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Rhizobial lipopolysaccharide (LPS) is required to establish
an effective symbiosis with its host plant. An exo5 mutant
of Rhizobium leguminosarum RBL5523, strain RBL5808,
is defective in UDP-glucose (Glc) dehydrogenase that con-
verts UDP-Glc to UDP-glucuronic acid (GlcA). This
mutant is unable to synthesize either UDP-GlcA or UDP-
galacturonic acid (GalA) and is unable to synthesize extra-
cellular and capsular polysaccharides, lacks GalA in its
LPS and is defective in symbiosis (Laus MC, Logman TJ,
van Brussel AAN, Carlson RW, Azadi P, Gao MY, Kijne
JW. 2004. Involvement of exo5 in production of surface
polysaccharides in Rhizobium leguminosarum and its role
in nodulation of Vicia sativa subsp. nigra. J Bacteriol.
186:6617–6625). Here, we determined and compared the
structures of the RBL5523 parent and RBL5808 mutant
LPSs. The parent LPS core oligosaccharide (OS), as with
other R. leguminosarum and Rhizobium etli strains, is a
Gal1Man1GalA3Kdo3 octasaccharide in, which each of the
GalA residues is terminally linked. The core OS from the
mutant lacks all three GalA residues. Also, the parent
lipid A consists of a fatty acylated GlcNGlcNonate
or GlcNGlcN disaccharide that has a GalA residue at the
4′-position, typical of other R. leguminosarum and R. etli
lipids A. The mutant lipid A lacks the 4′-GalA residue,
and the proximal glycosyl residue was only present as
GlcNonate. In spite of these alterations to the lipid A and
core OSs, the mutant was still able to synthesize an LPS
containing a normal O-chain polysaccharide (OPS), but
at reduced levels. The structure of the OPS of the
mutant LPS was identical to that of the parent and
consists of an O-acetylated →4)-α-D-Glcp-(1→3)-α-D-
QuipNAc-(1→ repeating unit.
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Introduction

The outer leaflet of the outer membrane of the Gram-negative
bacterial cell envelope is built of lipopolysaccharide (LPS;
Raetz and Whitfield 2002). The LPS consists of three distinct
structural regions: a rather conserved lipid A, a more variable
core oligosaccharide (OS) and an even more variable O-chain
polysaccharide (OPS). LPSs are well known as virulent deter-
minants in, which all three structural regions play important
roles in interacting with the defense mechanism of the host
cells. Depending on the structure, lipid A is non-reactive and
either activates or inhibits activation of the host’s innate
immune response (Raetz and Whitfield 2002; Raetz et al.
2007). The core OS structure affects the stability of the bac-
terial membrane (Frirdich and Whitfield 2005) and is also a
determinant of OPS ligation (Heinrichs et al. 1998, 1999;
Raetz and Whitfield 2002; Kaniuk et al. 2004). The OPS is
required for the virulence of a bacterial pathogen and its pres-
ence often enables the bacterium to counteract host defense
mechanisms (for reviews, see Raetz and Whitfield 2002;
King et al. 2009).
Rhizobium leguminosarum biovar viciae 5523, the topic of

this paper, is a symbiotic nitrogen-fixing member of the
Rhizobiales. The LPSs from strains of R. leguminosarum and
Rhizobium etli, as with bacterial animal pathogens, have three
structural regions as described in the previous paragraph, and
the OPS and lipid A regions are important in the interaction
with their legume hosts (for reviews, see Kannenberg et al.
1998; Price 1999; De Castro et al. 2008; Carlson et al. 2010).
Figure 1 shows the structure of the LPSs from R. legumino-
sarum bv. viciae 3841 and R. etli CE3 (Forsberg et al. 2000;
Forsberg and Carlson 2008). The LPSs from R. legumino-
sarum and R. etli species share a common core–lipid A struc-
ture, vary in their OPS structures and have a number of
unusual features compared with structures observed for
enteric bacterial species (Carlson et al. 2010).
Rhizobial mutants having LPSs that lack or are deficient in

the level of the OPS are symbiotically defective (Carlson
et al. 1987; Cava et al. 1989; Stacey et al. 1991; Carlson and
Krishnaiah 1992; Perotto et al. 1994; Noel et al. 2000;
Forsberg et al. 2003). Furthermore, in the case of

1To whom correspondence should be addressed: Tel: +1-706-542-4439; Fax:
+1-706-542-4412; e-mail: rcarlson@ccrc.uga.edu

Glycobiology vol. 21 no. 1 pp. 55–68, 2011
doi:10.1093/glycob/cwq131
Advance Access publication on September 2, 2010

© The Author 2010. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com 55



R. leguminosarum and R. etli, subtle changes occur to the
OPS during symbiosis (Kannenberg and Carlson 2001; Noel
et al. 2004; D’Haeze et al. 2007). These OPSs are linked to
the external Kdo (Kdo III) residue of the core OS. Thus,
when the OPSs are prepared from the LPSs by mild acid
hydrolysis, they are obtained without being attached to the
core OS. Genetic regions required for the biosynthesis of
OPSs have been identified in the genomic sequences
(Gonzalez et al. 2006; Young et al. 2006) for both R. legumi-
nosarum bv. viciae 3841 (RL0794–RL0826) and R. etli CE3
(RHE_CH00745–RHE_CH00772, also known as the lpsα
region; Cava et al. 1989, 1990; Duelli et al. 2001).
Interestingly, even though both these OPSs are heteropolysac-
charides, the synthesis of R. etli CE3 OPS likely occurs by a
wzy-independent mechanism as its genetic region lacks wzy

and, instead, contains wzm and wzt, which encode the ABC
transporter, the mutation of, which results in a mutant that
lacks OPSs (Lerouge et al. 2001). The mechanism by, which
R. leguminosarum bv. viciae 3841 OPS is synthesized is not
yet known because neither wzm/wzt nor wxy/wzx homologs
are present in its OPS genetic region.
It has been determined that structural changes occur to

R. leguminosarum bv. viciae 3841 and R. etli CE3 OPSs
during symbiosis of their respective hosts (Kannenberg and
Carlson 2001; Noel et al. 2004; D’Haeze et al. 2007). The
R. leguminosarum bv. viciae 3841 OPS is altered in its
O-acetylation and methylation (Kannenberg and Carlson
2001), whereas the R. etli CE3 OPS adds a single methyl
group to O2 of a fucosyl residue in one of its repeat units
(Noel et al. 2004; D’Haeze et al. 2007). The gene encoding

Fig. 1. Structures of the LPSs reported for R. etli CE3 (Forsberg et al. 2000) and R. leguminosarum biovar viciae 3841 (Forsberg and Carlson 2008). The core–
lipid A portion of the LPS is identical in structure in these strains and the structure of each OPS is as shown.
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this methyl transferase was originally identified as lpeM and
is now known as wreM. It encodes a protein, WreM, which
contains both the methylation (WreMα) and glycosyl transfer-
ase (WreMβ) activities (Ojeda et al. 2010). The symbiotic
phenotype of the wreMα mutant is a delay in nodulation and
a reduction in nodule number at early times after inoculation,
which is corrected at later times (Noel et al. 2004; Ojeda
et al. 2010). Thus, the additional 2-O-methylation of a fucosyl
residue facilitates, but is not required for symbiosis. In the
case of R. leguminosarum bv. viciae 3841, the LPS becomes
hydrophobic during symbiosis as does the entire bacteroid
(Kannenberg and Carlson 2001). It also produces a second
polysaccharide that is composed of xylose, mannose (Man)
and glucose (Glc) (Kannenberg and Carlson 2001; Forsberg
and Carlson 2008). Thus, it is apparent that the presence of
the OPS and the structural changes that occur are important
for symbiosis.
During LPS synthesis in Gram-negative bacteria, the core

OS structure is an important determinant for ligation of the
OPS. Although changes are reported to occur to fatty acylation
pattern of the lipid A region of R. leguminosarum bv. viciae
3841 and R. etli CE3 LPSs during symbiosis (Kannenberg and
Carlson 2001; D’Haeze et al. 2007), it has been shown that
the core OS region of R. leguminosarum and R. etli LPSs (see
Figure 1) is not modified during symbiotic infection
(Kannenberg and Carlson 2001; D’Haeze et al. 2007). Unlike
the core OS from the enteric LPS, the core region of R. legumi-
nosarum and R. etli lacks heptosyl residues as well as phos-
phorylated substituents such as phosphoethanolamine. Instead,
the core OS from R. leguminosarum and R. etli strains has a
common structure consisting of an octasaccharide containing
one Man, one galactose (Gal), three GalA and three
3-deoxy-D-manno-2-octulosonic acid (Kdo) residues (Carlson
et al. 1995; Forsberg and Carlson 1998; Kannenberg et al.
1998). All of the GalA residues are terminally linked: one to
the Man and two to the branching internal Kdo residue (Kdo II
in Figure 1). The most recently identified genes that encode
enzymes for the synthesis of the core OS are those encoding
the transferases responsible for the addition of the GalA resi-
dues: rgtA, rgtB and rgtC (Kanjilal-Kolar et al. 2006).
Interestingly, the GalA donor for these transferases is
dodecaprenyl-P-GalA and not UDP-GalA (Kanjilal-Kolar and
Raetz 2006). We have hypothesized that the unusual structural
features of the core OS, particularly the terminal GalA residues,
are important for establishing a fully effective symbiosis with
the host and, possibly, for LPS biosynthesis. Core mutants that
lack the OPS form defective Fix− nodules and, therefore, any
mutant that is defective in the addition of the Man, Gal or the
external Kdo would lack OPS and be Fix−. In fact, a mutant
that is defective in the synthesis of UDP-Gal (an exoB mutant)
has been shown to lack the OPS (Laus et al. 2004).
It has been shown from the above that the core OS structure

is a determinant for ligation of the OPS for various enteric
bacterial species. The importance of the terminal GalA resi-
dues for OPS ligation to the core–lipid A and symbiosis in
R. leguminosarum strains is not known. Here, we present
structural studies on LPSs isolated from R. leguminosarum
strain RBL5523 and its exo5 mutant RBL5808 that is defec-
tive in UDP-Glc dehydrogenase and unable to synthesize

UDP-GlcA and, therefore, UDP-GalA. As reported by Laus
et al. (2004), this single gene mutation resulted in multiple
phenotypic changes: (i) the loss of extracellular polysacchar-
ide (EPS) which contains GlcA as an integral part of the
repeating unit, (ii) the absence of GalA in the LPS, (iii) a
reduced level of OPSs and (iv) as with other EPS minus
mutants, is symbiotically defective (i.e. it is impaired in the
colonization of infection threads). The lack of the LPS GalA
residues allowed us to determine how their absence affects the
biosynthesis of the LPS by characterizing the structures of the
OPS, core OS and lipid A from the parent and exo5 mutant.

Results
Initial LPS analysis
Deoxycholate-polyacrylamide gel electrophoresis (DOC-PAGE)
analysis of phenol/water-extracted LPS is shown in Figure 2.
For both the mutant and the parent, phenol/water extraction
results in a high high-molecular weight/low-molecular weight
(HMW/LMW) LPS ratio preparation in the phenol layer and a
low ratio in the water layer material. The HMW LPS for both
the parent and the mutant shows a compact ladder banding
pattern, indicating variation, although limited, in the number of
OPS repeat units in these LPSs. The mutant HMW LPS seems
to have greater variation in that it has a slightly broader
banding pattern than that of the parent LPS. In addition, the
mutant LPS has a lower HMW/LMW LPS band intensity ratio
in both the water and phenol phase layer material, indicating
that it contains reduced amounts of LPSs with OPSs as
reported by Laus et al. (2004). However, this effect is not
noticeable in the phenol layer LPS when silver staining
includes the use of Alcian blue in the fixing solution (compare
well 4 of panel A with well 4 of panel B in Figure 2). Alcian

Fig. 2. DOC-PAGE analysis of R. leguminosarum LPSs extracted with hot
phenol/water and purified by ultracentrifugation. Samples (2 µg each) were
loaded onto gel and stained as follows. The gel was fixed in the absence
(A) or presence (B) of Alcian blue, followed by silver staining. Lanes:
R. leguminosarum biovar viciae 5523 LPS obtained from (1) the water layer
and (2) the phenol layer; mutant 5808 LPS obtained from (3) the water layer
and (4) the phenol layer.
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blue is a cationic dye that presumably binds to anionic poly-
mers and, therefore, its increased binding to the mutant 5808
LPS, which has reduced anionic character due to the loss of
GalA residues was unexpected. The chemical basis for this
increased binding requires further investigation. A faint, fast
migrating band in 5808 LPS extracted into the phenol layer
(Panel B, Lane 4) was also observed, which is likely due to
trace amounts of free lipid A. This band was observed in both
the parent and mutant LPSs when the samples were separated
in the presence of DOC (see Figure 3). The presence of a
larger amount of HMW LPSs in the phenol layer than in the
water layer for both the parent and the mutant indicates that
these LPSs contain rather hydrophobic OPSs. As, for both the
parent and mutant strains, this LPS fraction is enriched in
HMW LPSs that contains OPSs, it was used for structural
analysis of the OPS.
Composition analysis of the LPS revealed that, in contrast

to the parent RBL5523, the mutant RBL5808 LPS does not
contain GalA, which corroborated results previously reported
by Laus et al. (2004). This result is inconsistent with the fact

that the mutant is defective in the synthesis of UDP-GlcA,
which is the necessary precursor for UDP-GalA (Laus et al.
2004). As GalA is a major component in the core and lipid A
LPSs and in the structural regions of R. leguminosarum and
R. etli LPSs (see Figure 1), this suggested that the mutant
5808 LPS should be altered in both its core and lipid A struc-
tures. Both the parent and mutant LPS preparations contain
D-Man, Kdo, D-Glc and N-acetylquinovosamine D-QuiNAc,
with the latter two glycoses being the major glycosyl residues.
The LPSs from R. etli CE3 and R. leguminosarum bv. viciae
3841 also contain QuiNAc in their OPSs (Forsberg et al.
2000; Forsberg and Carlson 2008); however its stereochemical
configuration was assigned as “L” based on nuclear
Overhauser effect (NOE) observations from other glycosyl
reference points (Forsberg and Carlson 2008). The assignment
of the absolute “D” configuration of QuiNAc in the LPSs
from R. leguminosarum bv. viciae 5523 and its exo5 5808
mutant is based on comparison of the GC retention time of its
trimethylsilyl (TMS) 2-(−)-butyl glycoside with those of
L-QuiNAc found in R. etli CE3 or R. leguminosarum bv.
viciae 3841 LPSs (Forsberg et al. 2000; Forsberg and Carlson
2008). Characteristic lipid A components were also present, that
is, D-GlcN, 2-aminogluconate (GlcNonate), β-hydroxymyristic
(β-OHC14:0), β-hydroxypentadecanoic (β-OHC15:0), β-hydro-
xypalmitic (β-OHC16:0), β-hydroxystearic (β-OHC18:0) and the
very-long-chain fatty acid (VLCFA) 27-hydroxyoctacosanoic
acid (27-OHC28:0). Small amounts of C18:1 and C19:1 were
detected in both LPS samples due to slight contamination by
phospholipids.
The HMW and LMW LPSs for the parent and mutant prep-

arations were separated using size exclusion chromatography
(SEC) in the presence of DOC buffer. The result of this separ-
ation was confirmed by DOC-PAGE analysis and is shown in
Figure 3. The indicated HMW and LMW fractions for the
parent and mutant LPS preparations were collected and sub-
jected to further analysis as described below.

The R. leguminosarum 5808 mutant produces an altered
core OS
Both the parent and mutant LMW LPSs were subjected to
mild acid hydrolysis, and the carbohydrate components were
compared by high-performance anion exchange chromato-
graphy (HPAEC; Figure 4). The profile for R. etli CE3 is
shown in Figure 4A and is typical for the core OSs from
R. etli and R. leguminosarum LPSs that were characterized in
previous reports (Carlson et al. 1995; Forsberg and Carlson
1998; Kannenberg et al. 1998; Kannenberg and Carlson
2001). By comparing with R. etli CE3 core components, the
core OSs for Rlv RBL5523 are monomeric Kdo (peak 1),
monomeric GalA (peak 2), tetrasaccharide GalA1Gal1Man1
Kdo (peak 3), anhydro versions of the tetrasaccharide (peaks
4 and 5) and the trisaccharide GalA2Kdo (peak 6). These
results support the conclusion that the parental RBL5523 LPS
contains the same core structure as that shown in Figure 1 for
the LPSs from R. leguminosarum biovar viciae 3841 and
R. etli CE3. The mutant RBL5808 LPS (Figure 4B) shows
only three major early eluting peaks, one of which, is mono-
meric Kdo, and the remaining two peaks having retention
times that are different from any of the parent or other typical

Fig. 3. DOC-PAGE analysis of the R. leguminosarum biovar viciae 5523
(top) and the mutant 5808 LPS (bottom) fractions eluting during S100 gel
filtration in the presence of DOC buffer. HMW LPS, high-molecular weight
LPS that contains the OPS; LMW LPS, low-molecular weight LPS that lacks
or may contain truncated OPS.
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core OSs found in R. etli or R. leguminosarum. However,
comparison with the LPS from R. etli mutant CE109 shows
that mutant RBL5808 LPS contains monomeric Kdo and an
OS with a retention time identical to the Gal-Man-Kdo trisac-
charide reported in the CE109 core (Carlson et al. 1989).
Composition analysis of the mutant LMW LPS showed only
the presence of Gal, Man and Kdo as well as the lipid A com-
ponents, results that are consistent with these HPAEC results.
Considering the structure of the LPS core region shown in
Figure 1, the lack of GalA in the core region would, on mild
acid hydrolysis of the LPS, produce increased amounts of
monomeric Kdo (i.e. both Kdo II and Kdo III would be
released as monomeric Kdo from the mutant rather than just
Kdo III) and a Gal-Man-Kdo trisaccharide in, which Kdo
could also exist as an anhydro residue. Due to the lack of
GalA, a Gal-Man-Kdo trisaccharide with normal and anhydro
Kdo would be produced together with the monomeric Kdo,
which is consistent with what we observe.

The 5808 mutant produces a lipid A that lacks GalA and
exclusively has GlcNonate as the proximal residue
The comparative study of the lipid A compositions from the
parent RBL5523 and the mutant RBL5808 was performed
using fatty acid methyl esters (FAME) and matrix-assisted
laser desorption ionization-time-of-flight mass spectrometry
(MALDI-TOF-MS) analyses. Similar fatty acid compositions

were observed for both lipid A preparations (see Table I),
where the most abundant fatty acids were β-OHC14:0,
β-OHC18:0, β-OHC16:0, β-OHC15:0 and the VLCFA
27-OHC28:0. Trace amounts of C16:0 and C18:0 were also
observed. Based on these results and those from previous
studies on rhizobial lipid A (Bhat et al. 1991, 1994), we
expected to observe size heterogeneity in the lipid A during
MALDI-TOF-MS analysis. Indeed for both lipid A prep-
arations, two major cluster of ions reflecting the presence of
penta- and tetraacylated (lacking a β-OHC14:0 acyl group)
lipid A species were observed (see Panels A and B in
Figure 5, and Table II). Structures of the various ions
observed in the 5523 parent lipid A have been previously
reported for R. etli and R. leguminosarum strains (Que et al.
2000; Vedam et al. 2003). Based on these reports and on our
composition and MS data (Figure 5 and Table III), structures
consistent with each of the ions observed for the parent 5523
and the mutant 5808 lipid A preparations are proposed and
shown in Figure 6.
When the lipid A of the parent is compared with that of the

mutant, the major penta- and tetraacylated ion clusters in the
mutant lipid A were reduced by a mass of 176.5 amu, which
is in consistent with the lack of a GalA residue in the mutant
lipid A. The parent lipid A preparation shows ions consistent
with pentacylated and tetraacylated lipid A in, which the
proximal glycosyl residue can be either GlcNonate,
GlcNonolactone (see Figure 6, structures A and D) or GlcN
(Figure 6, structures B and C). Structure D is likely a result of
lactone formation and acid-catalyzed β-elimination of the
β-OHC14:0 acyl group during preparation of the lipid A by
mild acid hydrolysis. The ions observed for the lipid A of
mutant strain 5808 (Figure 5B) were consistent with the proxi-
mal residue being present only as GlcNonate for both penta-
and tetraacylated lipid A species (see structures E and F in
Figure 6, and Table II). Ions consistent with structures in,
which the proximal residue was GlcN or GlcNonolactone
were not observed in the mutant lipid A preparation. Both

Fig. 4. Comparative DIONEX HPAEC analysis of the OSs released by mild
acid hydrolysis of the LMW LPS from R. etli CE3 (A), R. leguminosarum
biovar viciae 5523 (B, solid line) and the mutant 5808 (B, dashed line). The
peaks are: 1, Kdo; 2, GalA; 3, tetrasaccharide; 4 and 5, anhydroKdo versions
of the Gal(GalA)ManKdo tetrasaccharide; 6, GalA(GalA)Kdo trisaccharide;
7, GalManKdo trisaccharide as reported by Carlson et al. (1989); 8, possibly
an anhydroKdo version of 7.

Table I. Fatty acid composition of the R. leguminosarum biovar viciae 5523
and the mutant 5808 lipid A preparations

FAME-TMS Distribution of fatty acids in
lipid A (%)

5523 5808

C16:0 1.1 1.9
C18:0 1.7 0.3
β-ΟHC14:0 42 37
β-ΟHC15:0 4.6 3.5
β-ΟHC16:0 18 21
β-ΟHC18:0 32 36
27-OHC28:0 (VLCFA) ++ ++

β-ΟHC14:0, β-hydroxymyristic acid; β-ΟHC16:0, β-hydroxypalmitic acid;
β-ΟHC18:0, β-hydroxystearic acid; β-ΟHC15:0, β-hydroxypentadecanoic
acid. VLCFA 27-OHC28:0 (27-hydroxyoctacosanoic acid) was present in
substantial amounts (i.e., the GC peak area of its fatty acid methyl ester was
as large as that of β-OHC14:0) but not quantified. However,
MALDI-TOF-MS analysis (see Figures 6 and 7 and Table II) showed that all
lipid A structures present contain one 27-OHC28:0 moiety. Trace amounts of
C16:0 and C18:0 were also detected, possibly due to slight contamination by
phospholipids.
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lipid A preparations consist of various structures due to the
presence and absence of β-hydroxybutyryl (β-OHC4:0, 86
amu) substitution of the 27-OHC28:0 and also due to vari-
ation in fatty acid chain length (28 amu).

The OPS from both the parent and mutant LPSs is a
polymer of a Glc–QuiNAc repeating disaccharide
It has been previously suggested that the OPS in the R. legumi-
nosarum RBL5523 and its exo5 mutant, 5808, LPSs consists
of Glc and QuiNAc because these two sugars were present in
substantial amounts (Laus et al. 2004). Our results are in agree-
ment with this finding. To confirm that these two most abun-
dant sugars are the OPS components, we liberated the
polysaccharide from the lipid A using mild hydrolysis. Due to
the unique structures of the R. leguminosarum and R. etli LPSs
in which the OPS is attached directly to an external core Kdo,
residue, we were able to separate the OPS from other core frag-
ments by gel-filtration chromatography as described for other
rhizobial LPSs (for a review, see Kannenberg et al. 1998).
Composition analysis revealed that both parent RBL5523 and
the RBL5808 mutant strains have compositions with an

approximate 1:1 ratio of D-Glc and D-QuiNAc and trace levels
of Kdo, which is likely the external core Kdo III residue.
Methylation analysis of each OPS resulted in a 1:1 molar ratio
of 4-linked Glc:3-linked QuiNAc. There were also detectable
trace amounts (1–2%) of terminally linked Glc and QuiNAc.
MALDI-TOF-MS analysis of the OPS showed a number of

ion clusters that differed from one another by approximately
350 amu, which is in consistent with that of the Glc–QuiNAc
dimeric repeat units (a calculated mass of 349.3 amu). These
clusters are observed within a range from 3000 to 5000
amu and the ions within each cluster vary from one another
by 42 amu signals, indicating O-acetyl groups in the O-chain.
The multiple 42 amu increments were reduced after alkaline
de-O-acetylation (Figure 7). Analysis of de-O-acetylated
OPSs clearly showed similar distribution of major ions in the
parent and the mutant OPSs with increments of 350 amu con-
sistent with Glc–QuiNAc disaccharide. The most intense ion
for both parent and the mutant OPSs was m/z 3360 with ions
of lesser intensity at m/z 3711, 4061 and 4413. Considering
the presence of one Kdo residue at the reducing end of each
OPS molecule, the major portion of these OPSs has between
9 and 12 Glc–QuiNAc disaccharide repeat units. There were
also less prominent signals in the MALDI-TOF-MS spectrum
of the parent OPS that were approximately 45 amu lower than
those of the major signals. These ions likely arise from decar-
boxylation of Kdo often observed in MALDI-TOF-MS analy-
sis. The reason for the lack of these ions in the spectrum of
the mutant OPS is not known; however, further structural
analysis by nuclear magnetic resonance (NMR) spectroscopy
(described in the NMR spectroscopy section) did not reveal
any detectable structural differences between the parent and
the mutant OPSs.
To reveal the complete structure of the OPS, one- and two-

dimensional NMR spectroscopic analyses were performed on
the parent and the mutant OPSs. Analysis of the parent OPS
gave results that were identical to those of the mutant OPS.
Due to the heterogeneity of OPS O-acetylation, the glycosyl
sequence was determined using NMR analysis of the
de-O-acetylated samples. The proton and carbon chemical
shift values for each glycosyl residue were determined utiliz-
ing 1D proton (1H NMR) (Figure 8 compares the parent and
mutant OPS spectra), 2D 1H–1H correlation spectroscopy
(COSY; not shown) and total correlation spectroscopy
(TOCSY; Figure 9A), and 1H–13C heteronuclear single
quantum coherence (HSQC; Figure 10) experiments. These
assignments are given in Table III. Two glycosyl ring systems
were present with anomeric proton resonances at δ 5.02 ppm
(J1,2 = 3.9 Hz) for residue A and at δ 4.86 ppm (J1,2 = 3.3 Hz)
for residue B. The chemical shift values and small J1,2 coup-
ling constants for these protons show that both residues A and
B are α-anomers. The H1 A proton (δ 5.02 ppm) showed
strong correlations in COSY and TOCSY with H2 (δ 3.47
ppm), H3 (δ 3.74 ppm), H4 (δ 3.55 ppm), H5 (δ 3.74 ppm)
and H6 and H6′ (δ 3.66 and 3.74 ppm), and the coupling
constants between these protons were large and, therefore,
consistent with residue A having a gluco configuration. In
the case of residue B, H1 (δ 4.86 ppm) is coupled to H2 (δ
4.13 ppm), H3 (δ 3.74 ppm), H4 (δ 3.30 ppm), H5 (δ 3.19
ppm) and H6 (δ 1.26 ppm). The chemical shift of H6 at δ

Fig. 5. MALDI-TOF-MS analysis of lipid A isolated from the R.
leguminosarum biovar viciae 5523 LPS (A) and the 5808 mutant (B). Each
lipid A shows two clusters of ions. The smaller molecular weight cluster
differs from the larger one due to the lack of a β-ΟHC14:0 fatty acyl residue.
The ion masses for the mutant 5808 lipid A are less than those of the parent
5523 lipid A due to the lack of a GalA residue. Proposed compositions for
the ions observed are given in Table II.
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1.26 ppm shows that residue B is a 6-deoxyhexose. The
chemical shift of C2 of residue B at δ 53.8 ppm shows that
C2 has an attached nitrogen and, therefore, residue B is
6-deoxy-2-N-acetylaminohexose, that is, QuiNAc.
The combination of glycosyl composition, linkage and the

above NMR results supports the conclusion that these OPSs
have a →4)-α-D-Glcp-(1→3)-α-D-QuiNAcp-(1→ repeat unit.

This conclusion was supported by a nuclear Overhauser effect
spectroscopy (NOESY) experiment (Figure 9B). As shown in
Figure 9, inter-residue interactions were observed between A
H1 (δ 5.02 ppm) and B H3 (δ 3.74 ppm), and between B H1
(δ 4.86 ppm) and A H4 (δ 3.55 ppm). The downfield chemi-
cal shifts of A C4 (δ 76.3 ppm) and B C3 (δ 78.3 ppm) also
support substitution at these positions.

Table II. The major ions observed in MALDI-TOF-MS spectrometry of lipid A of the R. leguminosarum biovar viciae 5523 parent and 5808 mutant strains with
proposed compositions

Strain Observed [M-H]− Calc. [M-H]− Proposed composition

RBL5523
Structure A 2057.4 2057.9 GalA,GlcNGlcNonate,β-OHC14:02,β-OHC18:02,27-OHC28:0,β-OHC4:0

1971.5 1971.8 GalA,GlcNGlcNonate,β-OHC14:02,b-OHC18:02,27-OHC28:0
2029.6 2029.8 GalA,GlcNGlcNonate,β-OHC14:02,β-OHC18:0,β-OHC16:0,27-OHC28:0,β-OHC4:0
1943.5 1943.8 GalA,GlcNGlcNonate,β-OHC14:02,β-OHC18:0,β-OHC16:0,27-OHC28:0
2001.5 2001.8 GalA,GlcNGlcNonate,β-OHC14:02,β-OHC16:02,27-OHC28:0,β-OHC4:0
1915.4 1915.7 GalA,GlcNGlcNonate,β-OHC14:02,β-OHC16:02,27-OHC28:0
1973.4 1973.7 GalA,GlcNGlcNonate,β-OHC14:03,β-OHC16:0,27-OHC28:0,β-OHC4:0
1887.4 1887.7 GalA,GlcNGlcNonate,β-OHC14:03,β-OHC16:0,27-OHC28:0
1945.5 1945.7 GalA,GlcNGlcNonate,β-OHC14:02,β-OHC18:0,β-OHC16:0,27-OHC28:0

Structure B 2041.6 2041.9 GalA,GlcNGlcN,β-OHC14:02,β-OHC18:02,27-OHC28:0,β-OHC4:0
1955.5 1955.8 GalA,GlcNGlcN,β-OHC14:02,β-OHC18:02,27-OHC28:0
2013.6 2013.8 GalA,GlcNGlcN,β-OHC14:02,β-OHC18:0,β-OHC16:0,27-OHC28:0,β-OHC4:0
1927.4 1927.8 GalA,GlcNGlcN,β-OHC14:02,β-ΟHC18:0,β-OHC16:0,27-OHC28:0
1985.5 1985.8 GalA,GlcNGlcN,β-OHC14:02,β-OHC16:02,27-OHC28:0,β-OHC4:0
1899.4 1899.7 GalA,GlcNGlcN,β-OHC14:02,β-OHC16:02,27-OHC28:0
1957.5 1957.8 GalA,GlcNGlcN,β-OHC14:03,β-OHC16:0,27-OHC28:0,β-OHC4:0
1871.3 1871.7 GalA,GlcNGlcN,β-OHC14:03,β-OHC16:0,27-OHC28:0

Structure C 1815.3 1815.5 GalA,GlcNGlcN,β-OHC14:0,β-OHC18:02,27-OHC28:0,β-OHC4:0
1729.2 1729.5 GalA,GlcNGlcN,β-OHC14:0,β-OHC18:02,27-OHC28:0
1787.3 1787.5 GalA,GlcNGlcN,β-OHC14:0,β-OHC18:0,β-OHC16:0,27-OHC28:0,β-OHC4:0
1701.2 1701.4 GalA,GlcNGlcN,β-OHC14:0,β-OHC18:0,β-OHC16:0,27-OHC28:0
1759.2 1759.4 GalA,GlcNGlcN,β-OHC14:0,β-OHC16:02,27-OHC28:0,β-OHC4:0
1673.1 1673.4 GalA,GlcNGlcN,β-OHC14:0,β-OHC16:02,27-OHC28:0
1731.1 1731.4 GalA,GlcNGlcN,β-OHC14:02,β-OHC16:0,27-OHC28:0,β-OHC4:0
1645.1 1645.3 GalA,GlcNGlcN,β-OHC14:02,β-OHC16:0,27-OHC28:0
1703.2 1703.3 GalA,GlcNGlcN,β-OHC14:03,27-OHC28:0,β-OHC4:0
1617.2 1617.2 GalA,GlcNGlcN,b-OHC14:03,27-OHC28:0

Structure D 1795.2 1795.5 GalA,GlcNGlcNonolactone,b-OHC14:0,b-OHC18:02,27-OHC28:0,b-OHC4:0
1709.2 1709.4 GalA,GlcNGlcNonolactone,b-OHC14:0,b-OHC18:02,27-OHC28:0
1767.2 1767.5 GalA,GlcNGlcNonolactone,b-OHC14:0,b-OHC18:0,b-OHC16:0,27-OHC28:0,b-OHC4:0
1681.1 1681.4 GalA,GlcNGlcNonolactone,b-OHC14:0,b-OHC18:0,b-OHC16:0,27-OHC28:0,b-OHC4:0
1739.7 1739.4 GalA,GlcNGlcNonplactone,b-OHC14:0,b-OHC16:02,27-OHC28:0
1654.1 1653.3 GalA,GlcNGlcNonolactone,b-OHC14:0,b-OHC16:02,27-OHC28:0
1711.1 1711.4 GalA,GlcNGlcNonolactone,b-OHC14:02,b-OHC16:0,27-OHC28:0,b-OHC4:0
1625.1 1625.3 GalA,GlcNGlcNonolactone,b-OHC14:02,b-OHC16:0,27-OHC28:0
1683.0 1683.3 GalA,GlcNGlcNonolactone,b-OHC14:03,27-OHC28:0,b-OHC4:0

RBL5808
Structure E 1881.1 1881.8 GlcNGlcNonate,β-OHC14:02,β-OHC18:02,27-OHC28:0,β-OHC4:0

1795.4 1795.4 GlcNGlcNonate,β-OHC14:02,β-OHC18:02,27-OHC28:0
1853.1 1853.7 GlcNGlcNonate,b-OHC14:02,b-OHC18:0,b-OHC16:0,27-OHC28:0,b-OHC4:0
1767.2 1767.6 GlcNGlcNonate,b-OHC14:02,b-OHC18:0,b-OHC16:0,27-OHC28:0
1825.3 1825.7 GlcNGlcNonate,b-OHC14:02,b-OHC16:02,27-OHC28:0,b-OHC4:0
1739.2 1739.6 GlcNGlcNonate,b-OHC14:02,b-OHC16:02,27-OHC28:0
1797.2 1797.6 GlcNGlcNonate,b-OHC14:03,b-OHC16:0,27-OHC28:0,b-OHC4:0
1711.1 1711.5 GlcNGlcNonate,b-OHC14:03,b-OHC16:0,27-OHC28:0

Structure F 1655.2 1655.4 GlcNGlcNonate,β-OHC14:0,β-OHC18:02,27-OHC28:0,β-OHC4:0
1569.2 1570.3 GlcNGlcNonate,β-OHC14:0,β-OHC18:02,27-OHC28:0
1627.0 1627.4 GlcNGlcNonate,β-OHC14:0,β-OHC18:0,β-OHC16:0,27-OHC28:0,β-OHC4:0
1541.9 1541.3 GlcNGlcNonate,b-OHC14:0,b-OHC18:0,b-OHC16:0,27-OHC28:0
1599.0 1599.3 GlcNGlcNonate,b-OHC14:0,b-OHC16:02,27-OHC28:0,b-OHC4:0
1512.9 1513.2 GlcNGlcNonate,b-OHC14:0,b-OHC16:02,27-OHC28:0
1570.9 1571.3 GlcNGlcNonate,b-OHC14:02,b-OHC16:0,27-OHC28:0,b-OHC4:0
1484.9 1485.2 GlcNGlcNonate,b-OHC14:02,b-OHC16:0,27-OHC28:0
1543.0 1543.2 GlcNGlcNonate,b-OHC14:03,27-OHC28:0,b-OHC4:0
1456.8 1457.1 GlcNGlcNonate,b-OHC14:03,27-OHC28:0
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Discussion

Here we show that the R. leguminosarum bv. viciae strain
RBL5523 has an OPS largely consisting of nine to twelve
→4)-α-D-Glcp-(1→3)-α-D-QuiNAcp-(1→ disaccharide repeat
units that is likely linked to the external Kdo residue of the
core region. In addition, this OPS is quite heavily
O-acetylated, which is likely the reason that the HMW LPS
from this strain is preferentially found in the phenol layer
after hot phenol/water extraction. The core–lipid A structure
of R. leguminosarum bv. viciae strain RBL5523 LPS is the
same as observed for R. etli CE3 and R. leguminosarum
biovar viciae 3841. Our results also show that the UDP-Glc
dehydrogenase mutant of strain RBL5523, that is, strain
RBL5808, has an LPS structure that differs from that of strain
5523 in that (i) it lacks all of the GalA residues in the core
that consists of a Kdo-Gal-Man-(Kdo)Kdo- pentasaccharide,
(ii) the lipid A lacks the GalA at the 4′-position of the distal
GlcN residue and the proximal glycosyl residue consists
exclusively of GlcNonate rather than having a portion of the
lipid A in, which this residue is GlcN and (iii) the OPS from
the RBL5808 mutant is reduced in amount but has the same
structure as that of the parent RBL5523. The complete struc-
ture of the LPS from RBL5523 and mutant strain 5808 is
shown in Figure 11.
Laus et al. (2004) suggested that the amount of OPSs in

the exo5 mutant strain was reduced due to the observation
of a relative decrease in the HMW/LMW LPS ratio
observed by silver staining the gel after PAGE. Using the
same procedure, we obtained similar results for the mutant
LPS. However, the effect of this mutation on the HMW/
LMW LPS ratio may not be quite as large as initially indi-
cated (Laus et al. 2004), because when the PAGE gel was
fixed in the presence of Alcian blue prior to silver staining,
we observed an HMW/LMW LPS ratio in the phenol layer
material that appeared to be more similar to that of the
parent RBL5523 LPS (Figure 2). Alcian blue is a cationic
dye that normally binds to acidic polysaccharides; however,
in the case of the mutant RBL5808, the overall charge of
the LPS has been reduced due to the removal of GalA from
the core region, and the OPS structure is unchanged from
that of the parent and does not contained any charged
glycosyl residues or substituents. The chemical basis for the
apparent increase in binding of Alcian blue dye to the
mutant HMW LPS requires further investigation. It may be
that Alcian blue binding is increased by removing GalA
residue and exposing Kdo residues and/or to the increase in
GlcNonate content of the lipid A.

The HMW/LMW LPS ratio reflects the level of LPS that
contains OPS because HMW LPS is the form of LPS, which
has OPS ligated to the core OS. In this study, we were inter-
ested in determining whether or not the terminal GalA
residues in the core region and on the lipid A of R. legumino-
sarum bv. viciae LPS were important for the ligation of the
OPS to the core OS and also how their absence affected the
structure of the LPS. This is important because these terminal
GalA residues are unique to R. leguminosarum and R. etli
LPSs and, therefore, may imply a common functional require-
ment for LPS biosynthesis and/or symbiosis with the host
legume. In the case of the bean symbiont, R. etli CE3, pre-
vious work reported that phenol/water extraction of a mutant,
CE358, produced an LPS that lacked the terminal GalA
attached to the core Man residue and also did not contain the
OPS (Forsberg and Carlson 1998). However, LPSs with some
OPSs were observed in the CE358 LPS extracted with
phenol/EDTA/triethylamine (Ridley et al. 2000). Thus, for
mutant CE358, the missing GalA residue apparently affected
OPS ligation and the extraction properties of the LPS.
However, the mutation in CE358 is in the OPS lpsα gene
region and not in any of the identified R. etli CE3 core GalA
transferase gene orthologs (RHE_CH01318, RHE_CH01317
or RHE_CH01320). Thus, it is difficult to ascertain the
relationship of the CE358 mutation with the effect on either
LPS biosynthesis or symbiosis. In the case of the R. legumi-
nosarum bv. vicae 5808 mutant, which lacks all of the GalA
residues, we observed that the LPS has a lower HMW/LMW
LPS ratio than the parent LPS, but the mutant clearly pro-
duces a significant level of the LPS with the OPS that is unal-
tered in its structure from that of the parent. Therefore,
synthesis and ligation of OPSs to the core OS of R. legumino-
sarum 5523 LPS do not absolutely require the core and lipid
A terminal GalA residues, but the level of OPS ligation to the
core may be somewhat reduced by the lack of these residues.
The structure of the OPSs and the phenotypic characteristics

of the mutant allow some speculation regarding functions of
the various LPS structural features. The OPS structure, in
which Glc is substituted at O4, explains the finding of Laus
et al. (2006) that the LPS of strain RBL5523 is not a ligand for
pea lectin, a host plant protein involved in rhizobial attach-
ment. For binding of pea lectin, the C4- and C6-hydroxyls of
the ligand’s glucosyl residues must be unsubstituted.
The mutant core region completely lacks GalA residues

going from a Kdo-Gal-(GalA)Man-[(GalA)2Kdo]Kdo octasac-
charide to a Kdo-Gal-Man-(Kdo)-Kdo pentasaccharide, that
is, from a core containing six to a core containing three

Table III. The proton and carbon chemical shift assignments for the de-O-acetylated OPS oligosaccharide in the R. leguminosarum RBL5523 parent and 5808
mutant strains

Strain Residue H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6a,b/C6

RBL5523 α-Glc (A) 5.02/99.56 3.47/71.67 3.74/71.67 3.55/76.32 3.74/71.67 3.66,3.74/59.06
α-QuiNAc (B) 4.86/96.90 4.13/53.75 3.74/78.31 3.30/73.67 4.19/67.69 1.26 (CH3)/15.09

RBL5808 α-Glc (A) 5.01/99.56 3.47/71.67 3.74/71.67 3.55/76.32 3.74/71.67 3.66,3.74/59.39
α-QuiNAc (B) 4.86/97.57 4.13/53.75 3.73/78.31 3.30/73.99 4.18/68.36 1.26 (CH3)/16.57

The observed results indicate similar structures and are in agreement with results from methylation analysis and MALDI-TOF-MS analysis.
Residues are given in bold.
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anionic glycosyl residues. Thus, the anionic character of the
core is significantly reduced. Previous work (Laus et al. 2004)
showed that the mutant is more sensitive to detergents, indi-
cating that these missing GalA residues have a role in promot-
ing membrane stability, which could be important during the
endocytotic infection and/or synchronous symbiosome mem-
brane/bacterial division process. The mutant also contains a

lipid A in which, in addition to lacking the 4′-GalA residue,
the proximal glycosyl residue consists exclusively of
GlcNonate rather than as a mixture of GlcN and GlcNonate.
The conversion of GlcN to GlcNonate is carried out by the
outer membrane monooxygenase, LpxQ. It is possible that the
lack of GalA on the lipid A makes this structure a better sub-
strate for LpxQ, and/or it may be that the mutant compensates

Fig. 6. The proposed structures of the major ions observed in MALDI-TOF-MS analysis of the lipid A from the R. leguminosarum biovar viciae 5523 (structures
A–D) and its exo5 mutant, strain 5808 (structures E and F). Proposed compositions of all the ionic species are given in Table II.
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for the loss of LPS anionic character by increased LpxQ
activity, thereby increasing the anionic character of the lipid A
and possibly improving membrane stability.
The symbiotic phenotype of the R. leguminosarum bv.

viciae 5808 mutant was reported by Laus et al. (2004). The
mutant is symbiotically defective in the colonization of the
infection thread, and, when compared with the parent, the
development of host root nodules is delayed. R. legumino-
sarum mutants that lack the OPS portion of their LPSs are
also symbiotically defective; they partially colonize the root
nodule, a minor portion of the host cells contain mutant bac-
teria, bacteroid cell division is disrupted and there is evidence
for the induction of a host defense response (Perotto et al.
1994). As the mutation in the R. leguminosarum 5808 mutant
is pleotropic in that it affects both EPS and LPS, it was not
possible to determine what portion of the symbiotic defect, if
any, may be due to the loss of the GalA residues from the
lipid A and core region of the LPS. However, the recent

Fig. 7. MALDI-TOF-MS analysis of de-O-acetylated OPSs isolated from the
R. leguminosarum biovar viciae 5523 (A) and the 5808 mutant (B). Spectra
were acquired in a negative mode.

Fig. 8. The proton spectra for the OPS from (A) the R. leguminosarum biovar
viciae RBL5523 and (B) its RBL5808 mutant.

Fig. 9. The TOCSY (A) and NOESY (B) spectra for the OPS from the R.
leguminosarum biovar viciae 5523. The assignments are as indicated. The
OPS from the 5808 mutant gave an identical spectrum. The proton chemical
shift assignments are shown in Table III.
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identification of the genes that encode the core and lipid A
galacturonosyl transferases (Kanjilal-Kolar et al. 2006;
Kanjilal-Kolar and Raetz 2006) now allows the specific target-
ing of the individual GalA residues without affecting the syn-
thesis of other surface polysaccharides. We are currently
creating specific mutants of R. leguminosarum bv. viciae
3841 in each of these genes and determining the effect on
symbiosis and LPS synthesis.

Materials and methods
Bacterial strains
The R. leguminosarum bv. viciae (Rlv) strains used in this
work were RBL5523, which is RBL5515(pRL1JI) Spc3::
Tn1831, StrRif (van Workum et al. 2007), and its
exopolysaccharide-deficient mutant RBL5808, which is
RBL5523 exo5::Tn5 (EXO5), StrRif (Laus et al. 2004).
Bacteria were grown under vigorous shaking at 30°C in

30 mL of modified Vincent medium (per liter: 0.15 g
MgSO4·7H2O; 0.05 g CaCl2·2H2O; 0.6 g K2HPO4; 0.0018 g
FeCl3; 0.06 g NaCl, 0.02 g biotin; 0.01 g calcium pantothe-
nate; 0.01 g thiamine HCl; 10 g mannitol; 1.1 g glutamic acid;
pH 6.8). The medium was supplemented with appropriate anti-
biotics: 50 μg mL−1 of kanamycin and 200 μg mL−1 of specti-
nomycin. After 72 h of growth, the 30 mL cultures were
transferred into 300 mL, cultured for 72 h, and then transferred
to 3000 mL of fresh medium and grown for 72 h. Finally, cells
were harvested by centrifugation at 3500 × g and then washed
with sterile 0.9% (m/v) NaCl solution until free from the
remaining medium and any EPS (present in case of the parent
Rlv5523 culture), followed by washing with distilled water.

Isolation of LPS
Crude LPSs were isolated from bacteria using the hot
phenol/water extraction procedure (Westphal and Jann
1965). Dialyzed phenol and water phases were freeze-dried,
and the LPS preparations were suspended in deionized
water and further purified by ultracentrifugation at
100,000 × g at 4°C for 6 h. The resulting LPS pellets were
suspended in a small volume of deionized water, and
lyophilized.

Deoxycholate-polyacrylamide gel electrophoresis
LPS was analyzed by PAGE using an 18% acrylamide gel
with deoxycholic acid (DOC) as the detergent (Krauss et al.
1988). The LPS bands were visualized by fixing the gel in the
presence or absence of Alcian blue dye (Corzo et al. 1991)
followed by silver staining or only by silver staining (Tsai and
Frisch 1982).

Isolation of lipid A
Lipid A was released from the LPS by mild hydrolysis in 1%
(v/v) acetic acid at 100°C for 1.5 h (Ryan and Conrad 1974).
The lipid A precipitate was collected by centrifugation for 25
min at 3500 × g at 4°C, and washed three times with nanopure
water and extracted with chloroform:methanol:water (2:2:1.8,
v/v/v). The organic phase was collected, reduced in volume
and subjected to chemical and structural analyses.

Fig. 10. The HSQC spectrum for the OPS from the R. leguminosarum biovar
viciae 5523. The OPS from the 5808 mutant gave an identical spectrum. The
carbon chemical shift assignments are as indicated and are listed in Table III.

Fig. 11. The structures of the LPS from the R. leguminosarum bv. viciae
RBL5523 and its mutant 5808. The OPS for both RBL5523 and 5808 have
the same structure as shown. The glycosyl residue that attached the OPS to
Kdo III of the core region has not been determined but, based on the R. etli
CE3 structure shown in Figure 1, is hypothesized to be the QuiNAc residue.
The OPS is also highly O-acetylated (the location of the O-acetyl groups has
not been determined). The LPS from the mutant 5808 differs from that of
5523 in that it is devoid of all GalA residues, that is, the circled residues in
the structures shown.
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Isolation of the OPS
The HMW LPS was separated from the LMW LPS by
gel-filtration chromatography using a Sephacryl S-100
(Amersham Bioscience, piscataway, NJ) column (120 × 1.5 cm)
in the presence of DOC (Reuhs et al. 1993, 1994). The eluting
fractions were recorded with a Shimadzu Refractive Index
Detector (RID-10A) and analyzed by DOC-PAGE. The OPS
was liberated from the HMW LPS using 1% acetion acid
hydrolysis at 100°C for 2 h and separated from lipid A by cen-
trifugation for 25 min at 3500 × g. The OPS was separated
from core OSs on a Biogel P2 (fine) gel-filtration chromato-
graphy column (120 × 1 cm) eluted with 1% HOAc (Carlson
et al. 1989). The eluting fractions were recorded using a
Shimadzu Refractive Index Detector (RID-10A). For analyti-
cal purposes, a portion of the OPS was de-O-acetylated with
10 mM NaOH at 4°C for 10 h (Forsberg et al. 2000). The
de-O-acetylated sample was then neutralized with HCl, and
salts were removed by Biogel P2 gel-filtration chromato-
graphy prior to further analyses.

Core OS isolation
The LMW LPS was treated with 1% acetic acid at 104°C for
2.5 h followed by centrifugation for 30 min at 3500 × g to
remove the precipitated lipid A, and the aqueous supernatant
was extracted with 1 vol of chloroform to further remove any
lipid A traces. The supernatant containing the OSs was
lyophilized.

HPAEC chromatography
Prior to analysis, the core OS samples were dissolved in deio-
nized water and filtered through a 0.2 μm nylon filter. They
were then analyzed by HPAEC using a CarboPack PA 10
(4 × 250 mm) anion-exchange analytical column (Dionex
Corp., Sunnyvale, CA) and eluted with a gradient of 3–90%
1 M sodium acetate in 100 mM NaOH at a flow rate of 1 mL
min−1 over 50 min. Separation was detected using a pulsed
amperometric detector as previously described (Carlson et al.
1995; Forsberg and Carlson 1998). The separation and identi-
fication of the core OSs were accomplished by comparison
with monomeric Kdo, GalA and previously characterized OS
structures from R. etli CE3 (Carlson et al. 1995; Forsberg and
Carlson 1998), and a mutant, CE109, that contains a major
core OS lacking the GalA residue attached to the core Man
residue (Carlson et al. 1989).

Chemical analyses
The composition of the various LPS and LPS-derived frac-
tions was determined by the preparation of TMS methylglyco-
sides after methanolysis with 1 M methanolic HCl at 80°C for
18 h in the presence of an internal standard of inositol and
analyzed by combined gas chromatography–mass spec-
trometry (GC-MS; York et al. 1985). This method also allows
the identification and quantification of fatty acid components
as their FAME (Bhat et al. 1994). Glycosyl composition was
also determined in some instances by the preparation and
GC-MS analysis of partially methylated alditol acetates
(PMMA) as previously described (York et al. 1985).
Stereochemical configuration of the glycosyl residues was

done following the method of Gerwig et al. (1979). Glycosyl
linkages were determined by the preparation and GC-MS
analysis of PMMA (Ciucanu and Kerek 1984).

Mass spectrometric analysis of the OPS and lipid A
Intact and de-O-acetylated OPS and lipid A fractions were
analyzed by MALDI-TOF-MS using Applied Biosystems
4700 Proteomics Analyzer. The OPS samples were dis-
solved in nanopure water and mixed with a 0.5 M
2,5-dihydroxybenzoic acid matrix in methanol. Samples,
1 μL, were loaded onto a stainless-steel target, and spectra
were acquired in either positive or negative modes. Lipid A
samples were dissolved in 3:1 chloroform:methanol solution
and mixed with 0.5 M 2,4,6-trihydroxyacetophenone matrix
in methanol in a 1:1 ratio. Mass calibration was performed
with the chemically synthesized lipid A, based on Escherichia
coli lipid A (a gift obtained from Geert-Jan Boons at the
Complex Carbohydrate Research Center) of defined mass
(MW = 1714.21). Analysis of the lipid A samples was per-
formed in the negative reflectron mode.

NMR spectroscopy
Prior to NMR analyses, the purified OPS fractions were lyo-
philized from D2O (99.999 at.% D) twice and dissolved in
0.7 mL of D2O 100 at.% D (Cambridge Isotope Laboratories,
Andover, MA). Proton NMR spectra were acquired on a
Varian Inova 500 and 600 MHz spectrometer (Varian, Palo
Alto, CA) at 30°C using standard Varian software. TOCSY
experiments were recorded using a mixing time of 60 ms and
two sets of 256 time increments at 32 scans per increment
and with a 1 s relaxation delay. Proton–carbon HSQC exper-
iments were recorded with an acquisition time of 0.2 s and
two sets of 128 time increments with 96 scans per increment
and with a 1.3 s relaxation delay. NOESY experiments were
recorded with a mixing time of 0.3 s, two sets of 256 incre-
ments with 32 scans per increment, an acquisition time of
0.18 s and a 1 s relaxation delay. The data sets were processed
using MestReC software (Mestrelab Research, Santiago de
Compostela, Spain).
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Abbreviations

β-OHC4:0, β-hydroxybutyryl; β-OHC14:0, β-hydroxymyristic;
β-OHC15:0, β-hydroxypentadecanoic; β-OHC16:0,
β-hydroxypalmitic; β-OHC18:0, β-hydroxystearic; COSY,
homonuclear correlation spectroscopy; CPS, capsular polysac-
charide; DOC, deoxycholate; EPS, extracellular polysaccharide;
FAME, fatty acid methyl esters; Gal, galactose; GC-MS, gas
chromatography-mass spectrometry; gHSQC, gradient hetero-
nuclear single quantum coherence; Glc, glucose; GlcNonate, 2-
aminogluconate; HMW, high-molecular weight; HPAEC,
high-performance anion exchange chromatography; Kdo,
3-deoxy-D-manno-2-octulosonic acid; LPS, lipopolysaccharide;
LMW, low-molecular weight; MALDI-TOF-MS, matrix-assisted
laser desorption ionization-time-of-flight mass spectrometry;
Man, mannose; NMR, nuclear magnetic resonance; NOESY,
nuclear Overhauser effect spectroscopy; OPS, O-chain polysac-
charide; OS, oligosaccharide; PAGE, polyacrylamide gel elec-
trophoresis; PMAA, partially methylated alditol acetates; SEC,
size exclusion chromatography; TMS, trimethylsilyl; TOCSY,
total correlation spectroscopy; VLCFA, very-long-chain fatty
acid.
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