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ABSTRACT 

The structures for the core regions of the lipopolysaccharides (LPSs) from 
R. leguminosarum bv. phaseoli CE3 and two symbiotic mutants were determined 
by g.l.c.-m.s., proton nuclear magnetic resonance spectroscopy (n.m.r.), fast- 
atom-bombardment mass spectrometry (f.a.b.-m.s.), and by comparison with 
known structures from the LPS of R. ~egum~nosarum bv. trifolii ANU843. The core 
oligosaccharides were separated into two components, P2-2 and PZ-3, by gel-filtra- 
tion chromatography using Bio-Gel P2. The P2-2 oligosaccharide from CE3 is a 
tetrasaccharide consisting of 3-deoxy-D-manno-2-octulosonic acid (Kdo), mannose, 
galactose and galacturonic acid. The mannosyl residue is a-linked to O-4 of Kdo, 
and the galactosyl and galactosyluronic residues are a-linked to O-4 and O-6, 
respectively, of the mannosyl residue. The P2-2 oligosaccharide from mutant 
CE109 is missing the galactosyluronic residue, while that from mutant CE309 is 
missing both the galactosyl and galactosyluronic residues. The PZ-3 oligosaccharide 
from CE3 LPS is a trisaccharide consisting of two galactosyluronic residues a-linked 
to the O-4 and O-7 of Kdo. Fraction P2-3 from mutant CE309 has the same 
structure as CE3 P2-3. Fraction P2-3 from mutant CE109 contains galacturonic 
acid and Kdo. but its structure differs from that of CE3 P2-3. 

Rhizobia are Gram-negative bacteria that have a nitrogen-fixing symbiotic 
relationship with legume plants. The lipopolysaccharides (LPSs) from those 
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bacteria are thought to play a role in this symbiotic relationship. Initial studies were 
aimed at determining whether or not Rhizubium LPSs play a role in the specific 
recognition between the symbiont and the host cell. These studies presented data 
showing that LPSs may inhibit lectin-mediated binding of the bacterium to the host 
root1-4. Other reports indicated that the binding of Rhizobium to the host root is 
non-specific? and that lectin binding to symbionts was also non-specifi&s. 
Recently, in the case of R. meliloti-alfalfa symbiosis, it has been reported that 
specific attachment is observed only when using a very low concentration of 
bacteria and that this attachment may be inhibited by LPS9s10. Thus, it is still 
uncertain whether or not LPSs play a role in early recognition events between a 
Rhizobium and its host legume. 

While it is uncertain whether or not LPSs play an important role in early 
symbiotic steps, recent data show that an intact LPS is essential for later symbiotic 
events. It has been shown that R. leguminosarum and B. japonicum mutants which 
have LPSs that lack the O-chain are defective in nodulation11-13,2s. The 
R. Zeguminosarum mutants elicit infection threads and nodule formation, but the 
infection threads abort and the resulting nodules are underdeveloped and devoid 
of nitrogen-fixing bacteroids II. Thus, the presence of a complete LPS is important 
in order to form a nitrogen-fixing nodule. 

Recent rules also indicate that LPSs from bacteroids may be altered from 
those of cultured bacteria. Immunoblots of polyacrylamide gels using monoclonal 
antibodies show that the LPSs from bacteroids, while still containing an O-chain, 
have a different banding pattern than the LPSs from cultured bacteria14~1s. Thus, 
not only may the O-chain be necessary for nodule development, but subtle changes 
may occur in the LPS during bacteroid differentiation. 

In order to asses the role(s) of LPSs in symbiosis it is important to determine 
the structures of these molecules. While the O-chains of LPSs from the 
R. feguminosarum strains vary greatly in structure*6J7, the core regions are very 
similar in their composition and molecular weight 12J8.19. We have recently deter- 
mined the structures of two core oligosaccharides from bv. trifolii ANU843. One of 
these oligosaccharides is a trisaccharide consisting of two galacturonic acid residues 
a-linked to the 4 and 7 positions of a 3-deoxy-D-manno-2-octulosonic acid (Kdo) 
residue*O. The other is a tetrasaccharide consisting of galactose, galacturonic acid, 

mannose, and Kdo. The mannose residue is u-linked to O-4 of Kdo, the 
galacturonic acid residue is a-linked to O-6 of mannose, and the galactose residue, 
which is acetylated at O-4, is a-linked to O-4 of the mannose residue26. Here we 
describe the structures of the core oligosaccharides from K. leguminosarum bv. 
phaseoli CE3 and two transposon-generated symbiotic mutants, CE109 and CE309. 
Both mutants have been shown to lack the O-chain and are defective in nodule 
development11J2. Genetic analysis has established that in each mutant a single 
mutation causes both the LPS and symbiotic defects25. 
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EXPERIMENTAL 

General methods. -The bacteria were grown at 30” in 0.5% tryptone, 0.3% 

yeast extract and 1OmM CaCl,. The LPSs and their core regions were purified as 
previously described 16j18. The two core oligosaccharides from each LPS were 
isolated by further purification using a Bio-Gel P-2 column with 1% acetic acid as 
the eluan@. The core oligosaccharides were converted into their NH: forms prior 
to n.m.r. analysis and fast-atom-bombardment mass spectrometry (f.a.b.-m.s.). 

Analytical techniques. - Neutral sugars were identified and quantitated by 
preparation of their alditol acetates*l and analysis by gas-liquid chromatography 
(g.1.c.) using a 15-m column of Supelco SP2330 fused silica. Uranic acids were 
identified by reduction** followed by alditol acetate preparation and g.1.c. analysis. 
Uranic acids and Kdo were also analyzed by calorimetric methods23,24. The Kdo 
assay was modified as previously described*O. 

N.m.r. spectra were recorded in D,O on a Nicolet T-360 instrument at the 

University of Illinois Molecular Spectroscopy Laboratory. Some spectra were also 
recorded on a Bruker AM250 instrument. F.a.b.-m.s. was performed on a JEOL 
HX-110 HF spectrometer using a 2-thioglycerol matrix. 

RESULTS AND DISCUSSION 

The core structures from the parent strain, CE3. - Gel-filtration chromato- 
graphy, using Bio-Gel P-2 in 1% acetic acid, separates the O-chain, P2-1, from two 
core oligosaccharides, P2-2 and P2-3, respectively, Fig. 1. This procedure has been 
previously described20,26. 

Composition analysis shows that P2-2 is a tetrasaccharide consisting of 
galacturonic acid, mannose, galactose, and Kdo in the ratio of 1: 1:l.l:O.g (Table 
I). The value of Kdo may be low due to some degradation of this residue during 
the assay procedure. The composition was verified by n.m.r. (Fig. 3A and Table II) 
and f.a.b.-m.s. analyses. Integration of the n.m.r. spectrum results in a GalA-H-l/ 
Man-H-l/Gal-H-l/Kdo-H-3a Kdo-H3e ratio of 1: 1: 1: 1: 1. The chemical shifts of 
the anomeric protons indicate that all linkages are (Y. The n.m.r. assignments given 
in Table II are based on those obtained for the tetrasaccharide core-component for 
the LPS from bv. trifolii ANU843, the structure of which has already been deter- 
mined26 F.a.b,-m.s. analysis results in quasi-molecular ions of M + H+ = 739, M 
+ NH;t = 756 and M + Na+ = 761 (Figure 2A), which are consistent with P2-2 

being a tetrasaccharide with the composition already described. Previous work has 
shown that the core region from this strain contains Kdo at the reducing end, as 
reduction prior to Kdo analysis gives a negative thiobarbituric acid test12. 
Additionally, a negative thiobarbituric acid assay is obtained unless hydrolysis of 
the core oligomer is performed in relatively strong acid, namely, M H2SO4 for 30 
min at loo”, prior to periodate oxidation. The ‘H-n.m.r. chemical shifts and 
coupling constants, sequence, quasimolecular ions from f.a.b.-m.s., composition 
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Fig. 1. A Bio-Gel P2 profile showing the separation of the O-chain, PZ-1, from the two core oligo- 
saccharides, P2-2 and P2-3, of strain CE3. The column was 1 cm by 1 m, and I-mL fractions were 
collected. The column was eluted with 1% acetic acid. The open circles denote hexose and the closed 
diamonds denote uranic acid. 

analysis, and the presence of Kdo at the reducing end and its resistance to the 
thiobarbituric acid assay are results that are identical to those obtained for the 
deacetylated tetrasaccharide core from bv. trijdii ANU843, the structure of which 
has been rigorously determined 26. Therefore, we conclude that the structure of P2-2 
from bv. phaseoli CE3, Fig. 4A, is the same as that described for the tetra- 
saccharide core of bv. trifolii ANU843. Differences in sequence or in linkages 
between the CE3 and ANU843 (ref. 26) tetrasaccharides would have resulted in 
detectable differences in the chemical shifts of the anomeric protons and possibly 
the Kdo methylene protons. 

TAR1 .E 1 

THEMOLARCOMPOSITIONOFTHE P2-2 OLIGOSACCHARIDES FROM Rhizobium leguminosarum CE3,CE109, 
AND CE309 

strain Mannose Gnlactose Gnlacturonnte Kdo“ 

CE3 1.0 1.0 1.1 0.9 

CE109 1.0 1.0 n.d.b 0.6 
CE309 1.0 n.d. n.d. 0.5 

“The levels of Kdo arc probably underestimated because of partial degradation during the assay 
procedure, since stronger acid conditions were necessary to detect Kdo (see text). hN.d. = none 
detected. 
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Fig. 2. F.a.b.-m.s. spectra of the P2-2 oligosaccharides from strain CE3 (A), CE109 (B), and CE309 

(C). 

Composition analysis of fraction P2-3 from CE3 indicates that it is composed 
of only galacturonic acid and Kdo. N.m.r. analysis, Fig. 5A and Table III, shows 
that there are two anomeric protons and two Kdo methylene protons in the ratio 
of 1: 1: 1: 1. The n.m.r. assignments given in Table III are based on those for the 
trisaccharide core-component from bv. rrifolii ANU843 (ref. 20). These results 
indicate that P2-3 is a trisaccharide consisting of two galactosyluronic and one Kdo 
residues. This is supported by f.a.b.-m.s. data, which give M + H+ and M + Na+ 
ions of 613 and 635, respectively. The Kdo residue is at the reducing end of this 
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Fig. 3. N.m.r. spectra of the PZ-2 fractions from (A) CE3, (S) CE109, and (C) CE309 LPSs. ‘J%e 
spectra of the CE3 and CE109 were taken at 353K and that of CE309 at 298K. All spectra were obtained 
with a Nicolet T-360 ~nst?u~ent. 

trisaccharide and is resistant to the thiobarbituric acid assay, as already described 

for the trisaccharide.. These results are identical to those obtained for the trisacchar- 

ide core from bv. trifofii ANU843 (ref. 20). Thus, it can be concluded that the 
structure of CE3 P2-3, shown in Fig. 4B, is the same as that of the ANU843 tri- 
saccharide core and con&l; of two gal~ctosylur~~ic residues a-linked to the 4 and 
7 position of Kdo. 

The structures of the core ~~i~~~sacch~ri~~~ from the mutants CElOY and 
CE309. - The P2-2 fraction from CElOSl consists of galactose, mannose, and Kdo 
(‘Table I) in the ratio of 1: 1:0.6, Again, the level of Kda given in Table I is low 
because of degradation of this residue during the assay procedure. The composition 
results are confirmed by n.m.r. analysis {Table II>. Xntegration of the n.m.r. 
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TABLE II 

CHEMICALSHIFTY FORTHE P2-2 CDREOLIGOSACCHARIDESFROMBV. phaxoliCE3, CE109, AND CE309 
LPSS 

Strain Glycosyl residue Proton Chemical shift (J) 

CE3 Galacturonate 
Mannose 
Galactose 
Kdo 

CE109 Mannose 

Galactose 
Kdo 

CE309 Mannose 
Kdo 

H-l 
H-l 

H-l 
H-3a 
H-3e 
H-l 

H-l 
H-3a 
H-3e 
H-l 
H-3a 
H-3e 

5.32 (3.6) 
4.98 (2.0) 

4.90 (4.1) 

2.06 (12.6) 
1.81(12.6,4.5) 
4.98 (1.6) 

4.92 (4.0) 
2.10 (12.6) 

1.80 (12.6,4.5) 

5.02 (<l.O) 

Z.Ol(12.4) 
1.83 (12.2,4.3) 

The spectra were recorded with a Nicolet T-360 instrument at 353K. For these spectra the chemical 
shifts are given relative to HOD at 4.25 p.p,m. (determined relative to TSP). 

spectrum of CE109 P2-2 shows that the ratio of Gal-H-l/Man-H-l/Kdo-H-3u/Kdo- 
H-3e is 1: 1: 1: 1. Furthermore, the n.m.r. spectrum also verifies that the galactosyl- 
uranic residue is missing, in that the resonance at 5.32 p.p.m. is absent. F.a.b.-m.s. 
analysis of CE109 P2-2 gives quasi molecular ions of M + H+ = 563, M + NHt; = 
580, and M + Na+ = 585 (Fig. ZB), which are consistant with a Gal/Man/Kdo 
A. 

a-Gal-Cl 4)-Man-Cl-4)-K 

a-G&A 

B. 

a-GalA-Il--r4)-X 

7 
a-GalA- 

Fig. 4. Structures of the P2-2 and P2-3 core oligosaccharides from bv. phaseoli CE3, CElW and CE309. 
A. The structures of the P2-2 oligosaccharides. Case “a” indicates that the galactosyluronic residue is 
missing in CElOQ P2-2, while case “b” indicates that both the galactosyluronic and galactosyl residues 
are missing in CE309 P2-2. B. The structure of the PZ-3 trisaccharide from CE3 and CE309. 
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Fig. 5. The n.m.r. spectra of the P2-3 oligosaccharides from (A) CE3 and (El) CEIOY. The spectra were 
obtained with a Nicolet T-360 instrument at 353K. 

trisaccharide. From these data, and by comparison with the structure of CE3 P2-2, 
we conclude that CE309 P2-2 is a trisaccharide consisting of a mannosyl residue 
cu-linked to O-4 of Kdo with a galactosyl residue n-Iinked to O-6 of mannose, Fig. 
4A case “a”. 

Analysis of CE309 P2-2 shows that it consists of only mannose and Kdo in 

1:OS ratio (Table I). The level of Kdo is low for the reasons already described. The 
composition results are confirmed by n.m,r. analysis, Table II and Fig. 3C. Integra- 
tion of the mannosy H-l and the Kdo H-3 protons show that they are in the ratio 

TABLE 111 

CHEMICALSHIFW FORTHE P2-3 COREOLIC~OSACC'HAKID~S FROM BV. phased CE3 AND CE309 LYSs 

Strain Glycosyl residue Proton 

CE3 

CE309 

Gafacturonate 
Galacturonat~ 
Kdu 

Galacturonate 
Galacturonate 
Kdo 

H-l 
H-1 
H-3n 
H-3e 
H-J 
H-l 
H-3a 
H-3e 

5.14 (3.8) 
5.06 (3.5) 
2. II (12.6) 
?.SY(I2.6,4.4) 
5.14 (3.7) 
5.06 (3.4) 
2.11(12.6) 
1.88 (12.8.4.4) 

.__.__._.^_... 

The spectra were recorded with a Nicolet T-XX) instrument at 353K. For these spectra, rhc chemical 
shifts are given relative to HOD at 4.25 p.p,m. (determined relative to TSP). 
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of -l:l:l, indicating a Man~do d~sa~h~de. N.m.r. analysis alsoshows one H-l 
resonance at 5.02 p.p.m. with a coupling constant of <l.O Hz, attributable to the 
a-linked mannosyl residue. The H-l resonances for galactosyluronic and galactosyl 
residues are absent, as expected. The H-3e and H-3a resonances of Kdo occur at 
1.83 and 2.01 p.p.m., respectively. F.a.b.-m.s. analysis shows quasi-molecular ions 
of M + NH; = 418 and M + Na+ = 423, Fig. 2C, confirming a Man/Kdo di- 
saccharide. From these results, and by comparison with CE3 PZ-2 and CE109 P2-2, 
we conclude that the CE309 P2-2 core is disaccha~de consisting of a mannosyl 
residue a-linked to O-4 of Kdo, Fig. 2A case “b”. 

The composition of CE309 P2-3 is identical to that of the parent P2-3 and 
consists of GalA/Kdo = 2:1, indicating that it is also a trisaccharide. Its n.m.r. 
spectrum (not shown) is identical to that of CE3 P2-3, Fig. SA. The chemical shifts 
and coupling constants of the anomeric protons and Kdo methylene protons are 
given in Table III and are, within error, the same as those for CE3 P2-3. We con- 
clude from these results that CE309 P2-3 is a trisaccharide with the same structure 
as that of the parent molecule, shown in Fig, 4B. 

The CE109 P2-3 core oligosaccharide gives a very complex n.m.r. spectrum 
(Fig. 5B) in comparison with the spectrum for the CE3 P2-3 trisaccharide. We have 
not yet determined the structure of this component, but it is obviously different 
from that of the CE309 and CE3 P2-3 oligosaccharides. It consists of galacturonic 
acid and Kdo in -1: 1 ratio and does not have neutral sugars. Its structure is under 
further investigation. 

~u~~ury * -Two core oli~osa~haride components are found in bv. phase& 
CE3 LPS. These components are altered in mutants CE309 and CE109. The CE109 
P2-2 oligosaccharide is missing the galactosyfuronic residue and also has an altered 
P2-3 oligosaccharide, while the CE309 P2-2 fraction lacks both the galactosyl and 
galactosyluronic residues and has a normal P2-3 structure. The fact that the core 
oligosaccharides of these mutants are altered undoubtedly explains why the LPSs 
from these strains lack the O-chain; the O-chain cannot be added to the defective 
core. This result also raises the possibility that the O-chain is dispensable in eliciting 
proper nodule development, but intact core is essential. An investigation of 
mutants having an intact core but lacking the O-chain is needed to test this 
possibility. 

It has been demonstrated that many R. leguminosurum bv. phase& strains 
are closely related to bv. triforii and bv. viceue strains. This close relationship is 
reflected in the similarity of their LPS core structures. The P2-3 trisaccharide core 
from CE3 is identical in structure to the I?&3 components from bv. trifolii and bv. 
viceae LPSs (ref. 20, Carlson unpublished data). The P2-2 tetrasaccharide core 
from CE3 is identical to P2-2 from bv. trifdii ANU843 except that it lacks an acetyl 
group at O-4 of galactose. Present evidence also indicates that the P2-2 tetra- 
saccharide from a strain of bv. vl’ceae is identical in structure to that from CE3 
(Carlson, unpublished data). 
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