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Abstract

The lipopolysaccharide from Klebsiella oxytoca rough mutant R29 (O1-/K29°) has been isolated
and its complete structure has been elucidated by compositional analyses, NMR spectroscopy, and
laser-desorption mass spectrometry. The carbohydrate backbone has the structure

L-a-D-Hepp-(1-3)-L-a-D-Hepp-(1-5)-a-Kdo-(2—6)--D-GlcpN-(1-6)-a-D-GlcpN-1—- P
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of which the GlcN residues (the lipid A backbone) are acylated by 14:(3-OH) (amide-linked) and
12:0, 14:0(3-OH)(ester-linked) fatty acids. © 1998 Elsevier Science Ltd. All rights reserved.
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In the genus Klebsiella, there are two species that
frequently cause nosocomial infections which often
lead to septicemia and mortality, i.e. K. pneumoniae
and K. oxytoca [1]. Lipopolysaccharides (LPS) and
capsules have been identified as virulence determi-
nants in Klebsiella species [1,2]. The majority of O-
antigenic polysaccharides have been structurally
characterised [1,3], however, less is known about
structural features of the core and lipid A regions of
LPS. Recently, we reported the complete structure
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of the LPS of K. pneumoniae ssp. pneumoniae rough
mutant R20 (O17/K20") [4], and the structures of the
carbohydrate backbones of LPS from two rough
mutants of K. pneumoniae ssp. ozaenae (O87) were
published by Severn et al. [5]. We now report the
complete structure of the LPS of K. oxytoca rough
mutant R29 (O1-/K29°) as depicted in Fig. 1.
Compositional analyses of the LPS identified D-
Glc, vL-glycero-D-manno-heptose (L,D-Hep), D-
GIcN, 3-deoxy-D-manno-oct-2-ulopyranosonic acid
(Kdo), phosphate, 3-hydroxytetradecanoic acid
(14:0(3-OH)), tetradecanoic acid (14:0), and dode-
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Fig. 1. The structure of the LPS from K. oxytoca rough mutant R29 (O17/K29").

canoic acid (12:0) in the molar ratio of
~1:2:2:2:2:4:1:0.5, and traces of hexadecanoic acid
(16:0). The absolute configuration of 14:0(3-OH) is
R. For the structural analysis of the carbohydrate
backbone, the LPS (140 mg) was deacylated and
separated using high-performance anion-exchange
chromatography which yielded a homogeneous
fraction that was desalted by gel-permeation chro-
matography on Sephadex G-50 in water and lyo-
philised (39.2mg, 28% of the LPS). Its structure 1
was elucidated by NMR spectroscopy on a solu-
tion in D,O (pD 9.5; '"H NMR, 500 MHz; 3C
NMR, 90.6 MHz; 3'P, 145MHz). The assigned
chemical shifts, and the NOE contacts as revealed
by a NOESY spectrum, are summarised in
Tables 1-3. The anomeric region of the '"H NMR
spectrum contained five signals, two of which
(residues E,F, compare 1) could be assigned to
heptose residues which possess the manno-config-
uration as revealed by their Jy,p., coupling
constants (< 2Hz). Three anomeric signals (resi-
dues A, B, I) were assigned to the gluco-con-
figurated hexoses, two of which are - (Jy.;n2
7.5-8.5Hz, residues B, I) and one is a-linked (Jy.
1.n2 3.5Hz, residue A). The signal at 5.385ppm

was assigned to H-1 of A. It appeared as double
doublet indicating the substitution of O-1 by a
phosphate residue [6]. In the region 1.70-2.15 ppm,
the characteristic high-field signals of H-3ax
and H-3eq of two a-linked Kdo residues (C and
D) were present.

The '3C NMR spectrum (Table 2) contained
seven signals in the anomeric region, representing
two C-2 atoms of the Kdo residues C and D (at
101.5 and 99.6ppm, determined by a DEPT
experiment), and five C-1 atoms of two heptose
and three hexose residues. Other signals established
the presence of one «- and one g-linked GIcN (A
and B, characteristic resonances of C-2 at 54.4 and
55.6 ppm, respectively) and two Kdo residues
(characteristic high-field signals of C-3 at 34.6 (resi-
due C) and 34.8 ppm (residue D) and carboxyl reso-
nances at 174.7 and 174.6 ppm). Low field shifted
signals indicated the substitution at O-6 of A (C-6 at
69.8 ppm) and B (C-6 at 62.5 ppm), at O-4 and O-5 of
C (68.6 and 68.7 ppm, respectively), and at O-3 and
O-4 of E (74.1 and 73.2 ppm, respectively). D, F, and
I are terminal residues.

The sequence of oligosaccharide 1 was estab-
lished by analysis of the interresidual NOE



Table 1
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'H NMR data 2 for 1

Unit Chemical shifts (§)
H-1 H-2 H3-ax H3-eq H-4 H-5 H-6a H-6b H-7a H-7b H-8a H-8b
A 5.385°b 3.147 3.641 3.341 3.882 3.502
4.038
B 4.597 2.804 3.581 3.52¢ 3.502 3.191
3.422
C 1.725 3.824  4.006 3.460 3.568 3.54¢
1.903 3.76 ©
D 1.532 3.820 3.78¢ 3.401 398¢ 341°¢
1.852 3.71¢
E 4.792 3.852 3.853 3996 4.014 3.830 3.392
3.485
F 5.016 3.906 3.598 3.388 3.595 3.790 3.537
3.788
I 4.271 3.034 3.232 3.045 3.220 3.440
3.700

4 The spectrum was measured at 500 MHz at 283 K in D,O relative to acetone (§ 2.225). Assignments were made by a phase-
sensitive double quantum-filtered (DQF) COSY experiment. Monosaccharide units A—I are as shown in the formula.

b JH—l.P 7.6 Hz.
¢ Not resolved.

Table 2

13C NMR data?

for 1

Unit Chemical shifts (8)

C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8
A 90.8 54.4 69.6 69.7 72.4 69.8
B 99.6 55.6 72.2 73.8 74.0 62.5
C 174.7 b 101.5 ¢ 34.6 68.6 68.7 70.4 66.1 64.2
D 174.6 ® 99.6 © 34.8 66.5 66.5 71.6 71.8 63.1
E 101.8 70.2 74.1 73.2 69.0 68.6 63.2
F 98.7 69.9 69.3 72.4 70.7 68.8 63.8
| 102.3 73.6 76.5 70.3 75.4 61.6

4 The spectrum was measured at 90 MHz in D,O relative to dioxane (8§ 67.40). Monosaccharides A—I are as shown in the formula.

¢ Interchangeable.

Table 3

NOE effects of oligosaccharide 1, observed in the NOESY
spectrum 2. Shown are signals that were important for the
structural determination

Unit NOE signal ©
From Intraunit Interunit
A Al A2
B BI B3 (m), B5 (s) Aba (w)
C C3ax C4 (w), C3eq (s) E5(w), D6 (s)
D D3eq D4 (w), D3ax (s) ES5 (w)
E El E2 (m) C5 (m), C7 (s)
E2 E3 (m) C5 (w), C7 (s)
F FI F2 (m) E2 (w), E3 (w), I2 (w)
I 11 I3 (m), I5 (s) E4 (s)

& Spectra were recorded at 500 MHz and 283 K, the mixing
time was 200 ms. Monosaccharide units A-I are as shown in
the formula.

® w, Weak; m, medium; s, strong.

contacts (Table 3). The following connectivities
were observed: between H-1 of heptose F and H-3
of heptose E, between H-1 of residue E and H-5
of Kdo C, between H-1 of 8-Glc I and H-4 of
heptose E, between H-3ax of residue C and H-6
of Kdo D {confirming the element o-Kdo-(2—4)-a-
Kdo D-C [7]}, between H-3ax of residue C and
H-5 of residue E {proving the «a-(1—5) linkage
between Hep E and Kdo C [8]}, and between H-1
of GlcN B and H-6 of GIlcN A. Consequently,
although not indicated by NOE contacts, C must
be linked to B.

The 3'P NMR spectrum possessed two signals at
2.85 and 4.30ppm, which were assigned by a
3P TH-COSY NMR experiment to the phosphate
residues at O-1 of GlecN A and O-4 of GIcN B,
respectively [9].
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In summary, our data establish 1 as carbohy-
drate backbone of the LPS of K. oxytoca rough
mutant R29.

L-a-D-Hepp-(1—3)-L-a-D-Hepp-(1-5)-a-Kdo-(2—6)-p-D-GlcpN-(1-6)-a-D-GlcpN-1- P
4 4 4

0 t t
1 2 P
p-D-Glcp a-Kdo

The nature and distribution of fatty acids in the
lipid A were determined by chemical analysis of
LPS and LD-MS of dephosphorylated lipid A.
After de-O-acylation of LPS with 0.25 M metha-
nolic sodium methoxide followed by esterification
of the released fatty acids with diazomethane,
quantification revealed that 14:0, 12:0, and about
half of the amount of 14:0(3-OH) (determined as
14:0 (3-OMe)) had been released, indicating their
ester-linkage [10]. The investigation of the fatty
acid content before and after esterification with
diazomethane identified 14:0[3-0-(14:0)] as sole
ester-linked acyloxyacyl structure. Fatty acid ana-
lysis of de-O-acylated LPS identified 14:0(3-OH) as
sole amide-linked fatty acid. Thus, 12:0 and 16:0
were ester-linked to amide-bound 14:0(3-OH).

As proven by the structure of 1, the carbohy-
drate backbone of the lipid A consists of B-D-
GlcpN-(1—6)-a-D-GlcpN 1,4'-bisphosphate which
is substituted at O-6’ by the core oligosaccharide.
Thus, positions O-3, O-4, and O-3' may be acy-
lated. For the analysis of the fatty acid distribu-
tion, the LPS was dephosphorylated, then
hydrolysed in 1% acetic acid, and the depho-
sphorylated lipid A was isolated by extraction with
CH,Cl,, then dried, and, after addition of Nal,
subjected to laser-desorption mass spectrometry
(Fig. 2). Three pseudomolecular ions were identi-
fied, i.e. at m/z 1899, 1661, and 1435, representing
the masses of hepta-, hexa-, and pentaacyl lipid A
species, respectively. The major species, the hex-
aacyl lipid A contains four 14:0(3-OH), one 14:0
and one 12:0, and the heptaacyl component con-
tains an additional 16:0. The pentaacyl lipid A
possesses one 14:0(3-OH) residue less, probably
that linked to O-3 of the reducing GIlcN A. The
ions at m/z 1417 (1661-244), 1207 (1435-228), and
862 (1090-228) originate from cleavage of either
one 14:0(3-OH) or 14:0 residue. The ions marked E
are of diagnostic value and are generated by clea-
vages between C-4/5 and C-5/ring oxygen of the
reducing GlcN during the laser desorption process
[11]. The resulting ions at m/z 1090 and m/z 862
represent the molecular masses of non-reducing
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Fig. 2. Positive ion laser-desorption mass spectrum of depho-
sphorylated lipid A with addition of Nal. E are diagnostic ions
for the identification of fatty acid distribution as explained in
the text.

GIlcN residues, acylated either with four or with three
fatty acids (two 14:0(3-OH), a 12:0, and one or no
14:0, respectively). Since the 14:0 residue was identi-
fied as part of the ester-bound acyloxyacyl structure,
the 12:0 must consequently be ester-linked to the
amide-bound 14:0(3-OH) in GlcN B. Therefore, 16:0
substitutes the amide-linked 14:0(3-OH) of GIcN A.

In conclusion, we have characterised the com-
plete structure of LPS from K. oxytoca rough
mutant R29 as shown in Fig. 1. The structure of its
carbohydrate backbone represents a partial struc-
ture of the LPS of K. pneumoniae ssp. pneumoniae
rough mutant R20 [4] and K. pneumoniae ssp.
ozaenae RFK-11 [5], and is identical to that of K.
pneumoniae ssp. ozaenae RFK-9 [5]. As in LPS of
K. pneumoniae rough mutant R20, K. pneumoniae
RFK11 [5] and K. pneumoniae LEN 1 [12], the lipid
A Dbackbone consists of B-D-GlepN-(1—6)-0-D-
GlcpN  1.4'-bisphosphate which represents the
structural principle of lipid A of all enterobacterial
species and many other LPSs [13]. Its acylation
pattern differs from that of lipid A from LPS of K.
pneumoniae rough mutant R20 [4] by amide-linked
14:0[3-0-(12:0)] at GIcN B instead of 14:0[3-O-
(14:0)]. Heterogeneity in the secondary fatty acid
pattern of acyloxyacyl structures has been
observed in lipid A from various bacteria [14], but
this is to our knowledge the first description of a
stoichiometric replacement of a secondary fatty
acid within the lipid A of a bacterial genus.

1. Experimental

The following were performed as published: cul-
tivation of K. oxytoca strain R29 (K29-/O1°) and
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extraction of the LPS (yield: 3.4% of bacterial dry
mass) [4], compositional analyses of LPS [15],
determination of the absolute configuration of
14:0(3-OH) [16], analyses of ester- and amide-
linked fatty acids [10], deacylation of LPS [17,18],
NMR spectroscopy [4] with modifications as
described in the Tables, dephosphorylation of LPS
[4], hydrolysis of LPS with 1% acetic acid [4], laser-
desorption mass spectrometry [4], and de-O-acyla-
tion of LPS with 0.25M methanolic sodium meth-
oxide followed by esterification of the released
fatty acids with diazomethane [10].
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