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Two classes of mutants with O-antigen-deficient lipopolysaccharides were isolated from the serotype O8
reference strain, belonging to Klebsiella pneumoniae subspecies ozaenae. These mutants were selected by resist-
ance to bacteriophage KO1-2, which recognizes and lyses strains with lipopolysaccharide molecules containing
the D-galactan II O antigen. Strain RFK-11 contains a defect in O-antigen synthesis and has a complete core,
including the attachment site for O antigen. This mutation is complemented by a plasmid carrying the rfb
(O-antigen biosynthesis) gene cluster from the related K. pneumoniae serotype O1. In sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, the lipopolysaccharide from strain RFK-9 has a mobility typical of deep-
rough lipopolysaccharide. RFK-9 lipopolysaccharide lacks the attachment site for O antigen. Lipopolysaccha-
rides from strains RFK-9 and RFK-11 were isolated, and their structures were determined by methylation
analyses, nuclear magnetic resonance spectroscopy, and mass spectroscopy. The deduced O8 core oligosac-
charide includes the partial core structure reported for the K. pneumoniae subspecies pneumoniae serotype O1
lipopolysaccharide (M. Siisskind, S. Miiller-Leonnies, W. Nimmich, H. Brade, and O. Holst, Carbohydr. Res.
269:C1-C7, 1995), consistent with the possibility of a conserved core structure within the species. The core
oligosaccharide differs from those of the genera Salmonella and Escherichia by the absence of a hexose-con-
taining outer core, the lack of phosphate residues in the inner core, and the presence of galacturonic acid

residues.

Lipopolysaccharides (LPSs; endotoxins) are biologically ac-
tive components of gram-negative bacteria and represent im-
portant virulence factors in bacterial pathogens (42). The O-
polysaccharide and core oligosaccharide moieties of LPS are
immunogenic, giving rise to antibodies having specific serolog-
ical properties that may be protective and that can also be of
diagnostic importance.

In the genera Salmonella and Escherichia, the core oligosac-
charide region of the LPS molecule serves to link the hydro-
phobic lipid A region to the distal O-specific polysaccharide. In
these well-characterized LPSs, the core oligosaccharide may be
divided into two regions, the inner and outer core, based on
sugar composition. The inner core consists of L-glycero-p-manno-
heptose (heptose), 3-deoxy-D-manno-2-octulosonic acid (Kdo),
phosphate, and ethanolamine residues, and its carbohydrate
structure is highly conserved in all enterobacterial LPSs so far
studied (25). The outer core contains more common hexoses,
such as glucose, galactose, and N-acetylglucosamine, and is
known to vary slightly among and within bacterial species. Only
one core oligosaccharide structure (designated Ra) has been
characterized in the genus Salmonella. Closely related core struc-
tures are found in other genera of the Enterobacteriaceae, such as
Escherichia and Shigella (25). However, five different core
structures, designated R1, R2, R3, R4, and K-12, have been
characterized in the LPSs from various Escherichia coli strains.
While each of these core types is structurally related to the
Salmonella Ra core, there are several differences in sugar com-
position and linkage details within the outer core region (25).
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Klebsiella pneumoniae is an opportunistic pathogen causing
bacteremia, pneumonia, and urinary tract infections in humans
(36, 57). LPS is known to be an important virulence determi-
nant in these infections, and injection of purified LPS signifi-
cantly enhances the virulence of K. pneumoniae in a mouse
model (19). Also, in strains of K. pneumoniae serotypes O1:K1
and O1:K2, a toxic complex is released from the cell surface
during growth (48, 49). The complex consists of capsular poly-
saccharide, LPS, and proteins and is responsible for character-
istic lung tissue damage caused by K. pneumoniae infections. It
is known that LPS is the critical component of the complex,
although the toxicity of purified LPS is lower than that of the
complex (49). These toxic effects are abrogated by antibodies
against LPS (48). However, LPS within the extracellular com-
plex is also implicated in generating a transient reduction in
the response of the reticuloendothelial system, allowing pro-
liferation of the bacterium in the early stages of infection (19).

Consideration of conserved core structures has stimulated
interest in their potential use in creation of a vaccine which
might be cross-protective for pathogenic Enterobacteriaceae
and perhaps other bacteria. This is not possible with O-specific
polysaccharide-based vaccines because of the enormous struc-
tural variation in this portion of the LPS molecule. Passive
immunization with antibodies directed against this conserved
region of LPS might provide an alternative approach to che-
motherapy for infections such as those resulting from K. pneu-
moniae. Such applications require a detailed knowledge of the
molecular structure of the targeted LPS molecules and the
diversity of structures in related bacteria. Early chemical anal-
yses on the LPSs of Klebsiella spp. showed similar composition
of cores from different serotypes (37). More recently, a cross-
reactive monoclonal antibody (MAD) (V-9.5) was used to dem-
onstrate a conserved epitope in the lipid A-core fraction of
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LPS from various Klebsiella O serotypes (51). While the work
reported here was in progress, the lipid A-backbone and par-
tial core structure was reported for LPS from a rough (R-LPS)
mutant of K. pneumoniae serotype O1:K20 (50). This serotype
is a representative of K. pneumoniae subsp. pneumoniae (33).
The deduced structure contained several features which differ
substantially from those of the cores of E. coli and Salmonella
enterica. It has not yet been established whether this structure
is found in all serotypes of K. pneumoniae.

Here we report the structure of the complete LPS core
oligosaccharide from K. pneumoniae subsp. ozaenae serotype
08 and its relationship to the core from serotype O1.

MATERIALS AND METHODS

Bacterial strains and growth conditions. K. pneumoniae subsp. ozaenae
CWK47, serotype O8:K™, was previously used to determine the structure of the
08 O polysaccharide (28). Strains RFK-9 and RFK-11 are bacteriophage KO1-
2-resistant mutants derived from CWK47, with R-LPS. Bacteriophage KO1-2
recognizes and lyses Klebsiella strains with smooth LPS (S-LPS) belonging to
serotypes O1 (56) and O8 (28). The O1 and O8 O antigens contain a common
polysaccharide component, termed D-galactan II. Mutants which are resistant to
phage KO1-2 either lack D-galactan II (28, 56) or contain rough LPS (R-LPS),
suggesting a role for the D-galactan II O antigen as a receptor for the bacterio-
phage.

S. enterica serovar typhimurium strains SA1627, SL3748, and SL3789 provided
LPS standards for the Ra, Rc, and Rd, chemotypes, respectively. These strains
were obtained from K. E. Sanderson, Salmonella Genetic Stock Center, Calgary,
Alberta, Canada.

Bacterial strains were routinely grown and maintained in Luria broth (LB)
(35), and incubation was done at 37°C. For large-scale preparations of LPS, 28-
and 75-liter bacterial cultures were grown for 18 h in a fermentor (Microfirm;
New Brunswick Scientific) in a medium of brain heart infusion broth (3.7%
[wt/vol]; Difco), operated at 37°C and 200 rpm, and with aeration at 25 liters/min.
Cells were killed by the addition of phenol (0.75% [wt/vol] final concentration)
and harvested with a Sharples continuous-flow centrifuge.

Plasmid pWQ5 contains the complete rfb gene cluster from K. pneumoniae
subsp. pneumoniae serotype O1 cloned in the vector pBluescript (12, 16). The rfb
cluster encodes products which synthesize the D-galactan I component of the O1
antigen. The plasmid was introduced into K. pneumoniae mutants by electropo-
ration (9), and transformants were selected on LB containing ampicillin (100
pg/m).

SDS-PAGE. LPS samples obtained by phenol extraction or by the sodium
dodecyl sulfate (SDS)-proteinase K whole-cell lysate method (24) were analyzed
by SDS-polyacrylamide gel electrophoresis (PAGE) with commercially prepared
1-mm-thick 10 to 20% gradient Tricine gels from Novex (San Diego, Calif.). The
conditions for electrophoresis were those recommended by the manufacturer.
Gels were silver stained by the method of Tsai and Frasch (52).

LPS extraction. Large-scale LPS preparations were made by the modified hot
phenol extraction method of Johnson and Perry (27). Briefly, collected cells
(approximately 500 g [wet weight]) were washed with 2.5% saline and digested
with lysozyme, RNase, and DNase. The treated cells were then extracted with hot
aqueous phenol as described in the original procedure (54). LPS was recovered
as a pellet from the dialyzed and concentrated aqueous layer of the extract by
ultracentrifugation (105,000 X g, 4°C, 16 h), treated with proteinase K (10 wg/ml,
2 h, 60°C), and purified by a further ultracentrifugation step. Normal yields were
on the order of 2 g of pure LPS, reflecting approximately a 2% yield, based on
the dry weight of the cells.

Isolation and purification of core oligosaccharides. For the preparation of
core oligosaccharide, a suspension of the purified LPS (0.5 g) was first dephos-
phorylated by treatment with 48% aqueous hydrogen fluoride (48 h, 0°C). The
resulting products were dried under a stream of nitrogen, resuspended in aque-
ous acetic acid (2% [vol/vol], 250 ml), and heated at 100°C for 2 h. Lipid A is
cleaved from the LPS molecules and precipitates in this process, allowing its
removal by low-speed centrifugation. The supernatant was concentrated by ly-
ophilization. After reconstitution in distilled water, the residue was fractionated
by gel filtration chromatography on a Sephadex G-50 column (Pharmacia; 3.5 by
100 cm) with pyridinium acetate (0.05 M, pH 4.7) as the elution buffer. The
column eluant was continuously monitored for changes in refractive index with
a Waters R403 differential refractometer, and fractions (10 ml) were collected
and analyzed colorimetrically for neutral glycose (20). The core oligosaccharide,
with a K, of 0.47, was collected and lyophilized.

Purification of LPS carbohydrate backbone oligosaccharides. Carbohydrate
backbone oligosaccharides consist of the LPS core oligosaccharide with the lipid
A carbohydrate backbone still attached. For the preparation of LPS carbohy-
drate backbone oligosaccharides from strains RFK-9 and RFK-11, the ester-
bound fatty acids of lipid A were first removed from LPS (400 mg) by treatment
with anhydrous hydrazine under mild conditions (20 ml, 37°C, 30 min) by the
procedure of Holst et al. (26). The reaction mixtures were cooled, and cold
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acetone (3 volumes, 70°C) was slowly added to destroy excess hydrazine and
precipitate the product. The de-O-acylated LPS was then isolated by low-speed
centrifugation (5,000 rpm, 10 min), and the pellet was washed three times with
acetone, dissolved in water, reprecipitated by the addition of acetone, and ly-
ophilized. The de-O-acylated sample (200 mg) was then de-N-acylated by heating
in aqueous KOH (10 ml, 4 M, 100°C, 20 h). The solutions were cooled in an ice
bath and neutralized with 4 M HCI, and the precipitated lipid was removed by
centrifugation (12,000 X g, 30 min). The supernatants were dialyzed in an
Amicon concentration cell with a 500-molecular-weight-cutoff membrane (Ami-
con; YCOS) and washed with distilled water until the eluant was free of chloride
(determined with aqueous AgNO,). The dialyzed material was then lyophilized
to give 80 mg of crude deacylated LPS.

The deacylated oligosaccharides were purified by anion-exchange chromatog-
raphy with a DEAE A-25 column (40 by 1 cm) equilibrated with aqueous 0.01 M
NaCl. The column was washed with the same solution, and the products were
eluted with a 0.01 to 0.25 M NaCl gradient. The collected fractions (2.5 ml) were
assayed colorimetrically for neutral glycose (20), and the glycose-containing
fractions were collected and lyophilized. The products were desalted on a Bio-
Gel P2 column (BioRad; 2.6 by 140 cm) eluted with pyridinium acetate (0.05 M,
pH 4.5). The column eluant was continuously monitored for changes in refractive
index with a Waters R403 differential refractometer, and fractions (2.5 ml) were
collected and analyzed as above. This yielded 43 mg of purified deacylated LPS
(a 10.8% yield, based on LPS) suitable for carbohydrate sequence determination.

For carbohydrate structural analysis, the deacylated LPS was dephosphory-
lated by treatment with 48% aqueous hydrogen fluoride (48 h, 4°C). The result-
ing products were dried under a stream of nitrogen, resuspended in distilled
water, and purified on a Bio-Gel P2 column.

NMR spectroscopy. Spectra were obtained on a Bruker AMX-500 spectrom-
eter with standard Bruker software. Solutions of oligosaccharide samples in
deuterium oxide (0.4 ml) were prepared at a concentration of 10 to 40 mg/ml
subsequent to lyophilization from D,0O. All spectra were measured by using
oligosaccharide samples in 5-mm tubes at 27°C. The pH of the deuterium oxide
solution (pD) was approximately 2. 'H nuclear magnetic resonance (‘"H-NMR)
spectra were recorded at 500 MHz with a spectral width of 2.5 kHz, an acqui-
sition time of 3.2 s, a 16K data block, and a 90° pulse. Broad-band proton-
decoupled *C-NMR spectra were recorded at 125 MHz with a spectral width of
25 kHz, a 32K data block, and a 90° pulse, employing WALTZ decoupling (46).
Acetone was used as the internal standard, and chemical shifts were referenced
to the methyl resonance (3, 2.225 ppm; 3, 31.07 ppm). Heteronuclear 'J 5
couplings were measured by using gated decoupling.

Complete assignment of spectra was accomplished by two-dimensional homo-
and heteronuclear chemical shift correlation techniques. Homonuclear two-di-
mensional (2D) chemical shift-correlated spectroscopy (COSY) (5) was mea-
sured in the phase-sensitive mode (41). Data were acquired over the full spec-
trum (2.5 kHz) or for the ring proton region (1.5 kHz) by using data sets of 512
by 2,048 points; 32 scans were acquired for each value of #,.

Two-dimensional total correlation spectroscopy (TOCSY) (3) and nuclear
Overhauser enhancement spectroscopy (NOESY) (32) experiments were per-
formed in a phase-sensitive mode over a spectral width of 2.5 kHz, with a data
set of 512 by 2,048 points and 32 scans. Mixing times of 76 and 400 ms were
employed for each experiment.

Heteronuclear two-dimensional '*C- and 'H-chemical shift-correlated spectra
were measured in the 'H-detected mode via multiple quantum coherence
(HMQC) (6), with data sets of 512 by 2,048 points and spectral widths of 14 and
4.5 kHz for 3C and 'H domains, respectively. Thirty-two scans were acquired for
each t; value, and '*C decoupling during 'H acquisition was achieved by using
the GARP-1 composite pulse sequence (45). Heteronuclear multiple-bond-cor-
related (HMBC) experiments were carried out with the pulse sequence described
by Bax and Summers (7) and employed a delay of 60 ms for the evolution of
long-range couplings. The HMQC-TOCSY experiment (4) employed a mixing
time of 76 ms.

31P-NMR spectra were measured at 202 MHz by employing spectral widths of
10 to 12 kHz and a 90° pulse. Phosphoric acid (85%) was used as the external
standard (3p, 0.0 ppm). 'H-3'P correlations (HMQC) were made in the 'H-
detected mode by using a data matrix of 16 by 1,024 points, sweep widths of 10
kHz for 3!P and 13 kHz for 'H, and a mixing time of 60 ms.

Quantitative determination of glycoses. Glycoses were analyzed as their de-
rived alditol acetates by capillary gas-liquid chromatography (GLC), as previ-
ously described for the characterization of the O antigens from K. pneumoniae
serotype O1 (56). Briefly, samples (0.5 mg) were hydrolyzed by treatment in 1 ml
of 2 M trifluoroacetic acid for 16 h at 100°C. The acid was then evaporated under
a stream of nitrogen, and the resulting residues were reduced with sodium
borodeuteride (NaBD,; 6 h, 37°C). Following neutralization with glacial acetic
acid, the reaction mixture was evaporated to dryness under nitrogen, and the
borate esters were removed by distillation with methanol four times (2 ml each
time). The liberated reduced glycoses were acetylated with acetic anhydride
(Ac,0; 2 h, 120°C) by standard protocols (58). Partially acetylated heptitol
derivatives were found to have the L-glycero-p-manno (or p-glycero-L-manno)
configuration by comparison of their GLC retention times with those of authen-
tic standards. The L-glycero-D-manno absolute stereochemistry is assumed on
biosynthetic grounds (17).
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FIG. 1. Silver-stained SDS-PAGE gel showing the LPSs from Klebsiella mu-
tants RFK-9 and RFK-11, derived from K. pneumoniae subsp. ozaenae serotype
08. Strain RFK-1 is an O8 derivative with S-LPS containing D-galactan I (28).
RFK-11 contains an rfb defect, and the mutation is complemented to restore
S-LPS expression by plasmid pWQ5, carrying the serotype O1 rfb gene cluster.
Strain RFK-9 has a core defect and is not complemented by pWQS5. Standard
LPS chemotypes (Ra, Rc, and Rd,) from S. enterica serovar typhimurium are
also shown. Samples were prepared from whole-cell lysates (24).

Methylation analysis. Methylation analysis was performed on dephosphory-
lated, deacylated oligosaccharide samples (2 to 5 mg) by the method of Ha-
komori (23). Briefly, samples were methylated with iodomethane in dimethyl
sulfoxide containing an excess of sodium (methylsulfinyl)methanide. Excess io-
domethane was evaporated under a stream of nitrogen, and the methylated
products were recovered by partitioning the reaction mixture between water and
methylene chloride, followed by concentration of the organic phase. The result-
ing carboxymethyl ester groups were reduced by treatment with 1 M lithium
triethylborodeuteride in tetrahydrofuran (2 h, 2°C). Excess reagent was de-
stroyed by the addition of glacial acetic acid, and the reaction mixture was
evaporated under a stream of nitrogen, followed by evaporation from methanol
to remove the borate esters. The methylated and reduced products were desalted
on an ion-exchange column containing Dowex-50 (H* form), eluted with water-
methanol (1:1), and lyophilized. Methylated and carboxyl-reduced products were
solvolyzed with anhydrous HF (22°C, 3 h), and following removal of the HF, the
products were hydrolyzed with 2% acetic acid (100°C, 2 h). The liberated gly-
coses were reduced with NaBD,, and after neutralization with glacial acetic acid,
the solutions were concentrated and distilled with methanol. Finally, the partially
methylated alditols were acetylated by heating with Ac,O (120°C, 2 h), extracted
into methylene chloride, and analyzed directly by GLC-mass spectrometry (MS).

GLC-MS. Analytical GLC was performed with a Hewlett Packard model
P5890 GC fitted with a flame-ionization detector using a 3% DB-17 fused silica
capillary column (0.3 mm by 25 m). The temperature employed for the separa-
tion of both alditol acetates and methylated alditol acetates was 180°C for 2 min
and then increased at 4°C/min to 240°C. Partially methylated alditol acetates
were separated by GLC as above and identified on a Varian Saturn II ion-trap
GC-MS.

Samples for electrospray MS were analyzed on a Quatro mass spectrometer
(VG Instruments, Manchester, United Kingdom) with an electrospray ion
source. Oligosaccharide samples were first dissolved in distilled water and then
diluted 1:1 with electrospray solvent (1 volume of CH;CN to 1 volume of H,O,
with 1% [vol/vol] acetic acid). Injection volumes were 10 pl, and the flow rate was
set at 4 ml/min. The electrospray tip voltage was typically 2.7 kV. The mass
spectrometer was scanned from m/z 50 to 2,500, with a scan time of 10 s. Data
were collected in a multichannel analysis mode.

RESULTS

Isolation of R-LPS-containing mutants RFK-9 and RFK-11.
A collection of bacteriophage KO1-2-resistant mutants were
initially screened for LPS defects by SDS-PAGE. Based on
electrophoretic mobility relative to known standards, only two
unique groups of R-LPS mutants were identified. However,
subtle differences could have been overlooked in this initial
screening.

One group of strains, represented by RFK-11, contained

LPS CORE STRUCTURE IN K. PNEUMONIAE 1733

R-LPS which comigrated with Salmonella Ra-core standard in
SDS-PAGE (Fig. 1). This is consistent with the possibility that
RFK-11 contained a complete LPS core. Bacteria with R-LPS
containing full-length cores can arise either by defects in the
synthesis of O antigen (/b defects) or by defects in rfaL, whose
gene product is required for ligation of O antigen to lipid
A-core (43). An rfb mutation could be investigated directly by
using the cloned rfb cluster from K. pneumoniae serotype O1
(12, 16), which encodes the same enzymes as the rfb gene
cluster from serotype O8, the original serotype of RFK-11
(29). RFK-11 transformants containing pWQ5 showed resto-
ration of S-LPS (Fig. 1), indicating that RFK-11 indeed has an
rfb defect and that the core of RFK-11 provides the O-antigen
attachment site.

Mutants represented by RFK-9 contained LPS which comi-
grated with that from a Salmonella rfal mutant, characteristic
of R-LPS belonging to the deep-rough Rc core chemotype.
The mutation in RFK-9 was not complemented by introduc-
tion of pWQS5 (Fig. 1), confirming that its truncated LPS core
minimally lacks the terminal attachment site for O antigen.

These strains provided the starting points for structural anal-
yses.

Composition of the carbohydrate backbone oligosaccha-
rides of RFK-9 and RFK-11 LPS. Quantitative analysis of the
sugar composition of the carbohydrate backbone oligosaccha-
rides was performed by GLC-MS of the corresponding alditol
acetate derivatives. These analyses revealed that the RFK-9
carbohydrate backbone oligosaccharide was composed of glu-
cose (Glc), 2-amino-2-deoxyglucose (GlcN), and L-glycero-D-
manno-heptose (L,D-Hep) residues in an approximate molar
ratio of 1:2:2. The RFK-11 oligosaccharide contained the same
sugar residues in the molar ratio of 1:2:3, respectively.

Methylation analysis of the RFK-9 carbohydrate backbone
oligosaccharide (Table 1) employed a modified procedure in-
volving carboxyl reduction of any methyl esters produced dur-
ing methylation. Subsequent solvolysis with anhydrous HF and
analysis by GLC-MS led to the identification of 4,5,7,8-tetra-
O-methyl and 7,8-di-O-methyl derivatives of Kdo, which un-
ambiguously established the presence of the terminal Kdo res-
idue and identified the substitution sites at O-4 and O-5 on the
branched Kdo residue. Additional methylated products were

TABLE 1. Methylation analysis of the oligosaccharides isolated
from the LPS of K. pneumoniae serotype O8
mutants RFK-9 and RFK-11

Ratio” in:

Methylated product” ~
RFK-9¢ RFK-11¢ RFK-11

core?
2,3-Me,-hex-4-enuronopyranose-6,6-d, 0.3
2,3,4,6-Me,-Glc 1.0 1.0
2,3,4-Me;-Glc 0.6 1.1
2,3,4-Me;-Gal-6,6-d, 1.1 1.0
2,3-Me,-Gal-6,6-d, 1.0
2,3,4,6,7-Mes-Hep 1.2 1.0 0.9
2,4,6-Me;-Hep 0.5 1.2
2,6,7-Me;-Hep 1.2 1.1 0.8
2-Deoxy-1,3,4,5-Me,-2-(N-methylacetamido)-Glc 0.3 0.4
2-Deoxy-3,4-Me,-2-(N-methylacetamido)-Glc 0.3 0.4
3-Deoxy-4,5,7,8-Me4-Oct-1,1-d, 0.1 0.2
3-Deoxy-7,8-Me,-Oct-1,1-d, 0.1 0.2

“ As their peracetylated alditol derivatives.

b Relative to 2,3,4,6-tetramethylglucitol-1-d = 1.0.

¢ Carbohydrate backbone oligosaccharides from N- and O-deacylated and
dephosphorylated LPS.

4 Core oligosaccharide released by mild acid hydrolysis.
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FIG. 2. 'H-NMR spectra of the deacylated carbohydrate backbone oligosaccharides from the LPSs of RFK-9 (A) and RKF-11 (B). The anomeric signals were
labelled in order of decreasing 'H chemical shifts. The spectra were recorded at 27°C and pD = 2. The water peak (MOD) has been removed for clarity.

2,3,4,6-tetra-O-methyl-glucitol, 2,3,4,6,7-penta-O-methyl-D-
glycero-L-manno-heptitol, 2,6,7-tri-O-methyl-p-glycero-L-manno-
heptitol, 2-deoxy-1,3,4,5-tetra-O-methyl-2-(N-methylacet-
amido)-glucitol, and 2-deoxy-3,4-di-O-methyl-2-(N-methylacet-
amido)-glucitol (Table 1). These data indicate that the R-LPS
core in strain RFK-9 contains two 2-aminoglycosyl residues,
presumably comprising the disaccharide residue of the lipid A
component, and a branched heptose residue substituted with
terminal glucosyl and heptosyl residues.

Results obtained from the methylation analysis of the
RFK-11 carbohydrate backbone oligosaccharide (Table 1) in-
dicated that it was more complex than that of RFK-9 and
contained additional single residues of heptose, galacturonic
acid (GalA), and hex-4-enuronose. The latter two substituents
were identified as their carboxyl-reduced derivatives. Further-
more, the identification of 2,3,4-tri-O-methyl-glucitol and 2,4,6-
tri-O-methyl-pD-glycero-L-manno-heptitol indicated that additional
residues in the RFK-11 carbohydrate backbone oligosaccha-
ride were located at the 6 position of the glucose residue and
the 3 and 7 positions of the heptose residue of RFK-9 LPS.

This is consistent with the finding that glucose and heptose
were terminal glycoses in the RFK-9 oligosaccharide.
Glycose sequence determinations for the carbohydrate back-
bone oligosaccharide in RFK-9 and RFK-11 LPS. The se-
quence of the glycosyl residues within the carbohydrate back-
bone oligosaccharides was established by high-resolution NMR
techniques. The '"H-NMR spectrum of the RFK-9 carbohy-
drate backbone oligosaccharide showed discrete resonances of
equal signal areas in the low-field region of the spectrum (Fig.
2A), corresponding to the anomeric protons from five aldose
residues (Table 2). Four high-field resonances were observed
in the 1.5- to 2.5-ppm region of the spectrum, and these were
attributed to the H-3 methylene protons of two Kdo residues.
The '"H-NMR spectrum of RFK-11 carbohydrate backbone
oligosaccharide (Fig. 2B) contained the anomeric resonances
found for RFK-9 together with four additional peaks. Three of
these resonances were attributed to 2-a- and 1-B-anomeric
signals from three glycose residues, and the peak at 6.05 ppm
was representative of the H-4 of a hex-4-enuronop residue (11)
(Table 2). The '"H-NMR resonances of the oligosaccharides
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TABLE 2. Proton chemical shifts and coupling constants for the deacylated carbohydrate backbone oligosaccharides from the LPS of K. pneumoniae
serotype O8 mutants RFK-9 and RFK-11¢

Proton chemical shift (coupling constant, Hz)

Resi- Monosaccharide unit Oligosac- , , , ,
due charide H-1 H-2 H-3 H-3 H-4 H-5 H-6 H-6 H-7 H-7 H-8 H-8
(1.2 (2.3) Us4) 33 J3.4) Us.o) s Jo6) V6.7) Ve 47.7) (U7.8) (7.8 Js.87)
A —6)-a-GleNp-(1—P RFK-11  5.74(3.6) 3.44(10.5) 3.94(9.8) 3.62(9.8) 413 4.11(20) 3.83(8.0,12.1)
RFK-9 574 (3.7) 343(105) 3.92(9.6) 361(9.6) 412 4.10(22) 3.80 (48, 12.0)
B a-threo-Hex-d-enuronop-(1—> RFK-11  5.46 (2.8) 3.89(7.6) 445 (3.0) 6.05
C  —3)La-p-Hepp-(1—> RFK-11  527(10) 430(40) 4.12(9.8) 3.99(9.8) 370 4.16(2.0) 370 (6.0) 375 (8.0,9.8)
7
1
L-a-D-Hepp-(1— RFK-9 5.25(1.0) 4.15 3.84 3.64 391 4.09 3.79
D —3)-L-a-D-Hepp-(1— RFK-11 525(1.0) 4.06(3.8) 4.14(9.8) 426(9.8) 417 4.12(2.8) 3.83(5.8) 3.89(8.3,10.0)
4 RFK-9 5.20(1.1) 4.08 4.10 4.26 414 4.10 3.80 391
1
E L-a-pD-Hepp-(1— RFK-11  4.96 (0.6) 3.98(3.8) 3.83(9.5) 3.87(9.5) 3.66 3.98(3.0) 3.68 (6.0) 3.72(8.3,10.0)
F —0)-B-GlcNp-(1— RFK-11  4.88(8.5) 3.15(10.5) 3.88(9.2) 3.92(10.3) 3.76 3.69 (2.0) 3.81(5.8,10.0)
4 RFK-9 4.85(8.6) 3.13(10.6) 3.89(9.2) 3.90(10.4) 3.74 3.65(2.4) 3.80(6.5,10.5)
1
P
G —6)-B-Glep-(1—> RFK-11 456 (8.1) 330(9.3) 3.52(9.3) 337(94) 341 3.77(20) 3.88(62,123)
B-Glep-(1— RFK-9  4.55(8.1) 328(9.4) 3.49(9.4) 332(94) 3.46 3.70(18) 3.93(6.0,12.0)
H B-GapA-(1—> RFK-11  4.48 (8.0) 3.59(10.0) 3.76 (3.8) 426(10) 439
I —5)-a-Kdop-(2— RFK-11 207 (40,123) 221°(120) 417(32) 429 4.12(10) 410 (9.0) 3.87(2.6) 3.82(7.0,12.0)
4 RFK-9 188 (4.0,12.0) 219 (120) 4.08(3.0) 427 4.16(12) 410 (9.2) 3.84(2.6) 3.81(7.0,12.3)
1
J a-Kdop-(2— RFK-11 1.89” (4.9,13.0) 2.18°(12.2) 4.09(3.1) 426 3.83(1.0) 4.12 (9.0) 3.99 (3.5) 3.79(7.0,12.5)
RFK-9 2.08 (5.0,12.8) 2.22(124) 4.12(28) 4.12 3.86(1.0) 4.15(9.0) 3.96 (3.6) 3.87(7.1,12.6)

“ Observed first-order chemical shifts
> H-3 axial.
¢ H-3 equitorial.

and coupling constants (hertz) (in parentheses), measured at 27°C in D,O, pD = 2.
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FIG. 3. Partial phase-sensitive COSY contour map of the K. pneumoniae mutant RFK-11 deacylated LPS carbohydrate backbone oligosaccharide, showing

correlations of the ring protons from 3.0 to 6.2 ppm. The spectra were recorded at 27°C and pD = 2.

were fully assigned by COSY (5) (Fig. 3) and TOCSY (3)
experiments. From the 'H chemical shifts (10) and vicinal
proton coupling constants (1), subspectra corresponding to all
of the glycosyl residues were identified (Table 2).

Seven anomeric *C resonances were observed within the
90- to 110-ppm region of the one-dimensional '*C-NMR spec-
trum of the RFK-9 carbohydrate backbone oligosaccharide
(Table 3). The "*C-NMR spectrum of the RFK-11 carbohy-
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TABLE 3. Carbon 13 chemical shifts and 'J ;; values for the deacylated carbohydrate backbone oligosaccharides from
the LPS of K. pneumoniae serotype O8 mutants RFK-9 and RFK-11¢
L 13C chemical shift (', Hz
Residue Monosaccharide unit Ol}igo§;c- Ve Ho)
charde C-1 (Uerpa) Cc2 C-3 C-4 C-5 C-6 C-7 C-8
A —06)-a-GlcpN-(1—P RFK-11 92.0 (177) 542 698 69.7 72.9 69.2
RFK-9 92.0 543 69.7 69.6 72.6 69.0
B —a-threo-Hex-4-enuronop-(1— RFK-11 100.8 (177) 702 65.8 111.6 1423 167.0
C —3)-L-a-D-Hepp-(1— RFK-11 101.9 (175) 69.5 72.5 65.6 722 69.2 705
7
1
L-a-D-Hepp-(1— RFK-9 102.0 70.7 693 72.9 72.0 69.1 642
D —3)-L-a-D-Hepp-(1— RFK-11 99.6 (177) 70.7 758 73.4 68.8 69.2 641
4 RFK-9 99.2 70.6 745 732 69.5 694 641
7
E L-a-D-Hepp-(1— RFK-11 101.5 (171) 702 71.0 66.8 72.8 702 633
F —6)-B-GlepN-(1— RFK-11 99.2 (162) 55.6  743°  74.4° 72.8 63.5
4 RFK-9 99.2 558 744> 745" 726 634
1
P
G —6)-B-Glep-(1— RFK-11 102.6 (161) 739 758 70.2 76.5 70.2
B-Glep-(1— RFK-9 102.6 73.8 758 70.3 76.5 61.8
H B-GalpA-(1— RFK-11 102.8 (164) 70.5 72.5 69.7 745 1725
I —5)-a-Kdop-(2— RFK-11 175.5¢ 100.5¢  34.0 70.6 734 728 692 642
4 RFK-9 ND“ ND 34.0 70.5 73.2 722 691 642
1
J a-Kdop-(2— RFK-11 175.8¢ 100.8°  34.4 66.1 67.5 722 726 635
RFK-9 ND ND 344 66.2 66.4 71.8 721 635

@ Assignments were determined by '*C-'H chemical shift correlation (HMQC) unless otherwise indicated, measured at 27°C in D,O, pD ~ 2.

b Assigned by HMQC-TOCSY experiment.
¢ Identified by long-range '*C-'H chemical shift correlation (HMBC).
4 ND, not determined.

drate backbone oligosaccharide exhibited three additional
anomeric signals representing the addition of three glycoses to
form the RFK-11 oligosaccharide. Unambiguous assignment
of the '*C resonances was done by correlation with the 'H
resonances of the directly attached protons in a heteronuclear
13C-'H chemical shift correlation experiment (HMQC) (38),
and the data are given in Table 3.

In consideration of the results of 2D subspectral and com-
positional analyses, the carbohydrate backbone oligosaccha-
ride in RFK-9 LPS was found to contain the following com-
ponents: a-D-GlcpN (A), B-pD-GlepN (F), two L-a-D-Hepp (C
and D), B-p-Glep (G), and two Kdop (I and J) residues. The
same components were present in the RFK-11 carbohydrate
backbone oligosaccharide; however, additional L-a-D-Hepp (E),
B-p-GalpA (H), and hex-4-enuronop (B) residues were also
identified.

The sequence of the glycosyl residues within these oligosac-
charides was established by interresidue "H-'H nuclear Over-
hauser enhancement (NOE) measurements (8, 39) and long-
range 'H-"*C couplings (Table 4). NOE measurements were
made in the 2D mode and were employed qualitatively to
establish short through-space connectivities between the ano-
meric and aglyconic protons of the adjacent glycosidically
linked residues. Long-range 'H-">C couplings across the gly-
cosidic linkages also gave accurate sequence information and
were obtained by 'H-detected HMBC.

The accumulated evidence from NMR and methylation
analyses permits the carbohydrate backbone oligosaccharides
from RFK-9 and RFK-11 to be assigned the structures shown
in Fig. 4B and C. The structure of the carbohydrate backbone
oligosaccharide in the LPS of RFK-11 is identical to that re-
ported for the LPS from K. pneumoniae O1 (50). Differences in
the chemical shifts for similar residues in the O1 and OS8

structures can probably be attributed to the use of NMR at
pH(pD) values of approximately 2 in this work and 9.4 for the
O1 analysis (50).

Structure of the complete core oligosaccharide in RFK-11
LPS. The terminal o-L-threo-hex-4-enuronop residue in the
RFK-11 carbohydrate backbone oligosaccharide structure de-
scribed above was predicted to arise from a (1—4)-linked
a-GalpA moiety which had undergone B-elimination under
the alkaline conditions used to de-N-acylate the LPS during
isolation of the carbohydrate backbone oligosaccharide. This
would also result in loss of any distal outer core sugars in
RFK-11 LPS. The structure in Fig. 4C can therefore be re-
garded as only a partial structure. To test this hypothesis, the
core oligosaccharide from the dephosphorylated RFK-11 lipo-
polysaccharide was isolated by selective cleavage with dilute
acetic acid of the acid-labile 3-deoxyaldulosonic acid glycosidic
linkages.

Methylation analysis of the RFK-11 core oligosaccharide
(Table 1) gave all of the expected methylated derivatives al-
ready described for the carbohydrate backbone oligosaccha-
ride of RFK-11 with the exception of 2,3-di-O-methyl-hex-4-
enuronopyranose-6,6-d, derivative. This was replaced by 2,3-
di-O-methyl-galactopyranose-6,6-d,, resulting from an intact
GalpA residue. An additional 2,3,4,6,-tetra-O-methyl-glucopy-
ranose residue was detected. This confirms the presence of the
—4)-a-GalpA-(1— residue and indicates that the main chain
of the core oligosaccharide terminates in a glucopyranose res-
idue. Furthermore, the "H-NMR spectrum of the core oligo-
saccharide shows the expected anomeric proton from the glu-
copyranose residue (5.14 ppm) (44). The Glcp residue has a
vicinal coupling (J; , = 3.4 Hz) indicative of its possessing the
a-configuration.

The negative electrospray mass spectrum of the RFK-11
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TABLE 4. Long-range 'H-">C and 'H-'H NOE intra- and interresidue correlations obtained for the deacylated carbohydrate backbone
oligosaccharides from the LPS of K. pneumoniae serotype O8 mutants RFK-9 and RFK-11

NOE contacts Long-range 'H-'3C correlations

Resi- M . . Oligosac-  Observed
due onosaccharide unit charide atom - - - -
Intraresidue Interresidue Intraresidue Interresidue
A —06)-a-GlepN-(1—P RFK-11 H-1 3.44, A2 72.8, AS
RFK-9 H-1 3.43, A2
B a-threo-Hex-4-enuronop-(1—  RFK-11 H-1 3.89, B2 4.30, C2; 4.12, C3 65.8, B3
C-1 4.17, B6
C —3)-L-a-D-Hepp-(1— RFK-11 H-1 4.30, C2; 4.12, C3  4.14, D3; 4.06, D2 72.5, C3
7 C-1 4.11, C3
1
L-a-D-Hepp-(1— RFK-9 H-1 4.15, C2 4.10, D3; 4.08, D2
D —3)-L-a-D-Hepp-(1— RFK-11 H-1 4.06, D2 4.29, 15
4 RFK-9 H-1 4.06, D2 4.27, 15
E L-a-D-Hepp-(1— RFK-11 H-1 3.98, E2 3.70, C7; 3.75, C7';  72.8, E2 70.5, C7
4.16, C6
C-1 4.13, E3 3.70, C7; 3.75, C7’
F —06)-B-GlepN-(1— RFK-11 H-1 3.88, F¥3; 3.76, F5 3.83, A6’
4 C-1 3.15, F2 3.83, A6’
1 RFK 9 H-1 3.88, F3; 3.76, F5 3.80, A6’
P
G B-Glep-(1— RFK-11 H-1 3.52, G3;3.41, G5 4.26, D4 73.9, G2
C-1 3.30, G2 4.26, D4
RFK-9 H-1 3.49, G3; 3.28, G2  4.27, D4
H B-GalpA-(1— RFK-11 H-1 4.39, H5 3.88, GO’ 72.5, H3 70.2, G6
C-1 4.39, H5; 3.59, H2
1 —5)-a-Kdop-(2— RFK-11 H-3 429, 15; 4.17, 14 3.69, Fo 100.5, 12; 70.6, 14
4 C-2 417,14
1 RFK-9 H-3 4.08, 14 3.65, Fo
J a-Kdop-(2— RFK 11 H-3 4.09, J4 417, 14 100.8, J2
RFK 9 H-3 4.12, J4 4.08, 14

core oligosaccharide showed a strong (M-2)>~ ion at 735 Da
(44). This corresponds to the (predicted) molecular mass of
1,472 Da and is consistent with the presence of 2 uronic acids,
3 heptoses, 2 hexoses, and an anhydro-Kdo residue.

Compilation of these data and the partial structure defined
above resulted in the carbohydrate structure of the RFK-11
core oligosaccharide shown in Fig. 4A.

Sites of phosphorylation on the carbohydrate backbone of
the RFK-11 LPS. The *'P-NMR spectrum of the phosphory-
lated RFK-11 carbohydrate backbone oligosaccharide showed
only two major phosphate monoester peaks, at 0.20 and —1.88
ppm. As expected, strong connectivities were observed in the
2D 3'P-'"H HMBC correlation map (44) between the *'P sig-
nals and the 'H resonances for H-1 of residue A (5.74 ppm)
and H-4 of residue F (3.92 ppm), respectively, indicating that
the phosphate groups are confined to the lipid A region of the
molecule at the O-1 position of the a-GlcpN residue and at the
O-4 position of the B-GlcpN residue.

MS analysis of the LPS of RFK-9 and RFK-11. MS was used
to confirm the predicted LPS structures. The negative-ion elec-
trospray mass spectra of the RFK-9 and RFK-11 phosphory-
lated carbohydrate backbone oligosaccharides (44) gave triply
and doubly charged ions corresponding to molecular ions at
1,487 and 2,013 Da, respectively, in excellent agreement with
the calculated masses for C,HgsO,xN,P, (1,488 Da) and
Ce7H111043N,P, (2,014 Da). The complete structure of the
RFK-11 LPS is therefore that shown in Fig. 4A.

DISCUSSION

In contrast to the highly variable structure of the O-antigen
portion of the LPSs of the Enterobacteriaceae, the relatively

few LPS core oligosaccharide structures described to date in-
dicate much higher levels of conservation. This is particularly
true for the inner regions of the LPS core oligosaccharide.
Overall, the architecture of the K. pneumoniae inner core oli-
gosaccharide reported here shows general similarities to the
enterobacterial core structures so far elucidated. The internal
heptose-Kdo backbone region, which constitutes the linkage
between lipid A and the outer core oligosaccharide, is com-
mon. An inner core-specific MAb (WN1) has been isolated
and shown to recognize a conserved epitope widespread
among the Enterobacteriaceae (18). MAb WNI1 is protective
against LPS-induced pyrogenicity in rabbits. However, most
Klebsiella isolates did not react with MAb WNI1, and this is
likely related to interesting and unique features in the K. pneu-
moniae core. Substitution of the Hep-I residue at the O-4
position is a feature seen only in the core of strains of Proteus
mirabilis (40), Yersinia enterocolitica (25), and K. pneumoniae.
In K. pneumoniae serotypes O1 (50) and OS8 (this study), the
Hep-I substitution consists of a B-p-GalpA-(1—6)-B-p-Glc di-
saccharide. The truncated RFK-9 core lacks the terminal B-p-
GalpA residue.

One of the more striking features of the K. pneumoniae core
oligosaccharide is the absence of phosphate residues. Kdo and
GalA residues provide the only negative charges in the core
oligosaccharides from serotypes O1 and OS. Divalent cations
stabilize adjacent LPS molecules by interacting with negatively
charged groups on LPS (53). In E. coli, the most probable
binding sites for the cations are the phosphate residues (21, 22,
47), and it has been shown that free carboxyl groups (on Kdo
residues) do not play a major role in cation binding (22).
Consequently, the absence of phosphate outside of the K
pneumoniae lipid A region may adversely affect outer mem-
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FIG. 4. Deduced structures of the oligosaccharides from the LPSs of K. pneumoniae mutants RFK-9 and RFK-11. (A) Complete carbohydrate backbone of the LPS
of RFK-11 and the locations of phosphate residues. (B and C) Carbohydrate backbone oligosaccharides of the deacylated LPSs from RFK-9 and RFK-11, respectively.
(D) Structure of the RFK-11 core oligosaccharide prepared by mild acid hydrolysis. Letters in parentheses are the designations given each residue in NMR analyses

(see Fig. 2).

brane stability. This in turn could explain the propensity of K.
pneumoniae to release the LPS-containing extracellular toxic
complex (48, 49) from its cell surface and therefore would have
a significant impact on the pathogenesis of this organism.
The outer core from K. pneumoniae is quite different from
the equivalent region from E. coli, Shigella spp., and S. enterica
(25). Both the presence of GalA at O-3 of Hep II and the
absence of the typical hexose-containing region are unusual.
However, studies have shown that enterobacterial species that
are genetically more distantly related to E. coli and Salmonel-
la spp., such as P. mirabilis (40), Providencia rettgeri (2), and
Morganella morganii (31), express characteristically deviating
core structures, with terminal D-GalA as a characteristic core
constituent. It has been suggested that comparison of core
oligosaccharide structures is of taxonomic and phylogenetic

significance and is in accord with rRNA sequence similarity
analyses (40). Galacturonic acid residues have also been de-
tected as components of LPS core oligosaccharides in Vibrio
cholerae H11 (11), Rhizobium trifolii ANU843 (14), Rhizobium
leguminosarum (13), and Rhodocyclus gelatinosa (34).
Analysis of core oligosaccharides is complicated by hetero-
geneity in isolated material. To overcome this, mutants with
core or O-antigen synthesis defects have typically been used for
structural analyses. Truncated cores can provide a useful start-
ing point, as is the case in this study. However, for bacteria
whose LPS structure and genetics are not well established, it is
often impossible to determine whether the final deduced core
structure represents that of a full-length molecule. In this
study, an rfb mutant, RFK-11, was examined, and the presence
of an O-antigen attachment site was confirmed. These data
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strongly support the proposal that the structure described here
for RFK-11 LPS reflects a full-length core oligosaccharide. It is
considered unlikely that RFK-11 has an additional core bio-
synthesis defect which does not compromise the O-antigen
attachment site. The absence of O antigen in the LPS prepa-
rations means that the precise attachment site for O antigen
remains unknown in K. pneumoniae, but based on the organi-
zation of other core oligosaccharides, the most likely attach-
ment site is the terminal «-Glc residue. In some bacteria,
semirough LPS (SR-LPS), containing a single repeat unit of O
antigen attached to the core, provides a means to characterize
the attachment site. Unfortunately, the synthesis pathway for
the O1 and O8 antigens precludes isolation of K. pneumoniae
mutants with SR-LPS (12, 15, 55), and as a consequence,
resolution of this question is impossible at this time.

There are several potential explanations for the mutation
resulting in defects in two regions of the RFK-9 core oligosac-
charide. The simplest possibility is a defect in the formation of
the precursor for GalpA residues. The absence of the a-Hepp
side branch can be explained by the requirement for a main-
chain GalpA residue in the receptor which is recognized by the
heptosyl transferase. In a similar way, an rfaB mutant of S.
enterica contains LPS lacking a side branch galactose and can-
not efficiently complete the core (43). Alternatively, the en-
zymes involved in core synthesis may operate in a complex, and
mutations in one rfa gene might influence protein-protein in-
teractions in the complex, affecting additional steps. These
possibilities have been discussed elsewhere by Schnaitman and
Klena (43). Finally, the phenotype of RFK-9 may result from a
double mutation affecting different steps of core biosynthesis.

In earlier analyses by others (51), Western immunoblotting
and enzyme-linked immunosorbent assays were used to dem-
onstrate the reactivity of MAb V/9.5 with LPS core fractions
from seven Klebsiella serotypes (1 to 6 and 8), suggesting that
these serotypes possess structurally related core oligosaccha-
rides. The O7 serotype reference strain did not react, but there
is some question whether this strain is in fact a member of the
genus Klebsiella (51). The majority (>90%) of isolates of K.
pneumoniae subsp. pneumoniae and Klebsiella oxytoca were
reactive with MAb V/9.5, whereas two isolates of K. pneu-
moniae subsp. rhinoscleromatis were not. Since LPSs from
other enteric bacteria did not react with MAb V-9.5, the epi-
tope is considered genus specific. The chemical basis for the
cross-reactivity between the core oligosaccharides of serotypes
O1 and O8 is now evident.

The complete molecules of O1 and O8 LPS show consider-
able similarity. The LPSs of both serotypes contain a D-galac-
tan I polysaccharide domain attached to lipid A-core (28, 30,
56), and the O-acetylation of D-galactan I in serotype OS8
provides the only distinction between the serotypes (28). Long
O-antigen chains in both serotypes contain identical domains
of a second O-polysaccharide structure (D-galactan II). As a
result, the O1 and O8 antigens show extensive O-serological
cross-reactions (28). Despite the similarity in the O antigens,
there are significant differences in the reference strains which
express the O1 and OS antigens. First, the O1 strain and the
08 isolate represent different subspecies (K. pneumoniae
subsp. pneumoniae and K. pneumoniae subsp. ozaenae, respec-
tively). Second, although the rfb clusters from both serotypes
encode highly conserved proteins involved in synthesis of D-
galactan I (29), the nucleotide sequences are sufficiently diver-
gent that these isolates contain rfb genes from quite distinct
clonal groups (28). The similarities between the cores of the
O1 and O8 type strains are therefore significant, and although
the complete structure of the O1 core is not yet available, it
is reasonable to speculate that the core described here in

J. BACTERIOL.

strain RFK-11 may represent a common core oligosaccharide
structure in Klebsiella LPS. If further studies confirm a com-
mon LPS core structure within Klebsiella spp. or, minimally,
a unique genus-specific inner core region, an alternative im-
munotherapy-based approach to the treatment of Klebsiella
infections may prove viable. From existing chemical and im-
munochemical data, antibodies against the core oligosaccha-
ride structure might serve as useful diagnostic reagents.
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