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Abstract 

A core oligosaccharide was obtained after mild acid degradation of Legionella pneumophila 
serogroup 1 lipopolysaccharide (LPS). On the basis of chemical, GLC-MS, I H, and '3C NMR 
spectroscopic data, it was found that the oligosaccharide obtained is a highly O-acetylated 
heptasaccharide having the following structure: 

~-D-GlcpNAc II 
I 

6 
c~-L-Rhapll-( 1 ---~3 )-Ct-L-RhapI-( 1 --->3 )-13-D-QuipNAc-( 1 --~4)-[3- D-GlcpNAc I-( 1 ---~4)-c~-D-Manp-( 1 --->5 )-Kdo 

2 2 4 3 
I I L I 
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where Kdo is 3-deoxy-D-manno-octulosonic acid and QuiNAc is 2-acetamido-2,6-dideoxyglucose. 
In the LPS, the O-specific polysaccharide chain is linked to position 3 of the terminal rhamnosyl 
group and is cleaved during degradation of the LPS. The degradation also induced partial 
migration and partial removal of the O-acetyl group from the terminal rhamnosyl group which, 
together with the occurrence of the reducing Kdo residue in multiple forms, contributes to the 

* Corresponding author. 

0008-6215/96/$15.00 Copyright © 1996 Elsevier Science Ltd. All rights reserved. 
PII S0008-62  15(96)001 94-2 



224 Y.A. Knirel et al. / Carbohydrate Research 293 (1996) 223-234 

heterogeneity of the isolated core oligosaccharide. No such highly O-acetylated core oligosaccha- 
ride has been reported so far for LPS of Gram-negative bacteria. © 1996 Elsevier Science Ltd. 

Keywords: Lipopolysaccharide. degradation: Core oligosaccharide, structure; O-Acetyl groups; Legionella 
pneumophila 

1. Introduction 

Legionella pneumophila is a facultative intracellular human pathogen causing severe 
respiratory infection in humans [1]. Data on the lipopolysaccharide (LPS) of this 
microorganism, which may play an important role in the infection, are scanty (see ref. 
[2] and refs. cited therein). Fatty acid [3] and sugar composition [4] have been reported 
for the LPS characteristic for the L. pneumophila serogroup 1, which is most frequently 
isolated from both environmental and clinical specimens [5,6]. Recently, the structure of  
the O-specific polysaccharide chain of this LPS has been elucidated as a homopolymer 
of  5-acetamidin•-7-acetamid•-8-•-acety•-3•5`7•9-tetrade•xy-D-glycer•-L-galact•-n•n- 
ulosonic acid (legionaminic acid) [2], the configuration of which was revised later in 
favour of  the L-glycero-D-galacto isomer [7,8]. 

Here we describe a structural study of the core region of  L. pneumophila serogroup 1 
LPS. Preliminary results have been reported elsewhere [9]. 

2. Results 

The LPS was isolated as described previously [2]. In SDS-PAGE (Fig. 1), the LPS 
revealed several intense zones of  ladder-like bands of  S-type molecules containing a 
polysaccharide chain attached to the core-l ipid A region. A characteristic narrow 
distance between the individual bands reflects a small size of the monosaccharide 
repeating unit in the polysaccharide chain. No faster moving bands which might belong 
to R-type molecules lacking the polysaccharide chain were detected, thus suggesting the 
content of the LPS molecules with an unsubstituted core to be below the SDS-PAGE 
sensitivity. 

Degradation of the LPS with sodium acetate buffer (pH 4.4) resulted in cleavage of 
the lipid moiety. GPC of a water-soluble portion on Sephadex G-50 yielded five 
fractions (Fig. 2). GLC analysis of acetylated methyl glycosides showed that each of 
fractions 1-4  contained mannose, rhamnose, GlcN, 2-amino-2,6-dideoxyglucose (QuiN), 
and 3-deoxy-D-manno-octulosonic acid (Kdo) in similar ratios. The same sugars and, in 
addition, 2,3-diamino-2,3-dideoxyglucose, which is a constituent of lipid A backbone 
[9], have been found in the LPS of  L. pneumophila [4]. None of  fractions 1-4  contains 
phosphate and, hence, like the O-polysaccharide chain [2], the core of the LPS is not 
phosphorylated. 

The J H NMR spectra of fractions 1-3 showed the presence of O-polysaccharide 
chains of  a legionaminic acid homopolymer having different length [2], while no 
legionaminic acid was found in fraction 4, which appeared to be an unsubstituted core 
oligosaccharide. The amount of traction 4 varied depending on the duration of  LPS 
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Fig. 1. SDS-PAGE (14%) of L. pneumophila serogroup l LPS (lanes 1-3 with 1.0, 0.75, and 0.5 #g LPS 
applied, respectively). S-type LPS of Pseudomonas aeruginosa immunotype 2 (lane 4) and Escherichia coli 
O11 I (lane 5) and SR-type LPS of Salmonella enterica sv. Typhimurium mutant SH777 (lane 6) were applied 
for comparison. 

hydrolysis  from a negligible amount within 1 h to 1% of  the LPS weight within 4 h. 
Accordingly,  each of fractions 1-3  afforded fraction 4 on further hydrolysis under the 
same conditions. These and SDS-PAGE data suggested that fraction 4 was derived by 
the cleavage of the polysaccharide chain from the core rather than corresponding to the 
occurrence of  the unsubstituted core in the native LPS. 

In the low molecular  weight fraction 5, mainly Kdo was detected, together with trace 
amounts of  Man, GlcN, and phosphate. 

The ~3C NMR spectrum of  fraction 4 contained a number of  signals for O-acetyl 
groups at 6 21 .2-21 .9  (CH 3) indicating that it was a mixture of partially O-acetylated 
related oligosaccharides (OS). This was treated with aq ammonia and the resulting 
O-deacetylated core (OSNH~O H) was reduced with sodium borohydride to give a reduced 
O-deacetylated core (OSy~BH4). Both OSNH4O H and OSN~BH 4 had the same amino and 
neutral sugar composit ion as OS and, hence, as expected, the reducing end of  the core 
was occupied by a Kdo residue. The Rha:Man:QuiN:GlcN ratios determined for 
OSNH4o H by GLC of alditol acetates were 2.1:1.1:1:1.4, and the QuiN:GIcN ratio 
determined using an amino acid analyser was 1:2. 

The I H NMR spectrum of  OSNH~o H contained, inter alia, signals for three N-acetyl 
groups at 6 2.05 (s, 3 H) and 2.08 (2 s, 6 H) and three CH 3 groups of  6-deoxy sugars at 
6 1.25, 1.30, and 1.34 (all d, each 3 H, J5,6 6 .0-6 .5  Hz, H-6). Three of the H-1 signals 
present in the spectrum belonged to sugars with the gluco configuration (QuiNAc and 
two GIcNAc residues), one of  which was a- l inked (~5 4.90, d, Ji.2 4 Hz) and two others 
were /J-linked (6  4.58 and 4 .62-4.63,  both d, J~,2 8.8 Hz) (Fig. 3). The splitting of  the 
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Fig. 2. Profile of elution from Sephadex 0-50 of carbohydrate portion of L. pneumophila serogroup 1 LPS 
after degradation with sodium acetate buffer (pH 4.4). Fractions 1-3 correspond to the core substituted with 
longer and shorter chain polysaccharides, fraction 4 corresponds to the unsubstituted core (OS), and fraction 5 
contains monosaccharides, lower oligosaccharides, and phosphate. 

H-1 signal at 6 4.62-4.63 was most likely due to a structural heterogeneity (see below). 
Two more H-I signals at 6 4.85 and 5.02 (both d, J~.2 1.5-2 Hz) and a number ( >  6) 
of  less intense signals at 6 4.99-5.21 (all d, J~,2 2-2 .2  Hz) belonged to sugars with the 
manno  configuration (Man and two Rha residues). Such splitting of  the H-1 signal of  
one of  the sugars may be accounted for by its attachment to Kdo, which is known to 
occur at the reducing end in multiple, mainly anhydro forms as artefacts after mild acid 
hydrolysis [8,10,11]. For the same reason, signals for the CH 2 group of  Kdo were not 
clearly seen in the spectrum. 

The ~3C NMR spectrum of OSNn~O n contained, inter alia, signals for three N-acetyl 
groups [CH 3 at 6 23.2 and 23.4 (2 C); CO at 6 175.0, 175.5, and 175.7], three CH 3 
groups (C-6) of  6-deoxy sugars at 6 17.6, 17.8, and 17.9, and three carbons bearing 
nitrogen at 6 54.9, 56.3, and 56.6. There were also C-I signals of  five sugar residues at 
6 99.0, 101.8, 102.5 (2 C), and 103.6, whereas that for the sixth sugar (Man attached to 
Kdo) was split to a number of  components not clearly recognisable in the spectrum (Fig. 
3). 
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Fig. 3. Part of a 300-MHz 2D H-detected IH,~3C HMQC spectrum of O-deacetylated core oligosaccharide 
(OSyH4o H ) derived from L. pneumophila serogroup 1 LPS. The corresponding parts of 1D I H and 13C NMR 
spectra are displayed along the horizontal and vertical axes, respectively. Of multiple Man H-I cross-peaks, 
only one, at 5.04/100.1, is present on the slice shown. Designations: GN, GlcNAc; M, Man; R, Rha; Q, 
QuiNAc. 

These data suggested that OSNH~O H is a heptasaccharide containing one residue each 
of  mannose, QuiNAc,  and Kdo, and two residues each of rhamnose and GIcNAc. GLC 
of  acetylated glycosides with optically active secondary alcohols [12,13] showed that 
mannose and both amino sugars are D and rhamnose is L. 

Together with the monosaccharide methyl glycosides,  mild methanolysis of OSNH~O H 
afforded methyl glycosides of  three disaccharides, which were analysed by GLC-MS as 
peracetylated derivatives, using published data [14]. Two of  them had molecular  weights 
649 and 648 a.m.u. (CI-MS data) and exhibited in EI-MS the same ion with m/z 330 
corresponding to the nonreducing end sugar and different ions with m/z 303 and 302 for 
the reducing end sugar. Thus, they were assigned as per-O-acetylated HexNAc --* Hex 

OMe and HexNAc ~ HexNAc ~ OMe, respectively. The third disaccharide deriva- 
tive was per-O-acetylated Hex --* Kdo ~ OMe present in three isomeric forms, each of 
which had molecular  weight 722 a.m.u, and exhibited ions with m/z 331 and 375 for the 
nonreducing  and reducing end sugars,  respect ive ly .  Taking  into account  
the given sugar composit ion,  these disaccharide glycosides could be identified as 
GIcNAc ~ GlcNAc ~ OMe, GIcNAc ~ Man ~ OMe, and Man ~ Kdo ~ OMe, and, 
thus, the following sequence could be deduced: GlcNAc ~ GlcNAc -~ Man ~ Kdo. 



228 EA. Knirel et al. / Carhohydrate Research 293 (1996) 223 234 

Methylation analysis of OSN~BH ~ resulted in identification of 2,3,4-tri-O-methyl- 
rhamnose, 2,4-di-O-methylrhamnose, 2,3,6-tri-O-methylmannose, and 2-amino-2,6-dide- 
oxy-2,4-di-N,O-methylglucose, which were derived by hydrolysis with 2 M trifluoro- 
acetic acid and identified by GLC-MS as alditol acetates in the ratios 1:0.9:0.5:0.7. In 
addition, methyl 5-O-acetyl-3-deoxy-2,4,6,7,8-penta-O-methyloctonate was identified in 
trace amounts. Similar analysis of carboxyl-reduced OSNaBH~ resulted in the same 
partially methylated derivatives and 5-O-acetyl-3-deoxy-l,2,4,6,7,8-hexa-O-methyloc- 

titol in the ratios 1:0.8:0.4:0.8:0.3, together with small amounts of partially methylated 
disaccharide derivatives corresponding to Man + Kdo and Rha--+ Rha fragments. No 
GIcN derivative was detected upon this hydrolytic procedure. When hydrolysis condi- 
tions were changed to acetolysis according to Stellner et al. [15], almost equal amounts 
of 2,3,6-tri-O-methylmannose, 2-amino-2,6-dideoxy-2,4-di-N,O-methylglucose, 2- 
amino-2-deoxy-2,3,4,6-tetra-N,O-methylglucose, and 2-amino-2-deoxy-2,3-di-N,O- 
methylglucose, with rhamnose derivatives being practically absent from the mixture. 

Therefore, OSNH,O H iS branched with Rha and GlcNAc at the terminal nonreducing 
ends; the second GlcNAc residue is at the branching point and substituted at positions 4 
and 6, the second Rha residue and QuiNAc are 3-substituted, Man is 4-substituted, and 
Kdo 5-substituted. These data and the identification of a number of disaccharides 
obtained in mild methanolysis and methylation analysis suggested the following sugar 
sequences in OSNH4OH: 

GlcNAc 

Rha--+Rha--> QuiNAc-+GlcNAc-->Man-+Kdo 

In the ~H NMR spectrum of OSNH ,OH all signals for QuiNAc, both Rha residues 
(Rha I and Rhall), and both GIcNAc residues (GIcNAc I and GlcNAc u) were assigned 
using 2D COSY and COSY with one- and two-step relayed coherence transfer (Table 1). 
The positions of multiple signals for H-1,2,3,4 of Man were found as well. 

With the ~H NMR spectrum assigned, the signals for the anomeric carbons in the ~3C 
NMR spectrum of OSNH~OH were assigned using a 2D H-detected ~H,13C HMQC 
experiment (Fig. 3). Relatively large ~Ju-~,c ~ coupling constant values, 169-171 Hz, 
determined from the nondecoupled HMQC spectrum for GIcNAc H, Man, Rha ~, and 
Rha 11 (correlation peaks at a u / a c  4.90/99.1, 5.04/100.1,  4.85/102.5, and 5.02/103.6, 
respectively) showed these sugar residues to be c~-linked, whereas relatively small 
IJc_I.H_ 1 values of 165 Hz for QuiNAc and GlcNAc I (6H/6 C 4.58/101.8 and 
4.62/102.5, respectively) indicated their /3 linkage [16]. Carbons C-6 of GlcNAc ~ and 
GlcNAc u resonated at 6 67.6-67.7 and 61.8, respectively; hence, the former is 
6-substituted [17] and thus located at the branching point, whereas the latter is the 
terminal sugar residue in the side chain. 

Attachment of GlcNAc u at position 6 of GIcNAc ~ was demonstrated by the 
appearance of NOE signals on H-6 protons of the latter at 6 3.70 and 3.83 as a result of 
selective preirradiation of H-1 of the former at 6 4.90. The linkage and sequence 
patterns of the 6-deoxy sugar region of OSNH~O H were confirmed by similar selective 



Y.A. Knirel et a l . /  Carbohydrate Research 293 (1996) 223-234 229 

1D NOE experiments, which revealed the interresidue NOE contacts Rha H H-I ,Rha ~ 
H-3 at 8 5 .02/3 .78 and Rha I H-1,QuiNAc H-3 at 6 4.85/3.61.  No unambiguous 
conclusion could be made from experiments with preirradiation of  QuiNAc H-1 and 
GlcNAc ~ H-1 because of  signal coincidences. 

The data obtained suggested that OSNn~o H has the structure 1. 

o~-D-GlcpNAcll 
1 
$ 
6 

o~-L-Rhap!I-( 1 -+3 )-c~-L-RhapL( 1 -+3)-13-D-QuipNAc-( 1 ---~4 )-~-D-G IcpNAcI-(I ---~4)-o~-D-Manp-(1-3.5)-Kdo 

1 (OSNH4OH) 

The substitution pattern of  the O-acetyl groups was revealed by detailed NMR 
analysis of  the initial fraction 4 oligosaccharide (OS). The ~ H NMR spectrum of OS was 
assigned using 2D COSY and relayed COSY. The following protons were found to shift 
downfield because of a strong deshielding effect of O-acetyl groups, as compared with 
their position in the spectrum of OSNH~o n" Rha ~ H-2 (8 4.97 and 4.99 versus 3.87), 
QuiNAc H-4 (6 4.71 versus 3.32), and GIcNAc I H-3 (8 5.17-5.18 versus 3.74). Thus, 
three of the O-acetyl groups are located at position 2 of Rha ~, position 4 of  QuiNAc, and 
position 3 of  GlcNAc J. The positions of  the signals for Man and GlcNAc H were ahnost 
the same in both spectra, and, hence, these residues are not O-acetylated. As for Rha", 
this was present in three O-acetylated forms with the signals for H-2 (major), H-3, and 
H-4 shifted downfield (8 5.15, 4.90, and 4.84 versus 4.06, 3.83, and 3.42, respectively) 
and a non-O-acetylated form in the ratios 1:0.5:0.3:0.2. The presence of  an O-acetyl 
group at position 2 in the major form of Rha" and its absence from the three other forms 
seem to account for the splitting of  the neighbouring Rha I H- 1 signal (6 4.97 and 4.99). 

Table 1 
360-MHz I H NMR chemical  shifts for OSNHaO H (8 in ppm related to internal acetone, 8 H 2.225) ~ 

H-I H-2 H-3 H-4 H-5 H-6 

o~-L-Rha pn - ( l  ~ 5.02 4.06 

3)-Oe-L-RhapL(l ~ 4.85 3.87 
--+ 3)-,8-D-QuipNAc-(1 ~ 4.58 3.85 
~-D-GIcpNAcU-(1 ~ 4.90 3.94 
- ,  4)- /3-D-GlcpNAcL(I  ~ 4 .62-4 .63  3.76 

6 
T 

3.83 3.42 3.77 
3.78 3.54 4.01 
3.61 3.32 3.54 
3.86 3.50 3.73 
3.74 3.62 3.76 

4)-or-D-Man p- ( l  ~ 4 .99-5.21 4 .02-4 .13  3 .97-4 .02  3 .75-3 .80  

1.30 
1.25 
1.34 
3.81, 3.92 

3.70, 3.83 

'~ Chemical  shifts for the N-acetyl groups: 8 2.05 (3 H) and 2.08 (6 H). 
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Since position 3 of Rha" is the site of attachment of the polysaccharide chain (see 
below), it is suggested that in the LPS Rha H is O-acetylated at position 2 and three 
other, minor forms are artefacts resulting from partial migration (0-2 --+ 0-3 --+ 0-4) as 
well as partial removal of the O-acetyl group during mild acid degradation of the LPS. 
The presence in OS of four O-acetyl groups was further corroborated by the ratios of the 
integral intensities, 4:3:3, of the signals for CH 3 of the O-acetyl groups, N-acetyl 
groups, and 6-deoxy sugars, respectively, in the ~3C NMR spectrum of OS. 

Therefore, the major form of OS, which, it is suggested, corresponds to the intact 
core of L. pneumophi la  LPS, has the structure 2. 

cc-D-GlcpNAclI 
1 
$ 
6 

ot-c-Rhapll-(1 --~3)-Ct-L-Rhapl-( 1 --+3)- 13-D- Qui,~,NAc-( I --+4)-[3-D-GlcpNAct-( l ---~4)-ct-D-Manp-( I --+5)-Kdo 
2 2 4 3 
I I I I 

Ac Ac Ac Ac 

2 (OS) 

Of three polysaccharide-containing fractions obtained by mild acid degradation of the 
LPS, fraction 3 was eluted from Sephadex G-50 last (Fig. 2) and, thus, had the shortest 
polysaccharide chain. As judged by the ratios of intensities of the signals for legion- 
aminic acid and core constituents in the ~H NMR spectrum, it contained on average ca. 
10 residues of legionaminic acid. 

Fraction 3 was methylated and hydrolysed with 2 M trifluoroacetic acid as described 
above for fraction 4. GLC-MS of the alditol acetates derived revealed the same partially 
methylated sugars as in methylation analysis of fraction 4, except for 2,3,4-tri-O-methyl- 
rhamnose. This showed that Rha", which is terminal in the unsubstituted core, serves as 
the attachment site of the polysaccharide chain in the LPS. 

This conclusion was confirmed by a significant displacement of the signal for Rha n 
H-3 from 6 3.83 in the ~H NMR spectrum of OSNH~O H to 6 4.32 in the spectrum of 
fraction 3, while positions of the signals for the other core sugars changed insignifi- 
cantly. 

Smith degradation of the O-deacetylated fraction 3, including mild acid hydrolysis at 
pH 4.4, resulted in a polysaccharide product isolated by GPC on Sephadex G-50. Sugar 
analysis and ~H NMR data showed that this product consisted of the undegraded, but 
O-deacetylated, polysaccharide chain and a modified core oligosaccharide containing 
Rha n, Rha ~, QuiNAc, GIcNAc ~, and erythritol (Ery-ol) derived from oxidised Man. The 
H-1 signals for the core sugar constituents were at 6 5.00, 4.85 (both d, J~.2 2 Hz), 
4.69, and 4.61 (both d, Ji,2 8 Hz), respectively. 

Therefore, the core-derived region of the Smith-degraded product has the structure 3, 
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which further confirmed the structure 1 of OSh.4O H and the site of the attachment of the 
polysaccharide chain to the core. 

---~3)-c~-L-RhaplL(~--~3)-ct-L-RhapL(1--+3)-~3-D-QuipNA~-(~-.-~4)-[~-D-G~pNA~L(~--+2)-Ery-~ 

3 

3. Discussion 

A peculiar feature of L. pneumophila LPS is the presence of only those molecular 
species that contain an O-polysaccharide chain (S-type LPS), and no species with an 
unsubstituted core (R-type LPS) or with a core containing one O-antigen oligosaccharide 
unit attached (SR-type LPS), which are typical of most other S-type LPS-containing 
bacteria studied. 

One might expect that, in accordance with this feature, mild acid degradation of the 
LPS at pH 4.4, used to cleave the linkage between the core and lipid A, will release no 
free core oligosaccharide. However, this was not the case, due to the cleavage of the 
linkage between the O-polysaccharide chain and the core during the degradation of the 
LPS. 

The O-specific polysaccharide itself, which is an c~-(2 --* 4)-linked homopolymer of 
5-acetamidin•-7-acetamid•-8-•-acety••3•5•7•9-tetrade•xy-L-g•ycer•-D-ga•act•-n•nu••- 
sonic acid (legionaminic acid) [2,7,8], is stable under these and even more drastic 
conditions (e.g., 0.1 M HCI at 100 °C [2]). The fact that the linkage between the 
polysaccharide chain and the core is much more labile than the ketosidic linkage of the 
legionaminic acid within the homopolymer may be due to the fact that the configuration 
of the anomeric centre of the legionaminic acid residue attached to the core is different 
from that within the polysaccharide chain. In fact, the ketosidic linkage of the L-glycero- 
L-manno isomer of legionaminic acid (pseudaminic acid) is known to be much more 
stable when the carboxyl group is axial (as in the legionaminic acid homopolymer), as 
compared with the anomer having the equatorial carboxyl group [18,19]. The I H NMR 
spectrum of fraction 3, however, provided no evidence for the characteristic H-3ax and 
H-3eq protons of a /3-ketosidic linked legionaminic acid residue attached to the terminal 
Rha II in the core oligosaccharide. This fact was probably due to the excess of about 10 
a-linked legionaminc acid residues in this oligosaccharide fraction 3 (Fig. 2) [2]. 

The core oligosaccharide obtained on mild acid hydrolysis of L. pneumophila LPS 
was heterogeneous owing to the occurrence of the Kdo residue at the reducing end and 
the rhamnosyl group at the nonreducing end in multiple forms. The former phenomenon 
is well known and is associated mainly with formation of anhydro derivatives of Kdo 
[10,11]. The latter appeared to come from partial migration and partial removal of the 
O-acetyl group present originally at position 2 of Rha n, which occurred during the 
cleavage of the polysaccharide chain. 
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In spite of  such heterogeneity, the structure of  the core was elucidated using sugar 
and methylation analysis, and ~H and J3C NMR spectroscopy before and after O-deace- 
tylation of  the free core, and was confirmed by study of the O-deacetylated core 
substituted by a short polysaccharide chain. This also allowed determination of  the site 
of  the attachment of  the polysaccharide chain to the core as position 3 of the terminal 
nonreducing rhamnosyl group. 

The core of L. pneumophila serogroup 1 LPS lacks L-glycero-e-manno-heptose, 
which is the sugar linked to Kdo in most bacterial LPSs. Instead, the homomorphic 
o-mannose is attached to Kdo at position 5 as occurs also in LPS of  a few other bacteria 
[20,21]. Phosphate is also absent, but there are present at least four O-acetyl groups 
concentrated in the outer region of  the core remote from lipid A. Together with the 
N-acetyl groups of  the amino sugars (QuiNAc and GlcNAc) and the methyl groups of 
the 6-deoxy sugars (Rha and QuiNAc), the O-acetyl groups endow the outer region of 
the core with characteristic hydrophobicity, also found for the polysaccharide chain 
attached [2]. 

The negatively charged inner region of the core contains at least one Kdo residue and 
is not excluded from containing more of  them than are found in many other bacterial 
LPS studied [20,21]. The full structure of the Kdo region of L. pneumophila LPS, 
including the configuration of the glycosidic linkage of Kdo, remains to be determined. 

4. Experimental 

Miscellaneous methods.--GPC was performed on a column (45 X 2.4 cm) of  
Sephadex G-50 (S) (Pharmacia) using a pyridinium acetate buffer (pH 4.5) and 
monitored with a Knauer differential refractometer. GLC was performed with a Varian 
Model 3700 chromatograph equipped with a capillary column of  SPB-5 using a 
temperature gradient 150 ~ 320 °C at 5°/rain.  GLC-MS in both CI (with ammonia) and 
EI modes was carried out with a Hewlett-Packard Model 5989 instrument equipped 
with a capillary column of HP-1 under the same chromatographic conditions as in GLC. 
SDS-PAGE was carried out in 14% polyacrylamide gel using a Mini-PROTEAN II 
System (Bio-Rad), and LPS bands were visualised by a modified silver staining 
technique [22]. 

NMR spectroscopy.--The ~H and ~~C NMR spectra were obtained with a Bruker 
AM-360 spectrometer for solutions in D20  at 60 °C with acetone (6 H 2.225, 6 c 31.45) 
as internal standard. Standard Bruker software was used in ID NOE and 2D COSY 
experiments. A 2D H-detected ~H,L~C HMQC experiment was performed with a Bruker 
AM-300 spectrometer equipped with a BSV-3 generator as described [23]. 

Bacterial strain, isolation and degradation qf" LPS.--Strain Philadelphia 1 of  L. 
pneumophila ATCC 33152 (serogroup l) was grown on buffered charcoal yeast agar 
plates as described [3]. The LPS was isolated from dry cells by a modified phenol-chlo- 
roform-petroleum ether procedure with the yield 4.5% ( w / w )  as described previously 
[2,9]. 

The LPS (420 mg) was degraded with 0.1 M N a O A c - A c O H  buffer (pH 4.4, 50 mL) 
at 100 °C for 4 h. a precipitate (118 rag) was removed by centrifugation, and the 
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supernatant was freeze-dried and fractionated by GPC on Sephadex G-50 to give 
fractions 1-4 (70, 108, 32, and 5 mg, respectively) as well as fraction 5 containing low 
molecular weight LPS-derived compounds contaminated by salt (see Fig. 2). 

Sugar analysis.--Monosaccharides were analysed by GLC after methanolysis with 
2 M HC1/MeOH (120 °C, 16 h) and acetylation with Ac20 in pyridine (70 °C, 0.5 h) or 
after hydrolysis with 2 M CF3CO2H (121 °C, 2 h) followed by borohydride reduction 
and acetylation. Amino sugars were analysed conventionally using an LKB Alpha plus 
4151 amino acid analyser after hydrolysis with 4 M HCI (100 °C, 16 h). Disaccharides 
were analysed by GLC after methanolysis with 0.5 M HC1/MeOH (80 °C, 6 h) and 
acetylation. 

O-DeaceO, lation.--Fraction 4 (OS, 10 rag) was treated with aq 12% ammonia (1 mL, 
37 °C, 16 h) to give OSNH~O u (8 mg). Similarly, fraction 3 (30 mg) gave an 
O-deacetylated product (27 mg). 

Methylation analysis.--O-Deacetylated and borohydride-reduced fraction 4 (OS N~BH ~' 
2 rag) was methylated with MeI in Me2SO in the presence of solid NaOH [24]. Partially 
methylated neutral sugars were derived by hydrolysis with 2 M CF3CO2H (100 °C, 2 h), 
reduced with NaBDa, acetylated, and analysed by GLC-MS using published data [25]. 
For Kdo analysis, carboxyl-reduction with NaBH 4 was perlbrmed prior to hydrolysis. 
For amino sugar analysis, hydrolysis (acetolysis) (0.25 M H2SO 4 in glacial AcOIq, 
80 °C, 16 h) was applied and followed by hydrolysis, borohydride reduction, and 
acetylation [15]. 

Smith degradation.--O-Deacetylated fraction 3 (15 rag) was oxidised with 0.1 M 
NaIO 4 (1 mL, 20 °C, 48 h, in dark), the excess of NaIO 4 was reduced by several drops 
of ethylene glycol, the product was reduced with NaBH 4 (15 mg), desalted by GPC on 
Sephadex G-50, and hydrolysed with 0.1 M NaOAc-AcOH buffer (pH 4.4, 2 mL) at 
100 °C for 2 h, and the Smith-degraded product (9 mg) was isolated by GPC on 
Sephadex G-50. 

References 

[1] J.N. Dowling, A.K. Saha, and R.H. Glew, Microbiol. Ret'., 56 (1992) 32-60. 
[2] Y.A. Knirel, E.T. Rietschel, R. Marre, and U. Zfihringer, Eur. J. Biochem., 221 (1994) 239-245. 
[3] H. Moll, A. Sonesson, E. Jantzen, R. Man'e, and U. Ztihringer, FEMS Microbiol. Lett., 97 (1992) 1-6. 
[4] A. Sonesson. E. Jantzen, K. Bryn, L. Larsson, and J. Eng, Arch. Microbiol., 153 (1989) 72 78. 
[5] P.C. Liick, I. Leupold, M. Hlawitschka, J.H. Hetbig, I. Carmienke, L. Jatzwauk, and T. Guderitz, Zbl. 

Hyg., 193 (1993) 450-460. 
[6] A.L. Reingold, B.M. Thomason, B.J. Brake, L Thacker, H.W. Wilkinson. and J.N. Kuritsky, J. h~lect. 

Dis., 149 (1984) 819. 
[7] P. Edebrink, P.-E. Jansson, J. BC.gwald, and J. Hoffman, Carbohydr. Res., 287 (1996) 225-245. 
[8] Y.A. Knirel, J.H. Helbig, and U. Z~,ihringer, Carbohydr. Res.. 283 (1996) 129-139. 
[9] U. Zfihringer, Y.A. Knirel, B. Lindner, J.H. Helbig, A. Sonesson. R. Marre, and E.T. Rietschel, in J. 

Levin, C.R. Alving, R.S. Munford, and H. Redl (Eds.), Progress in Clinical and Biological Reseatz'h, 
Vol. 392, Bacterial Endotoxins. Lipopolysaccharides /)'onl Genes to Therapy, Wiley and Liss, New York, 
1995. pp 113-139. 

[10] P.A. McNicholas, M. Batley, and J.W. Redmond, Carbohydr. Res., 165 (1987) 17--22. 
[11] F.I. Auzanneau, D. Charon, and L. Szab6, J. Chem. Sot., Perkin Trans. I, (1991) 509 517. 



234 Y.A. Knirel et a l . /  Carbohydrate Research 293 (1996) 223-234 

[12] G.J. Gerwig, J.P. Kamerling, and J.F.G. Vliegenthart, Carbohvdr. Res., 62 (1978) 349-357. 
[13] K. Leonlein, B. Lindberg, and J. L~Snngren, Carbohvdr. Res., 62 (1978) 359-362. 
[14] J. L~nngren and S. Svensson, Ade. Carbohydr. Chem. Biochem., 29 (1974) 41-106. 
[15] K. Stellner, H. Saito, and S. Hakomori, Arch. Biochem. Biophys., 155 (1973) 464-472. 
[16] K. Bock and C. Pedersen, J. Chem. Sot., Perkin Trans. 2, (1974) 293-297. 
[17] K. Bock, C. Pedersen, and H. Pedersen, Ado. Carbohvdr. Chem. Biochem., 42 (1984) 193-225. 
[18] Y.A. Knirel, E.V. Vinogradov, A.S. Shashkov, B.A. Dmitriev, N.K. Kochetkov, E.S. Stanislavsky, and 

G.M. Mashilova, Eur. J. Biochem., 157 (1986) 129-138. 
[19] Y.A. Knirel, E.V. Vinogradov, A.S. Shashkov, B.A. Dmitriev, N.K. Kochetkov, E.S. Stanislavsky, and 

G.M. Mashilova, Eur. J. Biochem., 163 (1987) 639-652. 
[20] O. Holst and H. Brade, in D.C. Morrison and J.L. Ryan (Eds.), Bacterial Endotoxic Lipopolysaccharides, 

CRC Press, Boca Raton, 1992, pp 135-170~ 
[21] Y.A. Knirel and N.K. Kochetkov, Biochemist O, (Moscow), 58 (1993) 182-201. 
[22] A. Fomsgaard, M.A. Freudenberg, and C. Galanos, J. Clin. Microbiol., 28 (1990) 2627-2631. 
[23] A. Bax and S. Subramanian, J. Magn. Reson., 67 (1986) 565-583. 
[24] I. Ciucanu and F. Kerek, Carbohvdr. Res., 131 (1984) 209-217. 
[25] P.-E. Jansson, L. Kenne, B. Lindberg, H. Liedgren, and J. L~inngren, Chem. Commun. Unie. Stockhohn, 

(1976) 1-75. 


