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Abstract—The lipopolysaccharide (LPS) of a galU mutant of Pseudomonas aeruginosa PA103, a serogroup O11 strain, was sequen-
tially extracted with phenol–chloroform–petroleum ether (PCP) followed by hot phenol–water extraction of the bacterial pellet
remaining after PCP extraction. LPS was found in both the PCP extract as well as in the water phase of the hot phenol–water
extract. Analysis of the carbohydrate portion released by mild acid hydrolysis of both LPS preparations, both before and after
removal of all phosphate groups by treatment with aqueous HF, was performed by glycosyl composition and linkage analyses
as well as by NMR and mass spectrometric analyses. The results showed that the carbohydrate portion of these two LPS extracts
contained the same structure: namely, a-GalN(Ala)-(1!3)-a-(7-Cm)HepII-(1!3)-a-HepI-(1!5)-a-Kdo-(2!. The oligosaccharide
preparation from PCP-extracted LPS consisted of a variety of structures containing up to six phosphate groups present as mono-,
pyro-, and possibly triphosphate, primarily located on the HepI residue with some molecules having a monophosphate on HepII.
The oligosaccharide preparation from the hot phenol–water-extracted LPS contained a similar variety of structures, but with an
additional structure in which HepI contained a PPEA group at O-2. In addition, PAGE immunoblot analysis of the crude cellular
extract with anti-A-antibodies revealed the presence of A-band material in both PA103 and the galU mutant. The A-band material
was purified and characterized by glycosyl composition and linkage analyses, as well as by NMR spectroscopy, which confirmed
that the A-band rhamnan polysaccharide was present but not as typical LPS since lipid-A or LPS core oligosaccharide components
were not detected.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Pseudomonas aeruginosa is an opportunistic pathogen
most frequently isolated from chronically infected cystic
fibrosis patients and nosocomial infections. It is a major
threat to immune-compromised patients. It is also the
most likely pathogen found in ulcerative keratitis in
individuals with extended use of contact lens. This
organism is highly adaptable for survival in a wide range
of environments.
As with other Gram-negative bacteria, the lipopoly-

saccharide (LPS) of P. aeruginosa is a major virulence
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factor and is also reported to be the most immunogenic
among the various P. aeruginosa cell-surface antigens.1

The LPS from different serogroups of P. aeruginosa pos-
sess the same general architecture as those from the fam-
ily Enterobacteriaceae being composed of lipid-A, a core
oligosaccharide, and serologically distinct O-antigenic
polysaccharides. The core oligosaccharide is further di-
vided into a relatively conserved inner core and a distal
and slightly variable outer core region as was shown by
several monoclonal antibody binding assays.2 P. aeru-

ginosa strains produce two antigenically and chemically
distinct LPS molecules; namely A-band and B-band
LPS. The A-band LPS is a neutral polysaccharide con-
sisting of one a-(1!2)- and two a-(1!3)-linked DD-
rhamnosyl units, which is antigenically conserved and

mailto:<?tul=0?>rcarl&#132;son<?tul?>@<?tul=0?>ccrc<?tul?>.<?tul=0?>uga<?tul?>.<?tul=0?>edu<?tul?>


2762 B. Choudhury et al. / Carbohydrate Research 340 (2005) 2761–2772
known as the common antigen (CA).3 In contrast, B-
band LPSs possess O-antigen polysaccharides that con-
sist of various hetero-oligosaccharide repeating units.4

The diverse chemical nature of the B-band O-antigen
polysaccharides is the basis for the serotype classifica-
tion of this organism. According to the International
Antigen Typing Scheme (IATS) and the Lanyi–Bergan
classification, all known P. aeruginosa strains have been
placed into 30 different serotypes.4

Most of the P. aeruginosa strains are highly resistant
to common antibiotics and antiseptics. The resistance
of enteric bacteria to these molecules is considered to
be associated with a high phosphate content in the
LPS inner core region.5 Interestingly, isolates of P. aeru-
ginosa recovered from the environment and from noso-
comial infections contain smooth LPSs (i.e., LPSs
containing the O-antigen polysaccharide) and are serum
resistant, while those from the lung of cystic fibrosis
patients are rough-type LPSs that lack the O-antigen.6 It
was also shown that the LPS outer core of P. aeruginosa
is necessary for both pneumonia and corneal infections
in a mouse model.7 The cystic fibrosis transmembrane
conductance regulator (CFTR) molecule on the host cell
recognizes the outer core oligosaccharide, promotes
internalization of the organism by epithelial cells and
the subsequent presentation of P. aeruginosa cells to
the host immune system for clearance.8 In order to fully
understand the role of LPS in determining the virulence
of P. aeruginosa, it is necessary to characterize the bio-
synthesis of this molecule and the structures of LPS
from defined mutants that are affected in their pathoge-
nicity. In addition, because of the serological diversity of
P. aeruginosa, LPSs and the chemical changes that occur
during infection, there is interest in developing an immu-
notherapy based on a structural region of the LPS that
is conserved across a broad spectrum of the various P.
aeruginosa serogroups. Therefore, it is necessary to char-
acterize the structures of the LPS inner core regions for
the different P. aeruginosa serogroups.
The conserved carbohydrate structure found within

the inner core region of P. aeruginosa LPSs consists
of !a-GalN-(1!3)-a-HepII (7-Cm)-(1!3)-a-HepI-
(1!5)-a-Kdo-(2! in which GalN is either N-acetylated
or N-alanylated and the HepI and HepII residues are
variably phosphorylated.9 The core region of a rough
LPS from clinical isolate 2192 was shown to have the
above inner core structure in which GalN was N-alanyl-
ated, HepII substituted with monophosphate at O-4
and O-6, and HepI substituted with monophosphate at
O-2 and O-4.10 The inner core region of a serogroup
O-12 strain was shown to have HepII phosphorylated
at O-6, and HepI at both O-2 and O-4.11 This mono-
phosphate substitution pattern was also reported for
the core region of an immunotype 1 lipopolysaccha-
ride.12 Recently, the inner core structure for a serogroup
O5 DalgC mutant of PA01 was reported showing that
HepI contains a pyrophosphoethanol amine (PPEA)
group at O-2, and HepII is phosphorylated at O-6.13

That report also describes the inner core of an O3 sero-
group mutant, PAC1R, as having phosphates at O-2
and O-4 of HepI and at O-6 of HepII, with HepII also
being carbamoylated at O-7, and the GalN residue con-
taining an N-alanyl group. In addition, it was shown
that the LPS from the serogroup O5 parent PAO1 con-
tained two phosphates on HepI (at O-2 and O-4) and
one phosphate on HepII (at O-6). The above work indi-
cates variability in the location of phosphate groups in
the inner core structures from serogroups O6 and O5;
for example, either one, two, or three phosphate groups
on HepI, one phosphate on HepII, or phosphate and
PPEA groups on HepI and one phosphate on HepII.
Some of this variability may be related to differences
among serogroups, or to the possibility that some deep
rough mutants may have an altered phosphorylation
pattern compared to the inner core region of their
respective parent strains.
In addition to the effects on alginate production and

alteration in LPS structure, the PAO1 algC::tet mutant
was noted to have a slower growth rate.14 However, de-
spite these pleoitropic effects, the studies on the patho-
genesis of the algC mutant have been informative. As
anticipated, due to its altered LPS, the PAO1 algC::tet
was much more sensitive to the effects of normal human
serum compared to its parental strain.15 In a murine cor-
neal infection model, this mutant was virtually avirulent,
showing about <3 log10 difference in the ID50 compared
to the parental strain. Similarly, the mutant was aviru-
lent in a burned mouse model and showed no dissemi-
nated from the site of infection after thermal injury.14

The algC mutant was much less virulent in a neonatal
mouse model of pneumonia and showed very low levels
of bacteria in the lungs and spleen of these mice corre-
sponding to colonization and bactermeia, respectively.16

The studies of the virulence of galU mutants have just
been published;17 galU mutants of the serogroup O5
strain PAO1 and serogroup O11 PA103 (the subject of
this report) were compared to their respective parental
strains. Distinct from that observed for the algC mutant,
neither of the galU mutants had any apparent in vitro
growth defect. Both mutants were much more serum
sensitive. Also, similar to what was observed for the
algC mutant in mouse corneal infection, both the galU

mutants were avirulent and showed a 2–4 log10 increase
in the ID50. With respect to lethality in a murine acute
pneumonia model, the galU mutants were significantly
attenuated resulting in an LD50 1–1.4 log10 above that
of the corresponding wild-type strain. The level of bac-
terial colonization was measured in mice after intranasal
infection with the wild-type and galU mutants. Even 1 h
after infection, there were significantly fewer bacteria in
the lung of mice infected with PAO1 galU compared to
PAO1; 20 h after infection, this difference was even more
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dramatic. However, for mice infected with PA103 and
its galU mutant, similar bacterial loads were seen in
the lungs of mice 6 h after infection. In both cases, the
galU mutants were never completely cleared from
the lung, but neither galU mutant ever disseminated to
the spleen after intranasal infection. These findings indi-
cate that a complete LPS is not required for survival in
the respiratory tract but is required for dissemination.17

Here, we report the chemical structure of LPS from
the galU mutant of PA103, a strain belonging to sero-
group O11. The mutation in the galU gene blocks the
biosynthesis of UDP-glucose from glucose-1-P, a pre-
cursor needed for the glucosyl residues found in the outer
core of PA103 LPS.17,18 The galU mutant produces a
rough LPS with a truncated core oligosaccharide as did
the PAO1 algC::tet,18 but contains a larger variety of
structures varying in the number and location of phos-
phate, pyrophosphate, triphosphate, and PPEA groups.
We also noted that the galU mutant produces A-band
reactive material, while it was previously noted that
PAO1 algC::tet did not express this type of LPS.15 The
galU mutant also differs from the algC mutant in that
it produces mucoid material,18 presumably alginate,
while the PAO1 algC::tet did not produce alginate.
2. Experimental

2.1. Preparation of the lipopolysaccharide fractions

The bacterial cultures were prepared as previously de-
scribed.19 The cell pellet of the galU mutant was washed
with distilled water and centrifuged at 10,000 rpm, 10 �C
for 15 min to remove adhered media. The packed cells
were washed with 95% ethanol (twice), acetone (twice)
and diethyl ether (once), and dried under vacuum over
P2O5. LPS was extracted from dried and finely ground
cells by phenol–chloroform–petroleum ether (PCP)
extraction.20 After removal of the chloroform and petro-
leum ether, the LPS was precipitated by the dropwise
addition of water. The precipitated LPS was collected
by low speed centrifugation and washed once with
80% phenol and several times with a 1:1 diethyl ether–
acetone mixture to remove any phenol. Finally, the phe-
nol-free LPS was suspended in deionized water and col-
lected by centrifugation at 20,000 rpm, at 10 �C for 1 h.
This centrifugation step was repeated, and the final pre-
cipitate was suspended in water and lyophilized. This
LPS preparation is hereafter referred to as LPS-PCP.
Hot phenol–water extraction21 was done on the bacte-

rial residue remaining after the above PCP extraction.
This bacterial residue was washed several times with a
1:1 mixture of diethyl ether and acetone and then ex-
tracted with hot phenol–water. The material extracted
into the water phase was further purified by treatment
with ribo- and deoxyribonucleases and proteinase K.
The solution was then dialyzed and lyophilized. A 1%
aqueous solution of this material was ultracentrifuged
at 120,000g for 4 h at 5 �C. The precipitate was re-
suspended in water and again ultracentrifuged. The
supernatants were pooled and lyophilized, and the
precipitate contained the LPS, hereafter referred to as
LPS-W. The material in the supernatant was enriched
in rhamnose (see Section 3 below) and this rhamnose-
containing material was further purified by gel-perme-
ation chromatography using a Bio-Gel P10 column. In
addition, this material was also treated with 1% acetic
acid at 100 �C for 1.5 h and again subjected to gel-per-
meation chromatography using Bio-Gel P10.

2.2. DOC–PAGE

LPS samples were suspended in water at 2 lg/lL, dis-
solved in a 1:1 ratio with electrophoresis sample buffer
and separated on a 18%-polyacrylamide gel containing
deoxycholate (DOC) as the detergent.22 The electropho-
resis was performed at a constant current of 30 mA. The
gel was fixed in an aqueous solution containing 40%
ethanol and 5% acetic acid. Finally, the gel was stained
using a Bio-Rad silver staining kit following the method
of Tsai and Frasch.23

2.3. Western blot analysis with anti-A antibodies

Cells were extracted as described previously.24 Cell
extract samples were separated on a 12% acrylamide–
SDS-PAGE. Western immunoblot analyses were per-
formed as described previously24 using monoclonal anti-
body N1F10 specific for A-band LPS.25 Blots were
developed with anti-mouse IgM-alkaline phosphatase
(Roche). Sigma FAST BCIP/NBT (5-bromo-4-chloro-
3-indolyl phosphate–nitroblue tetrazolium) tablets (Sig-
ma, cat. no. B5655) were used as the alkaline phospha-
tase substrate as specified by the manufacturer.

2.4. Isolation and modification of the core oligosaccharide

The oligosaccharide (OS) was released from LPS-PCP
and LPS-W by mild acid hydrolysis using 1% HOAc
at 100 �C for 1.5 h to give OS-PCP and OS-W, res-
pectively. The lipid-A precipitate was removed by
low-speed centrifugation, and the supernatant was frac-
tionated on a Bio-Gel P2 column using water as the
eluent. The eluent was continuously monitored using
an RI-detector, and the OS fractions were pooled and
lyophilized. The OS eluted at about 1.5 times the
excluded volume of the column, and a second fraction
eluted near the included volume. Dephosphorylation
of the OS was performed by treatment with 48% HF
at 4 �C for 48 h.26 The HF was neutralized carefully with
1 M ammonium hydroxide below 0 �C, and the neutra-
lized material was desalted on a Bio-Gel P2 column.
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Oligosaccharides obtained from the mild acid hydro-
lysis of LPS-W were also separated by gel-filtration
chromatography using Bio-Gel P4 (fine). This procedure
allowed the separation of oligosaccharides containing
PEA from those lacking PEA (described in the Results
section below).

2.5. Composition analysis of core oligosaccharide

LPS and oligosaccharide fractions were methanolyzed
by methanolic 1 M HCl at 80 �C for 18 h, followed by
N-reacetylation of the methyl glycosides using pyri-
dine–Ac2O in the presence of MeOH at 100 �C for 1 h.
The free hydroxyl groups of N-reacetylated methyl-
glycosides were trimethylsilylated using Tri-Sil reagent
(Pierce) at 80 �C for 20 min. The volatile methyl per-
O-trimethylsilylglycosides (per-O-TMS-glycosides) were
then analyzed by combined gas chromatography–mass
spectrometry (GC–MS) equipped with a mass-selective
detector using a DB-1 capillary column (Hewlett–
Packard HP 5890 GC interfaced to a 5970 MSD).27

The fatty acids and hydroxy fatty acids were also de-
tected as their methyl esters by GC–MS during this same
analysis.

2.6. Glycosyl linkage analysis

Linkage analysis was performed by the preparation and
GC–MS analysis of partially methylated alditol acetates
(PMAAs). The PMAAs were prepared using the method
of Ciucannu and Kerek.28

2.7. NMR spectroscopy

NMR spectra were collected on a Varian Inova 500
spectrometer using software supplied by Varian, and
the data were processed using NMRpipe and NMRdraw
software. The samples were exchanged several times
with D2O (99.8% Aldrich) and final measurements were
made in 0.5 mL D2O solutions (100% D; Cambridge
Isotope Laboratories) at 27 �C. 1H NMR spectra were
measured at 500 MHz using a spectral width of 8 kHz.
The gCOSY spectra were measured over a spectral
width of 2.2 kHz using a dataset of (t1 · t2) of
256 · 2048 points with 16 scans. The TOCSY spectrum
was collected using the same sized data set with 32 scans
utilizing a mixing time of 80 ms. For the HSQC experi-
ment, the spectral widths in the 1H and 13C dimensions
were 2.2 and 13.9 kHz, respectively, and 96 scans were
acquired. The multiple-bond correlation (HMBC)
experiment was performed with 128 scans, and the spec-
tral widths were set at 2.2 and 22.0 kHz in the 1H and
13C dimensions, respectively. 31P NMR spectra were
measured at 202.38 MHz by employing a spectral width
of 5 kHz, with phosphoric acid (85%) as the external
standard (dp = 0.0 ppm).
1H detected 1H–31P HMQC and HMQC-TOCSY
experiments were done on a Varian 500 spectrometer
according to the standard pulse sequence supplied by
Varian. Spectra were acquired using the spectral width
of 5 kHz in 31P dimension and 2.2 kHz in the 1H
dimension.

2.8. Mass spectrometry

For MALDI-TOF MS the OS samples were dissolved in
deionized water (1 lg/lL), mixed with 0.5 M 2,5-dihydr-
oxybenzoic acid (DHB) in a 1:1 (v/v) ratio and spotted
on a stainless steel plate. The phosphorylated OS, how-
ever, responded better in the negative-ion mode using
0.5 M 3-aminoquinoline as matrix in a 1:1 (v/v) sample
to matrix ratio. The collision-induced decay (CID) was
performed using air as the collision gas on an Applied
Biosystems 4700 Proteomics Analyzer MALDI TOF/
TOF instrument. The electrospray-ionization mass spec-
trometry (ESIMS) and in-source fragmentation experi-
ments were done on an ion-trap LCQMS instrument
from Thermo-Finnigan, using helium as the buffering
and target gas.
3. Results

3.1. Analysis of the PCP-extracted LPS (LPS-PCP)

The yield of LPS-PCP isolated from the galU mutant by
phenol–chloroform petroleum ether extraction method
was 6.2% of the dried bacterial cell pellet. DOC–PAGE
analysis (Fig. 1) of isolated LPS-PCP showed two low
molecular weight bands migrating near the electrical
front. The LPS-PCP bands from the galU mutant had
faster electrophoretic mobilities compared to the LPS
bands from the parent strain, PA103, clearly indicating
that the galU mutant has a defect in the biosynthesis
of the core portion of the LPS-PCP. The occurrence of
two bands in the PAGE analysis of the galU LOS may
reflect the heterogeneity in the core oligosaccharide
which is described further below. Figure 1B shows that
crude SDS cell extracts from both the parents and the
galU mutant contain anti-A-band reactive material.
Therefore, it was important to characterize this A-band
material from the galU mutant (this characterization is
described below). The A-band material was not found
in the purified LPS preparations from the galU mutant
(described further below).
Glycosyl composition analysis of the LPS-PCP iso-

lated from the galU mutant showed the presence of
galactosamine (GalN), glucosamine (GlcN), and Kdo.
The presence of heptose (Hep) could only be confirmed
in GC–MS after dephosphorylation of the sample. Anal-
ysis of LPS-PCP also indicated the presence of lauric
acid (C12:0), b-hydroxydecanoic acid (b-OH-C10:0),



Figure 1. (A) DOC–PAGE analysis of the purified LPS-PCP prepa-
rations from the PA103 parent (well 1), and PA103 galU mutant (well
2) cells. (B) A DOC–PAGE immunoblot of the SDS-cell extract from
the PA103 parent (well 1), and PA103 galU mutant (well 2) cells. The
immunoblot was developed using anti-A-band monoclonal antibody.
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b-hydroxylauric acid (3-OH-C12:0) and a-hydroxylauric
(2-OH-C12:0) acid as the lipid-A fatty acyl components.
The absence of rhamnose (Rha), glucose (Glc) and N-
acetylfucosamine (FucNAc) was a clear indication that
the purified LPS-PCP preparation lacked both A- and
B-band O-chain polysaccharide and consisted of an
inner-core OS attached to the lipid-A. This finding was
consistent with the DOC–PAGE profile described above.
The oligosaccharide, OS-PCP, was prepared from

LPS-PCP by mild acid hydrolysis, and the lipid-A was
removed by low speed centrifugation. The supernatant
was further purified by size-exclusion column chroma-
tography using Bio-Gel P2. The major fraction (OS-
PCP) eluted as a single peak in the partially included
volume, and a minor second fraction eluting near the in-
cluded volume was identified as Kdo.
Table 1. 1H NMR and 13C chemical shifts of the inner-core OS of P. aerug

Residue H-1/C-1 H-2/C-2 H-3a,e/C-3 H-4/C

GalN 5.26 (100.5) 4.25 (51.4) 4.09 (67.4) 3.72 (7
HepII 5.16 (103.6) 4.27 (72.40) 4.02 (79.6) 3.71 (6
HepI 5.08 (102.4) 4.18 (68.0) 4.05 (80.2) 3.96 (6
Kdo — — 2.12, 1.87 4.10

174.0 (96.5) (34.9) (73.0)

Alanine 1.50 (3H, d, CH3) (18.0),
4.08 (1H, q, a-CH), (50.5)

Cma (160.0) (CONH2)

The carbon chemical shifts are given in parentheses.
a Cm = carbamoyl.
The glycosyl composition of OS-PCP indicated the
presence of GalN, Kdo and a trace amount of Hep.
However, the exact ratio of the sugar constituents was
obtained only after dephosphorylation of this OS since
accurate quantification of phosphorylated residues
could only be accomplished after the removal of the
phosphate groups. Composition analysis of dephospho-
rylated OS showed a GalN:Hep:Kdo ratio of 1.0:1.8:1.0.
Again, the absence of any Rha, Glc, and FucNAc was a
clear indication of the absence of both A-band and B-
band O-chain polysaccharide, as well as the absence of
an outer core oligosaccharide.
The carbohydrate structure of the OS-PCP was

determined by NMR and MS analysis of the HF-trea-
ted OS-PCP sample. The proton assignment of each
glycosyl residue of OS-PCP was determined through
gCOSY and TOCSY experiments (spectra not shown),
and the results are given in Table 1. The 13C assign-
ments were obtained from a 1H–13C one bond corre-
lated gHSQC experiment (spectrum not shown), and
the results are also given in Table 1. The sequence
of the glycosyl residues in the OS was established from
an HMBC experiment, which revealed through-bond
transglycosidic connections. The results of the HMBC
experiment showed that H-1 of the GalN(Ala) residue
is correlated to the C-3 of HepII (5.26!79.5). Simi-
larly, the HepII anomeric proton shows connectivity
with the C-3 of HepI (5.16!80.2), and H-1 of HepI
shows a correlation with C-5 of Kdo (5.08!76.1). In
addition, the HMBC spectrum showed a correlation
between the methyl protons of alanine (1.50 ppm) with
its carbonyl carbon (174.0 ppm) and with C-2 of GalN
(51.4 ppm), confirming the location of alanine on
GalN. The carbonyl carbon of the carbamoyl moiety
at 160.0 ppm shows a correlation to the H-7 methyl-
ene protons (4.25 and 4.04 ppm) of HepII, consis-
tent with the location of carbamoyl group at this
position. In summary, it was evident that the LPS
biosynthesized by the galU mutant possess, a trun-
cated core tetrasaccharide attached to the lipid-A
moiety that has the structure, a-GalN(Ala)-(1!3)-a-
(7-Cm)HepII-(1!3)-a-HepI-(1!5)-a-Kdo-(2!. This
inosa serotypeO11 galU mutant

-4 H-5/C-5 H-6a, H-6e/C-6 H-7/C-7 H-8/C-8

0.5) 3.88 (72.4) 3.64, 3.88 (62.7) — —
7.5) 3.79 (73.2) 4.13 (69.5) 4.25, 4.02 (65.5) —
7.0) 3.72 (72.9) 4.05 (65.5) 3.75, 3.65 (62.7) —

4.14 3.78 3.85 3.60, 3.60
(76.1) (73.2) (70.3) (64.5)



Figure 2. In-source fragmentation of dephosphorylated core-OS from
galU mutant. The fragmentation pattern that gives rise to the various
ions is shown.

Figure 3. 31P NMR spectrum of phosphorylated core oligosaccharide
from the galU mutant LPS acquired at pH �9.0.

Figure 4. MALDI-TOF-MS of the phosphorylated core-OS from the
galU mutant LPS. The proposed compositions for the various ions are
shown in Table 2, with the exception of the minor ions of m/z 1242.7,
1422.7, and 1502.7, which remain unidentified.
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glycoside sequence is the same as that reported for the
DalgC mutant.13

The above structure of the OS in both dephosphoryl-
ated and native form was also supported by glycosyl-
linkage and mass-spectrometric experiments. Methyl-
ation analysis of the dephosphorylated OS showed the
presence of terminally linked GalN derived from Gal-
N(Ala), 3-linked Hep and 5-linked Kdo residues. The
ESIMS spectrum (Fig. 2) of the dephosphorylated OS
showed the [M+H]+ mass to be m/z 898.2, along with
masses at m/z 880.1 (anhydro form), 920 ([M+Na]+

form) and 902 (anhydro [M+Na]+ form). The in-source
fragmentation of the OS using a collision energy of
45 eV in an ion-trap instrument gave rise to several B-
type ions. The m/z 233 fragment ion originates from
the glycosyl oxonium ion of the non-reducing terminal
GalN(Ala) residue, followed by the glycosyl oxonium
ion with an additional mass increment of m/z 235 that
is consistent with the addition of carbamoylated HepII
[m/z 468 (B2-ion)], a third fragment ion was at m/z of
660 indicating the next glycosyl residue to be the inner
HepI (B3-ion), and finally the Kdo residue gives the total
mass of 897.

3.2. The location of phosphate groups on PCP-extracted

LPS (LPS-PCP)

An important feature of the native OS was the presence
of phosphate groups, which is a common feature of var-
ious P. aeroginosa core OSs (see Section 1). The 31P
NMR spectrum of the native OS-PCP indicated the
presence of several phosphate groups including a signal
around �10 ppm due to the presence of pyrophosphate
groups. 31P NMR analysis at higher pH (8.9) (Fig. 3)
indicated the presence of both the Pa (�10 ppm) and
Pb (�5.7 ppm) of the pyrophosphate groups, as well as
downfield resonances due to monophosphate monoester
groups. Mass spectrometric analysis, described in the
next paragraph, indicated the possible presence of a tri-
phosphate group in some of the structures. If present,
such a group would show a 31P signal at around
�20 ppm. A resonance at this chemical shift was not
observed indicating that another explanation exists for
the mass spectrometric data, or that the molecule con-
taining a triphosphate group is present in an amount
that was below NMR-detectable levels.
The extent of phosphorylation heterogeneity and the

location of the phosphate groups on OS-PCP were fur-
ther investigated by mass spectrometric analysis. The
MALDI-TOF MS spectra of the OS-PCP and OS-W
(Fig. 4) indicated the presence of OSs bearing three
(m/z 1136), four (m/z 1216), five (m/z 1296), and six
(m/z 1376) phosphate groups, with the m/z 1136 ion
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having the greatest intensity. Ions were also observed for
the anhydro Kdo forms of these molecules (e.g., m/z
Table 2. Observed masses and proposed compositionsa for ions generated b

Proposed structure

[GalN(Ala)Hep(Cm)HepP3Kdo–H]�

[GalN(Ala)Hep(Cm)HepP3anhydroKdo–H]�

[GalN(Ala)Hep(Cm)HepP3decarboxylactoneHepb–H]�

[GalN(Ala)Hep(Cm)HepP4Kdo–H]�

[GalN(Ala)Hep(Cm)HepP4anhydroKdo–H]�

[GalN(Ala)Hep(Cm)HepP4 decarboxylactoneHepb–H]�

[GalN(Ala)Hep(Cm)HepP5Kdo–H]�

[GalN(Ala)Hep(Cm)HepP5anhydroKdo–H]�

[GalN(Ala)Hep(Cm)HepP6Kdo–H]�

[GalN(Ala)Hep(Cm)HepP6anhhydroKdo–H]�

a The compositions for the ions of m/z 1342.7, 1422.7, and 1502.7 shown i
between these ions indicates that they differ from one another by a single m

b This is likely a 2-deoxyheptonic-1,5-lactone residue resulting from degradatio

Figure 5. MALDI-TOF MS/MS spectra: (A) of ion 1136.1, (B) of ion 1216.1
structures included with each ion.
1118, 1198, 1278, and 1358), as well as molecules con-
taining 2-deoxyheptono-1,5-lactone, a degraded Kdo
y negative-ion mode MALDI-TOF-MS on phosphorylated OS

Observed (m/z)

1136.2
1118.2
1090.5
1216.2
1198.2
1170.5
1296.2
1278.1
1376.2
1358.1

n Figure 7 remain unknown. However, the mass difference of m/z 80
onophosphate group.
n of Kdo during mild acid hydrolysis as described by Olsthoorn et al.32

, and (C) of ion 1296. The fragmentation pattern is as indicated in the
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residue resulting from the mild acid hydrolysis proce-
dure29 (i.e., a loss of 46 amu from ions of m/z 1090,
and 1170). The proposed compositions for these ions
are given in Table 2. Also a series of minor ions differing
from each other by a single monophosphate group was
also observed at m/z 1342, 1422, and 1502. The struc-
tures for these ions were not identified.
The CID-MS/MS spectra of the m/z 1136, 1216, and

1296 ions are shown in Figure 5 together with a struc-
tural diagram illustrating the possible source of the var-
ious fragment ions. The CID-MS/MS analysis of the
m/z 1136.1 ion (Fig. 5a) gave rise to an Y2 fragment
of m/z 669.0, a result that is consistent with the loca-
tion of three phosphate groups on the HepI residue.
The loss of a phosphate group from the Y2 fragment
gives rise to an ion at m/z 589.0 and its anhydro form
at m/z 570.9. Fragment ions were observed due to
phosphate (m/z 96.9), and pyrophosphate (m/z 176.9).
The B3-ion at m/z 898.0 arises from the loss of Kdo.
Fragment ions (e.g., Y3 ions) indicative of phosphate
on the HepII residue were not observed. Similarly,
MS/MS analysis of the tetraphosphorylated OS
(OS4P) ion, m/z 1216 (Fig. 5b), also gave rise to B3-
ion due to the loss of Kdo (m/z 978.3). This fragment
ion also loses a phosphate to give a mass of 898.3.
The presence of Y2-fragment with a mass of 749.2 indi-
cates the presence of four phosphate groups on the
HepI residue. The release of phosphate (m/z 78.9 and
96.9), pyrophosphate (m/z 158.9 and 176.9), and possi-
bly triphosphate (m/z 238.9 and 256.9) was observed
for this tetraphosphorylated species. As observed with
MS/MS analysis of the m/z 1136 ion, fragments indi-
cating phosphorylation of the HepII residue were not
observed. MS/MS analysis of the pentaphosphorylated
OS (OS5P) ion, m/z 1296 is shown in Figure 5c. The
presence of a Y2-fragment with mass of 749.1 indicates
the presence of four phosphate groups on the HepI res-
idue. A Y2 fragment ion due to five phosphates on
HepI was not observed, suggesting the possibility that
the fifth phosphate may be located on another glycosyl
residue such as HepII. The presence of the fifth phos-
phate on HepII was indicated by a Y3 fragment of
m/z 1064.3 and, when run in the positive mode (not
shown), a B2 ion of m/z 548, due to a GalN(Ala)-
CmHepII(P) fragment.
In summary, the above data show that the OS-PCP

structures consist of a-GalN(Ala)-(1!3)-a-(7-Cm)He-
pII(P0,1)-(1!3)-a-HepI(P3,4)-(1!5)-a-Kdo where the
HepII residue can be non-phosphorylated or contain a
single phosphate, and HepI can contain three phos-
phates as a monophosphate and a pyrophosphate (–P
and –PP), or four phosphates as a monophosphate
and triphosphate group (–P and –PPP) or two pyro-
phosphate groups. The locations of these phosphate
groups were further determined by NMR analysis of
the OS-W fractions as described below.
3.3. Structural analysis of the LPS isolated by hot

phenol–water extraction (LPS-W)

In order to ensure a complete examination of all LPS
forms present in this galU mutant, the LPS obtained
by Westphal extraction was also characterized. The yield
of this LPS (LPS-W) was 1.2% of dry bacterial cell
weight. The DOC–PAGE of LPS indicated the presence
of LPS with an electrophoretic mobility similar to that
of LPS-PCP. The composition analysis after HF treat-
ment showed the presence of GalN, Hep, and Kdo in
the same ratio as observed for LPS-PCP. Fatty acids
components were also the same as those observed for
the LPS-PCP.
The core oligosaccharide (OS-W) was liberated by

mild acid hydrolysis of LPS-W and eluted as a single
peak in the partially included volume during Bio-Gel
P2 gel-filtration chromatography. As with the OS-PCP
sample, a second fraction eluted near the bed volume
and was identified as monomeric Kdo. The linkage anal-
ysis of the HF-treated OS-W indicated the presence of
terminally linked GalN and 3-linked Hep. The absence
of Rha, Glc, and FucNAc supported the conclusion that
the isolated OS-W did not contain either A- or B-band
polysaccharide or the outer core oligosaccharide. These
data also supported the conclusion that the glycosyl
sequence of this oligosaccharide is the same as that
described above for the HF-treated OS-PCP sample.
The OS-W was also analyzed by mass spectrometry.

As with the OS-PCP sample, molecular ions were
observed due to the presence of the tetrasaccharide
containing from three to six phosphate groups; for
example, [M�H]� ions with m/z of 1136.1, 1216, 1296,
and 1376. This result shows that the OS-W fraction con-
tained the same oligosaccharides as found in the OS-
PCP fraction described above. However, unlike the
OS-PCP sample, the OS-W sample contained an addi-
tional species with a molecular ion at m/z 1259.0, which
is consistent with a triphosphorylated tetrasaccharide
core with an additional PEA group. The m/z 1259 ion
was particularly significant in intensity during ESIMS
analysis (not shown) in comparison to MALDI-TOF-
MS analysis. The presence of a PEA-containing compo-
nent was also supported by a 1D 1H NMR spectrum
that showed a relatively strong signal at 3.22 ppm, indi-
cating that the OS-W sample was comprised of a signif-
icant number of molecules containing PEA. This signal
was absent from the 1H NMR spectrum of the OS-PCP
sample. As with the OS-PCP sample described above,
31P NMR analysis showed the presence of both mono-
and pyrophosphate groups.
In order to determine the probable location of the

PEA signal, as well as the mono- and pyrophosphate
substituents, further separation of the OS-W compo-
nents was accomplished by gel-filtration chromatogra-
phy using Bio-Gel P4 (fine). Two overlapping OS-W
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fractions were obtained, OS1-W and OS2-W. 1H NMR
analysis of the two fractions (Fig. 6) showed that
OS1-W was greatly enriched in oligosaccharides that
contained a PEA substituent (as evidenced by the
PEA–CH2–NH3

+ methylene signal at 3.22 ppm) while
OS2-W largely lacked PEA. Detailed NMR analysis
was done on the OS1-W fraction. The assignments of
the various resonances were determined by a series of
NMR experiments, including gCOSY, TOCSY, and
gHSQC. These assignments are shown in Table 3. The
results indicated that the OS1-W fraction consisted of
a number of oligosaccharides that differed from one an-
other depending on whether HepI was substituted with
pyrophosphate or PPEA. The location of the PPEA
Figure 6. 1H NMR spectra of the OS1-W (A) and OS2-W (B) Bio-Gel P4 fr
non-PEA-containing (OS2-W) fractions.
group was shown to be present at O-2 of HepI by a
31P–1H HMQC-TOCSY experiment (Fig. 7).

3.4. Analysis of the A-band DD-rhamnan from

the galU mutant

As described above, while the purified LPS, either LPS-
PCP or LPS-W, did not contain B-band or A-band gly-
cosyl components, DOC–PAGE immunoblot analysis
of the SDS-extract from galU mutant cells revealed that
it produced material that reacts with antibody to the A-
band LPS (Fig. 1B), and was previously shown not
react with antibody to the B-band LPS.18 The difference
in electrophoretic mobility between the wild-type and
actions showing the separation of PEA-containing (OS1-W) from the



Table 3. 1H and 13C NMR assignment of the OS1-W fractiona

Residue H-1 H-2 H-3 H-4 H-5 H-6(a,b) H-7(a,b) H-8(a,b)

GalNAla 5.27/99.08 4.12/50.83 3.95 3.97 4.06 3.74–3.67
HepIa 5.26/99.08 4.73/75.21 (PPEA) 4.2 4.42/70.2 (P) 4.15 4.04 3.68, 3.66
HepIb 5.20/98.73 4.75 (PP) 4.19 4.42/72.8 (P) 4.16 4.04 3.68, 3.67
HepIc(t) 5.17/103.5 4.65 (P) — — — — —
HepIIa,b 5.08/103.06 4.31 4.97 3.89 3.99 4.56 (P) 4.51, 3.92
Kdo 1.81, 2.20 4.04 4.06 3.69 3.76 3.54, 3.51
Ala 1.48 (CH3) 4.03 (a-CH)
PPEA 3.26 ðCH00

2Þ 4.16 ðCH0
2Þ

a A minor component that contains a Hep residue substituted with monophosphate at O-2 (H-1 is at 5.17/103.5 ppm and H-2 is at 4.55 ppm which, in
turn, is connected to a 31P resonance at a �0.1 ppm) is also observed. However, due to the low level of this component, further assignments could
not be made.

Figure 7. 1H–31P HMQC-TOCSY of the OS1-W fraction. The
resonances are assigned as indicated.
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mutant A-band material, and the more diffuse nature of
the wild-type A-band may be due to the presence of B-
band LPS in wild-type LPS preparation or due to the
lack of lipid-A and core oligosaccharide components
in the mutant A-band (see below). During the purifica-
tion of LPS-W, the LPS was purified from the aqueous
phase of the hot phenol–water extract by sedimentation
using ultracentrifugation. Composition analysis of the
supernatant showed the presence of Rha, Man, and
GlcNAc, and the absence of any detectable fatty acids
or typical core oligosaccharide glycosyl residues, indi-
cating that this Rha-containing material was not
attached to a core-lipid A structure. Glycosyl linkage
analysis showed the presence of 2-linked and 3-linked
Rha in a 1:2 ratio with a small amount of terminal
rhamnose. In addition, 4-linked Man and 4-linked Glc-
NAc were detected. The Rha linkages are consistent
with the structure of the A-band polysaccharide, and
therefore, these results probably explain the presence
of anti-A-band reactive material in the galU mutant.
During its synthesis, the A-band polysaccharide is
reported to be linked to O-3 of a GlcNAc, that is, in
turn, attached to an undecaprenyl lipid.30 However, 3-
linked GlcNAc was not detected in the A-band polysac-
charide from the galU mutant; only 4-linked GlcNAc
was observed.
The 1H NMR analysis of the isolated and purified A-

band material (spectrum not shown) showed the pres-
ence of three anomeric protons with chemical shifts of
5.2, 5.04, and 4.98 ppm, respectively, indicating a trisac-
charide repeat. The signals for the methyl protons of
Rha were also observed at 1.3 ppm, as well as several
low-intensity signals around 2.0 ppm, indicating the
presence of small amounts of O-acetyl and N-acetyl sub-
stituents. Hence these data confirm the fact that the
galU mutant synthesizes A-band polysaccharide but
that it is not present as A-band LPS; that is, it is not
attached to the lipid A/core region of the LPS.
4. Discussion

The mutant strain investigated in this study originated
by nonpolar inactivation of the galU gene of PA103, a
serogroup O11 strain.18 The galU gene encodes UDP-
glucose pyrophosphorylase activity that utilizes Glc-1-P
and UTP (uridine triphosphate) to synthesize UDP-
Glc; a precursor required for LPS-core OS biosynthesis.
Hence, the galU mutation resulted in LPS-core trunca-
tion presumably due to its inability to incorporate Glc
into the core region of the LPS. The inability to add
Glc to the core region resulted in the expected trun-
cated core consisting of the inner core region of a-Gal-
N(Ala)-(1!3)-a-HepII(7Cm)-(1!3)-a-HepI-(1!5)-Kdo
in which the HepI residue contains phosphate, pyrophos-
phate, pyrophosphoethanolamine, or triphosphate at
O-2, phosphate at O-4, and in which HepII can be occa-
sionally monophosphorylated at O-6. These structures
are summarized in Figure 8. The glycosyl structure of
the LPS from the galU mutant is the same as that
reported for DalgC mutants of PAO1 and PAC1R, sero-
groups O5 and O3, respectively, which are defective in
the mutase enzyme activities that convert Man-6-phos-
phate and Glc-6-phosphate into their respective 1-phos-
phates.13 However, differences between the PA103 galU

mutant and the DalgC mutants were observed in the
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Figure 8. A summary of the LPS oligosaccharide structures found on
the PA103 galU mutant.
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phosphorylation pattern of the inner core region. The
DalgC mutants from serogroups O3 and O5 contained
up to four phosphate groups, two of which were part
of a –PPEA residue attached to O-2 of HepI in the case
of the serogroup O5 mutant, with another of the phos-
phates residing on O-6 of HepII for both mutants.13 In
our case of the PA103 galUmutant, the inner core region
was more heterogeneous in its phosphorylation pattern
containing up to six phosphate groups, including a pos-
sible -PPP group. In addition, it was possible to separate
oligosaccharides containing –PPEA from those not con-
taining this substituent, and analysis of the –PPEA-con-
taining structure showed that this group was located on
O-2 of HepI as was reported for the DalgC mutants.
Thus, the galU mutant produces truncated LPS with a
higher level of phosphorylation, a greater level of hetero-
geneity in phosphorylation, and the possible presence
of a -PPP group on HepI in some molecules. The differ-
ences in phosphorylation pattern between the galU ver-
sus the DalgC mutants could be due to serogroup
variation; that is, O3 and O5 for the DalgC mutants ver-
sus O11 in the case of the galU mutant.
It is not surprising that the PA103 galU mutant does

not produce B-band LOS since the truncated core region
would not serve as an acceptor for the B-band polysac-
charide. Likewise, this truncated LOS would also not
serve as an acceptor for the A-band polysaccharide.
Nevertheless, the A-band polysaccharide was detected
using anti-A-band mAb, as well as by chemical analysis.
However, this A-band polysaccharide material does not
appear to be part of the LPS since no core or lipid-A
components were detected. Therefore, it is likely that
the A-band polysaccharide is synthesized on its undeca-
prenol phosphate carrier but cannot be transferred to
the truncated core region of the PA101 galU mutant
LPS, as was reported by Sadovskaya et al.31 for strains
AK1401 and AK1012.
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