NOEs between between the proton pairs Heplll H-1/Hepll H-2, Hepll H-1/
anomeric and aglyconic protons on contiguous residues. NOEHepl H-3, and Hepl H-1/ KDO H-5 established the sequence



2098 Biochemistry, Vol. 36, No. 8, 1997

© Galll g
GleIn
E”o

GlclIi #oHat
0

CH, 0H

g

H 0—CH,
GlcN GleNol
FiGure 6: Structure of the backbone OS of the Hex5 glycoform

illustrating the network of observed transglycosidic NOE connec-
tivities.

Masoud et al.

from the observed interresidue NOE between Galll H-1/
Glclll H-4 and Glclll H-1/Glcll H-4 (Figure 5B). An intense
transglycosidic NOE between Glcll H-1 and Hepll H-3
indicated substitution aD-3 of the central heptose by the
o-D-Glcp moiety of the trisaccharide unit. Thus, it is Hepll
that provides the point for further chain extension in the Hex5
glycoform. The connectivities and the linkage positions of
the glycosyl residues of the Hex5 backbone OS are illustrated
in Figure 6.

The observed rapid liberation of lipid A from the LPS on
treatment with dilute acid concurs with the KDO unit of the
backbone OS providing the link to the nonreducing glu-
cosamine (Helandeet al, 1988). In accord with the
glycosylation patterns determined by analysis of the NOE
and methylation data, tHéC chemical shifts of the indicated
linkage carbons showed significant downfield shifts com-
pared to those of unsubstituted reference compounds (Bock
& Pedersen, 1983). As previously noted (Masaatdal.,
1994a), a similar deshielding effect is not observed for the
GIcN C-6 resonance in the-5)-a-KDO(2—6)-3-D-GIcN-
(1—linkage.

Structure of Hex4 and Hex6 Backbone Oligosaccharides.
The LMW fraction comprised primarily of Hex4 backbone
OS was found to be structurally similar to the Hex5 OS but
lacking the terminaB-p-Galp residue (Galll) of the trisac-
charide chain. Methylation analysis indicated only @ré-
substituted-Glcp residue together with higher proportions
of b-Glcp end groups in this fraction. Théd spin system
corresponding to the exposed termingab-Glcp residue
(Glclll*) in the Hex4 OS was identified from a COSY
experiment (Table 3).C-NMR chemical shift values
determined from HMQC experiments (Table 4) for this
residue were typical of an unsubstitu{ge-glucopyranose
(cf.residue Gilcl, Table 4) (Bock & Pedersen, 1983). Apart
from this residue and the absence of Galll, the chemical shift

of the heptose-containing trisaccharide unit in the inner core aSS|gnments were identical to those of the Hex5 OS (Tables

region and the point of attachment to KDO as follows:

L-a-D-Hepp(1—2)-L-a-D-Hepp(1—3)-L-0-D-
Hemp(1—5)-0-KDOp

3 and 4). The structure of the Hex4 backbone OS was
confirmed by NOE measurements (data not shown).

Detailed NMR analysis of the Hex6 backbone OS revealed
the presence of an additionalp-Galp residue that is 1,4-
linked to the terminap-p-Gal (Galll) present in the Hex5

Intraresidue NOEs were observed between H-1 and H-2 oftrisaccharide chain. This was established from the occur-

each of the heptose units, confirming the assigioed
configurations.
Heplll is substituted at O-2 by one of thfkp-Galp end

rence of an intense interresidue NOE between H-1 of this
residue (Gallll*, 4.95 ppm) and H-4 of thizp-Galp (Galll*,
4.04 ppm). Assignments of tHél resonances from these

groups, and this was determined from a transglycosidic NOE residues were made from the patterns of connectivities in
between Gall H-1 and Heplll H-2. Interresidue NOE the COSY spectrum (Table 3). In tA& spectrum (Table
between the anomeric proton resonances (H-1) of these two4), the downfield-shifted value of the Galll* C-4 resonance
residues as well as between those of Heplll and Hepll (Figure (78.2 ppm) compared to that of the corresponding resonance
6) provided confirmation of the 1,2-linkages (Romanowska (Galll, 69.40 ppm) in the Hex5 OS is consistent with
et al, 1988). Moreover, strong NOEs were also observed substitution atD-4. The!H and!3C chemical shift values
between the H-1 resonance of Hepll and the proton are closely similar£0.02 ppm) to values reported previously
resonances at C-5 and C-7 of Heplll (Figure 5B). A similar (Masoudet al., 1994b) for thex-p-Galp(1—4)-3-p-Galp(1—
pattern of interresidue NOE connectivities (i.e. H-1/H-5) is terminal structure present Moraxella catarrhalisLPS.

well documented fon-1,2-linkedp-mannoses (DiFabiet Structures of the Major LPS Glycoform3andem ESt+

al., 1988; Helandeet al., 1992; Masoud & Perry, 1996). MS experiments orO-deacylated LPS samples provided
The NOE data indicate that both Hepl and Hepll form branch information leading to the location of phosphate and PEA
points for further substitution, and this is consistent with the groups. The MSMS data for the major LPS-OH glyco-
methylation analysis results (Table 2). Thus, the occurrenceforms produced by low-energy collisional activation of the
of an interresidue NOE between H-1 of Glcl and the Hepl corresponding triply deprotonated molecules fM3H]3~
H-4/H-6 proton pair pointed to substitution of this heptose are given in Table 5. In each spectrum, a major fragment
at O-4 by the-p-Glcp end group. The trisaccharide unit, ion is observed an/z951 (lipid A-OH) arising from cleavage
pB-b-Galp(1—4)-4-p-Glep(1—4)-a-p-Glep, was identified of the KDO—{-p-GlcN bond in which the ketosidic oxygen
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Table 5: MS-MS Data for Selected Precursor lons fréin influenzaeStrain Eagan LPS-OH

co. B HRPOs
37 \cos‘
HRPo4x A

A% Co,

HRPO; | HpPOs
Glc—Hep—KDO——GleN—GlcN -PO3H,

(V] 0
X—Glc—Glc—Hep—PEA OH OH
Gal-Hep-Y @
\-Lipid A—OH
LPS parentionn/2 product ion (n/2?2
glycoform X Y R M — 33 lipid A-OH[P]- COS[P}- AJ[P]>> BI[P]*> CI[PI” HRPQIP]™

Hex4 H H H 866° 951 822 801 774 1504 97

H H.PO; H 893 951 862 - - 158% 97

H H PEA! 907 951 884 863 - 1505 220
Hex5 Gal H H 920 951 904 883 855 1665 97
Hex6 Gal-Gal H H 974 951 985 - 936 1830 97

a Proposed assignments of product ions are indicated in the structure: COS (core oligosaccharide bearing terminal anhydro-KDO moiety), M-(lipid

A-OH); A, M-(lipid A-OH)-COy; B, M-(lipid A-OH)-HRPO;; C, M-(lipid A-OH)-CO,-HRPQ.. The data are presented as integer valdegisgmu).

b Data obtained on LPS-OH sample from Oxford strain using extraction condition A (see Figure2#}x obtained on LPS-OH sample from
Oxford strain using extraction condition B (see Figure 2H)oubly charged [P} ion observed am/z 475.¢ Intense doubly charged [P]ion
observed am/z792.f PEA; HPQ(CH,):NH,.

A neutral PEA moiety from the triply charged precursor ion.
1 These data are consistent with the Hex4 glycoform containing
a single PEA moiety in the core OS region. For the Hex4

[M-3HP 9514

" Neoss (M, of 2601.3), as well as for the higher glycoformé, (of
] ol 2763.6 and 2925.4) belonging to the subpopulation of LPS-
g e OH containing a single PEA moiety, a fragment ion arising
: T S——— from phosphoric acid anion @R0,~) was observed ata.
1007 M m/z97 (Figure 7A). MS-MS of the Hex4 species from the
™~ subpopulation of LPS-OH that contains an additional PEA
2200 smag [ 9514 group M, of 2723.5) gave product peaks having the same
“| - mass for the lipid A-OH11/z951.4) and the singly charged
15048 fragment ion Cin/z1504.8), indicating that the second PEA
P TP lpaepdipisispsih T . is located on the KDO moiety (Figure 7B). The occurrence

T T T T T y T T ¥ ¥ * ¥ g
200 400 600 800 Mz 1000 1200 1400 1600

of an abundant fragment ion in this spectrunmdz 220.0
Flr(;léﬁfszr L%gdffgnmf?iisthsepel_'cet;i ('Vrsé'()sf)()?r;tgslz)’8%espé0;%ag§? attributed to monoanionic pyrophosphoethanolamine (PPEA)
Fhe Hex4 analogue containing an aggllitional PEA group/af06.5. painted to PEA subsfutunon of the KDO 4-phosphate group
Fragment ion assignments are given in Table 5. (Table 5, fragmentation scheme). Moreover, the Hex5 and
Hex6 glycoforms from this subpopulation of LPS-OMI(
is retained by th@-deacylated lipid A fragment. Cleavage of 2886.9 and 3048.1, respectively) gave the corresponding
of this linkage in LPS-OH to yield the lipid A-OH singly  fragments in their respective M3MS spectra (data not
charged ion appears to be the dominant fragmentationshown). In agreement with this conclusion, a group of
pathway in the negative-ion mode (Aurio&t al, 1996; signals in the region characteristic of pyrophosphate diesters
Gibsonet al, 1996; Kellyet al, 1996). The mass of this (—10 to—12 ppm) was observed in tR&-NMR spectrum
fragment ion is consistent with that expected (Helareter  (Rosneret al, 1979) of LPS-OH obtained from Oxford LPS
al., 1988) forH. influenzadipid A-OH (Table 5, structure ~ which had been purified following ethanol precipitation.
insert). In addition, the core OS fragment terminating in  MS—MS of the triply charged ion atn/z 893 from the
anhydro-KDO (COS) is observed as a doubly charged ion. phosphorylated Hex4 LPS-OH analogue!, (of 2681.4)
This is seen ain/z822.5 for the Hex4 LPS-OH glycoform  afforded the normal lipid A-OH ionn§/z951.4) and a singly
(Figure 7A). This fragment can subsequently lose carbon charged C fragment iom{/z 1585.1) which is shifted 80
dioxide or phosphate (Gibsat al., 1996) from the anhydro-  units to high mass compared to the corresponding fragment
KDO moiety to give the respective doubly charged fragments derived from the Hex4 glycoform (Table 5). This latter
(Table 5, fragments A and B), while expulsion of both groups fragment, together with its doubly charged counterpaz(
affords a singly charged fragment (Table 5, fragment C). In 791.8), was consistent with this LPS-OH species [Hex4(P)]
accord with this fragmentation pathway, the Hex4 glycoform containing an additional phosphate group in the core OS
gave peaks ain/z800.7, 774.0 (minor), and 1504.2 corre- region. Results from a modified methylation analysis
sponding to the respective product ions (Figure 7A). More- procedure provided further insight into the location of this
over, the fragment ain/z791.5 corresponds to a loss of a phosphate substituent. Methylation of the core OS sample
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Ficure 8: Structural model showing the major LPS glycoforms fridmnfluenzaeserotype b strain Eagan. As indicated, the KDO moiety

is substituted at th®-4 position by either phosphate or PPEA, giving rise to two subpopulations of LPS molecules. The Hex4 glycoform
provides the framework for further substitutions. In the phosphate-containing analogue, Hex4(P), Heplll carries@®&ptsition. An
additional phosphate at this position is only detected in this glycoform. Hex5 and Hex6 glycoforms arise from sequential addition of
p-b-Galp and o-p-Galp(1—4)-3-p-Galp to the growing OS chain from the penultimate heptose.

obtained from Rochester LPS followed by dephosphorylation of four Mabs, namely 4C4, 12D9, 6A2, and 5G8, has been
and remethylation with perdeuteriomethyl iodide afforded a made to study expression of LPS OS epitopes in a wide range
similar mixture of the partially methylated sugars listed in of H. influenzaeserotype b strains (Guliet al., 1987; Patrick
Table 2. Using this procedure, small amounts of 3,4:6,7 et al, 1989; Weiserret al, 1989). The most prevalemt.
tetraO-methylheptose containing a deuterated methyl group influenzaedisease isolates have been shown to express the
at O-4 was also detected in the hydrolysis products. This Mab 4C4-reactive epitope (Guligt al, 1987), and this
pointed to the presence of a phosphate substituent at C-4 okpitope has been associated with altered virulence (Ebpe
Heplll and can be attributed to the phosphate-substitutedal., 1991). The LPS epitope recognized by Mab 4C4 was
Hex4 LPS-OH species detected by EMS (M, of 2681.4)3 recently shown (Virjiet al, 1990) to comprise the terminal

In addition, methylation analysis by this procedure afforded structurea-p-Gal(1—4)-3-p-Gal. This was determined from
4,6,7-tri-0O-methylheptose in which botd-6 andO-7 carried binding studies with synthetic galabiose-containing protein
deuteriomethyl groupsé.50% CL; at each site) whichwas  glycoconjugates. Moreover, the B subunit of shiga toxin
consistent with PEA substitution at one or the other position which is known to bind the:-p-Gal(1—4)-3-p-Gal structure

in Hepll. Migration of phosphate substituents under alkaline (Karlsson et al, 1986) showed specific binding tbl.
conditions employed in methylation analysis is well docu- influenzae Mab 4C4-reactive LPS (Virjiet al, 1990).
mented (Brownet al., 1954; Zdringer et al., 1990). Expression of the galabiose-like epitopert@memophilug. PS
Phosphorus coupling to H-6 of Hepll was established in a was recently confirmed by binding studies with a Mab
'H—31P chemical shift correlation map of a LPS-OH sample, specific for the P blood group antigen (Mandrebt al.,
confirming the former position as the site of attachnfent. 1992).

PEA has been reported at C-6 of the central heptose To date, only limited information is available on the

(Schwedzet al, 1993) in LPS ofan H. influenzaemutant. structural features of variable OS epitoped-bfinfluenzae
DISCUSSION serotype b LPS (Virjiet al, 1990; Mandrellet al, 1992;
Phillips et al, 1993). The molecular structure of the
Previous studies have indicated thhtinfluenzaeserotype galabiose-containing‘®pitope and the structural framework
b strains elaborate a heterogeneous population of LPSon which it is expressed have not yet been determined.
showing considerable interstrain variability (Inzana, 1983; Results from this study indicate that strain Eagan elaborates

Zamze & Moxon, 1987; Guliget al,, 1987; Weisert al, a heterogeneous population of LPS molecules. A series of
1989). On the basis of studies of colonies (Kimura & related structures (glycoforms) differing in the number of
Hansen, 1986) and individual bacterial cells (Weiseal, hexose residues as well as subpopulations containing ad-

1989; Mertsolaet al, 1991), the LPS oH. influenzaeshows  ditional phosphate and/or PEA groups was identified by mass
spontaneous, high-frequency reversible acquisition and lossspectrometric techniques (Tables 1 and 5). Populations of
of reactivity with monoclonal antibodies which are specific LPS from strains from different sources, while qualitatively
for oligosaccharide structures. A number of surface-exposedsimilar, showed differences in the relative amounts of the
LPS OS epitopes, defined by their reactivity with monoclonal individual LPS components. As previously observed (Maskell
antibodies (Patriclet al, 1989), have been correlated to et al., 1991), strain Eagan (obtained from two different
phase-variable expression and to changel.iinfluenzae  |aboratories) showed variable binding to Mab 4C4 in colony
virulence potential (Kimura & Hansen, 1986; Kimwetal,, blot assays. Detailed NMR studies of backbone OS samples
1987). The potential repertoire of variant OS structures is obtained from the mixtures of LPS led to full structural
extensive, providing an important mechanism whereby e|ucidation of the variable OS epitopes.

Haemophilusan adapt to varied environmental conditions,
leading to an enhanced capacity to evade host immune
defenses (Weiseat al, 1990; Weiser, 1993). Extensive use

A structural model representative of the major LPS
populations elaborated bid. influenzaestrain Eagan is
shown in Figure 8. It contains a conservedjlycerop-
mannaeheptose-containing trisaccharide inner core attached
3 The presence of a phosphate substituent at C-4 of Heplll has been,jig g phosphorylated KDO unit to th#p-GIcN component

confirmed by detailed NMR analysis of LPS-derived OS fromHan - .
influenzaeEagan-derived mutant straitg{ C) which elaborates only of the hexaacylated lipid A moiety (Helander al, 1988).

Hex4 and its phosphorylated analogue Hex4(P) (H. Masoud, D. Hood, Each of the three heptose units is substituted by a hexose
E. R. Moxon, and J. C. Richards, unpublished result). residue with further chain elongation from the central Hepll

4 The Hep residues of the LPS-OH sample were assigned by COSY, | i - i i
TOCSY, and NOESY-TOCSY-NOESY experiments, antH—3p unit. Hex4, Hex5, and Hex6 were identified as the major

correlations were made using the HMQC pulse sequence (H. Masoud,LPS glycoforms. In the Hex4 g'VC_Oform- Hepll is SQbStitUted
D. Uhrin, and J. C. Richards, unpublished result). by a (-b-Glcp(1—4)-a-p-Glcp dissaccharide unit. The
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Table 6: Reported Major Structural Features of Variable LPS Oligosaccharides Expreddethfiyenzael PS
R1—=4)-g-p-Glcp{ 1—-4)-L-¢x—D—IéIep;n-( 1—5)-a-KDOp-(2—
4

! ?

1
Re—~3)-L-apHeps6-—PEA P
/
1
R3—2)-L-a-D-Hepp4~—Y
strain R R, Rs Y reference
2019 p-p-Gal H H PEA Phillipset al., 1992
AH1-3¢ B-b-Glc H p-p-Gal H Schwedat al., 1993
GalE/Galk p-b-Glc p-b-Glc(1—4)-0-p-Glc p-b-Gal H Schwedat al,, 1995
H B-D-Glc(1—4)-0-b-Gle H H
B-p-Glc H H H
281.29 p-D-Glc B-D-Glc(1—4)-0-p-Glc H H Phillipset al., 1996
Eagan
Hex4 H B-D-Glc(1—4)-0-p-Glc p-p-Gal H present investigation
Hex4(P) H p-b-Glc(1—4)-a-p-Glc p-b-Gal HPO;
Hex5 H p-p-Gal(1—4)-5-p-Glc(1—4)-a-p-Glc p-p-Gal H
Hex6 H o-D-Gal(1—4)-5-p-Gal(1—4)-4-p-Glc- p-b-Gal H
(1—4)-0-p-Glc

aNontypableH. influenzaestrain.® The linkage position of the PEA substituent was not determifibtiitant derived fronH. influenzaeserotype
b strain RM 70049 Mutant derived fronH. influenzaeserotype b strain A2. The location of PEA was not determined,; it is assumed to be located
at O-6 of Hepll. This OS is also expressed by the major LPS glycoform in the parent strain (Péilhs 1993).

terminal 5-p-Glcp of this unit is capped by #-b-Galp epitope by anH. influenzaeserotype b strain. The OS
residue in the Hex5 glycoform, while the& Bpitope p-p- structure a-p-Galp(1—4)-5-p-Galp, is also present in LPS
Galp(1—4)--p-Galp(1—4)-3-b-Glcp] is expressed in the  of Neisseria meningitidigDi Fabio et al., 1990),Neisseria
Hex6 glycoform. A Hex4 LPS glycoform in which Heplll  gonorrhoeagJohnet al.,1991), andV.. catarrhalis(Masoud

is substituted at th®-4 position by a phosphate group [Hex4 et al, 1994b), but in these organisms, it is expressed within
(P)] was also identified. It is noteworthy that the corre- ({ifferent molecular environments.

sponding phosphate-containing Hex5 and Hex6 glycoforms
were not detected. We propose that phosphorylation may
provide a mechanism for attenuating expression of the
galabiose epitopes. In support of this, certain mutants.of

Two subpopulations of LPS are identified in which the
DO moiety carries either a 4-phosphate substituent or its
pyrophosphoethanolamine analogue. The relative abundance

influenzaeEagan generated by inactivation of genes required Or: the t\r/lvodsubplopulcejlt]:oniPVéag f?)upd toTEe detf)endelnt_ on
for galabiose expression have populations of LPS containingt e metho employed for LFs 1S0 ation. The su Popu ation
both Hex4 and its phosphorylated analogue, while Heplll ©f LPS containing an additional PEA, attacheth a
4-phosphate containing LPS is absent from mutants contain-PYrophosphate linkage (KDO-4-PPEA), was almost com-
ing deeper truncations (Hoaet al., 1996). pletely absent when LPS was isolated by extensive dialysis
Detailed characterization of LPS glycoforms containing ©f the aqueous phase from phenalater extractions. This

up to four hexose units attached to the common trisaccharideWould suggest that the PPEA groups are lost during this
heptose-containing template has been previously reported forsolation procedure since pyrophosphate linkages are known
other wild-type (Phillipset al, 1992, 1993) and mutant to be acid labile, even under extremely mild conditions
(Schwedaet al., 1993, 1995; Phillipt al., 1996) strains of ~ (Masoudet al.,1994c). In accord with this view, the KDO-
H. influenzae(Table 6). In contrast to the case for strain PPEA subpopulation accounted for more than 50% of the
Eagan, chain extension from Hepl is observed in a non- LPS fraction when it was precipitated (with ethanol) from
typable as well as other serotype b strains. LPS from the aqueous phase immediately following pheneater
nontypableH. influenzae2019 comprises predominantly
Hex2 531'.3l’°°rf_]°rms.'” which IHeF::' IS S“fb‘;“tmed by ab'aCto.Se 50n the basis of ESIMS data (Phillipset al., 1993; Gibsoret al.,
unit, while the major LPS glycoform of the serotype b strain, 1996), sialylated HexNA¢iex6 (M: of 3416.4) and HexNAc. Hex5
A2 (Spinolaet al., 1990), carriess-b-Glcp(1—4)-p-Glcp (M, of 3256.2) were identified as minor LPS-OH componentsin
units at both Hepl and Hepll (Phillipst al., 1993, 1996). influenzaestrain A2 from triply deprotonated ions at/z1137.8 and

: 1084.4. We found no evidence of these species from-E& analysis
The. major LPS components from mutants of the ser_otype bof Eagan-derived LPS-OH samples, although minor peaks were
strain, RM 7004, have also been shown to be substituted atgetectable am/z 1041.9 and 987.9 (data not shown) which may
Hepl by this glucose-containing disaccharide (Schwetla  correspond to the respective asialo analogk®{3128.6 and 2966.6).
al., 1993, 1995). H. influenzaestrain A2 has also been The presence of sialylated LPS has not been demonstrated in strain

' ted ,t . lati f hiaher LPS al Eagan (Weiser, 1993).

reported fo express minor populations of higher glY-  ¢Lps from a deep roughi. influenzaeEagan mutant lacking OS
coforms containing, in addition to Glc, Gal, HexNAc, and extension beyond the KDO residue (straips¥ isolated by using
sialic acid residues, although detailed structural information condition B afforded a mixture of KDO(4-P)/lipid A-OH and KDO-

; ; o . (4—PPEA)/lipid A-OH (Hoodet al., 1996). It is noteworthy that PEA
is not available (Phillipet al, 1993, 1996; Gibsoet al, was not detected in the LPS from an analogous mutant strain, [-69

1996)> The present investigation provides unequivocal Rg/b*; itis possible that this is related to the LPS extraction procedure
structural evidence for expression of the phase-variable P employed (Helandeet al., 1988).
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extraction® The structural studies reported by others (Table
6) have typically relied on the acid lability of the KDO
ketosidic linkage and subsequent dissociation of the lipid A
moiety for determination of major OS components. In this
study, an alternative approach (Masoatl al, 1994a,b)
involving removal of some, or all, of the fatty acyl groups
from the lipid A moiety was employed to obtain oligosac-

charides that are representative of the complete LPS back-"!

Masoud et al.

Hakomori, H. 1. (1964)J. Biochem. 55205-208.

Helander, A., Kenne, L., Oscarson, S., Peters, T., & Brisson, J.-R.
(1992) Carbohydr. Res. 23(®99-318.

Helander, I. M., Lindner, B., Brade, H., Altmann, K., Lindberg,
A. A., Rietschel, E. Th., & Zaringer, U. (1988FEur. J. Biochem.
177, 483-492.

High, N. J., Deadman, M. E., & Moxon, E. R. (1998jol.

Microbiol. 9, 1275-1278.

olst, O., Brade, L., Kosma, P., & Brade, H. (1991)Bacteriol.

173 1862-1866.

bone structures. This has enabled us to identify, for the first yood, D. W., Deadman, M. E., Allen, T., Masoud, H., Martin, A.,

time, subpopulations containing PPEA in the KDO region
of these molecules.
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