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Abstract

TheYersinia genus includes human and animal pathogens (plague, enterocolitis) as well as non-pathogens. The lipopolysac-
charide of the facultative pathogenYersinia pseudotuberculosis has been implicated in the invasiveness of these bacteria. In
this work, we have investigated the fine structure of the lipid A isolated fromY. pseudotuberculosis lipopolysaccharide using
chemical analyses, gas chromatography/mass spectrometry, plasma desorption mass spectrometry, and matrix-assisted laser
desorption mass spectrometry. Arabinose (Ara) and aminoarabinose (Ara-4N) esterified the phosphates as inYersinia pestis
lipid A. The acylation ofY. pseudotuberculosis lipid A differed from those found inYersinia enterocolitica, Yersinia ruckeri,
andY. pestis lipopolysaccharides (LPSs): in the distribution of fatty acids between the two glucosamines in the fully acylated
hexaacyl molecular species and by the acyloxyacyl substitution at position C-2′, where theY. pseudotuberculosis lipid A has
a C14OC16 making it closest to that ofY. pestis. (Int J Mass Spectrom 219 (2002) 549–557)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Yersiniae, which belong to theEnterobacteri-
aceae, include both pathogenic and non-pathogenic
bacteria. ThreeYersinia species cause disease in
humans:Yersinia enterocolitica and Yersinia pseu-
dotuberculosis by ingestion of contaminated food
or water;Yersinia pestis by infected flea bite or in-
halation of respiratory droplets from a pneumonic
plague patient.Y. pseudotuberculosis infects humans
and animals causing necrotic lesions in liver, spleen,
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and lymph nodes.Y. pestis has been described as “a
recently emerged clone ofY. pseudotuberculosis” [1].

Gram-negative bacteria produce endotoxin, a mix-
ture of related lipopolysaccharides (LPSs) found as
components of their outer membranes[2]. Some en-
dotoxins are not toxic but among those that are, the
lipid moiety, called lipid A, has been recognized as
the principal toxic component. The number and nature
of its fatty acids as well as their structural position
have been shown to be specifically related to lipid A
toxicity [3–5].

The structures of the lipids A isolated fromY. en-
terocolitica, Yersinia ruckeri, andY. pestis have been
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recently described[6]. Compared to otherYersinia
species,Y. pestis andY. pseudotuberculosis display in-
creased outer membrane permeability that seems to
be related to the fluidity of their LPS acyl-chains as
well as to their shorter polysaccharides[7]. However,
no structural data or chemical analyses were given to
explain these results.

We determine here the structure of the native lipids
A of Y. pseudotuberculosis strain ATCC 29833, and
compare the results to the previously analyzed lipid A
structures described forYersinia species[6].

2. Materials and methods

2.1. Bacterial strains and cultures

Y. pseudotuberculosis strain ATCC 29833, strain
type RF 4738 was obtained from the National Re-
search Council collection, NRCC 4269. It was grown
at 37◦C as reported earlier[8] and the cells were killed
in 2% phenol before harvesting.

2.2. LPS

The LPS of Y. pseudotuberculosis was extracted
by the modified enzyme–phenol–water method[9]. It
was obtained as a precipitated gel by ultracentrifu-
gation (105,000× g, 4◦C, 12 h) and then purified
by extraction with solvents to remove phospholipids
and free fatty acids. It was further treated with pro-
teases and nucleases until TLC and UV spectra showed
no detectable contaminants[10]. Lipid A was pre-
pared by hydrolyzing LPS in 20 mM Na acetate–acetic
acid pH 4.5–1% Na dodecylsulfate at 100◦C for 1 h,
lyophilization, removal of the detergent by extraction
with acidified ethanol, followed by centrifugation, and
extraction of the lipid A in the pellet with chloro-
form:methanol:water 12:6:1[11].

2.3. Fatty acid analysis

To determine the total lipid composition, fatty acids
were released as previously described[6]. To iden-

tify fatty acids substituting glucosamine positions at
C-3 and C-3′, lipid A was treated with 0.2 M NaOH
at 37◦C for 5 min [12]. The released fatty acids
were extracted with ethyl acetate, methylated with
diazomethane, and identified by GC on an HP5 col-
umn (30m× 0.32 mm) with a program 150–300◦C
at 6◦C/min. Gas chromatography/mass spectrome-
try (GC/MS) was performed on a DB5ms capillary
column (30 m) coupled to a Finnigan MAT 95.S.

2.4. Thin-layer chromatography (TLC)

TLC was done on aluminium-backed silica-gel
plates (Merck). Products were visualized by charring
(in an oven at 150◦C for 5 min) after spraying with
10% sulfuric acid in ethanol or by spraying with
ninhydrin solution. 10�g of lipid A was deposited
on a TLC plate and chromatographed in the solvent
mixture—chloroform:methanol:water:triethylamine
(12:6:1:0.04)[11].

2.5. SDS–polyacrylamide gel of LPS

15% polyacrylamide gels were prepared and loaded
with samples of 0.2–0.5�g of the starting LPS prepa-
ration and its silica-gel fractions, electrophoresed as
previously described[13], and then stained[14].

2.6. Mass spectrometry

PDM spectra were obtained as previously described
[12]. They have been shown to give the distribution
of fatty acids between the two glucosamines (GlcNs)
as well as the heterogeneity of the sample. They
also give molecular-ion intensities proportional to the
relative abundances of the molecular species. This in-
formation is very useful, although plasma desorption
mass spectometry (PDMS) is not as sensitive and fast
as matrix-assisted laser desorption mass spectrometry
(MALDI). Resolution was±1 u and the fragmenta-
tion pattern is annotated according to[12,15]. Fatty
acids were characterized by electron impact mass
spectrometry (EI/MS) on a Finnigan MAT 95.S mass
spectrometer. MALDI/MS was carried out in the
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linear mode under delayed-extraction conditions on
a Perseptive Voyager STR model (PE Biosystem,
France) time-of-flight mass spectrometer (I.B.B.M.C.,
Orsay). Gentisic acid (2,5-dihydroxybenzoic acid)
was used as a matrix: a suspension of lipid A in chloro-
form:methanol:water 12:6:1 (1 mg/mL) was desalted
with a few grains of Dowex 50 W-X8(H+), 1�L was
deposited on the target, mixed with 1�L of the matrix
suspended at 10 mg/mL in water or 0.1 M aqueous
citric acid [16] and dried. In this case, suspension of
the lipid A in water gave the same result. Analyte
ions were desorbed from the matrix with pulses from
a 337 nm nitrogen laser. Spectra were obtained in the
negative-ion mode at 20 kV with an average of 128
pulses. For the post-source decay (PSD) analysis, the
reflectron configuration with delayed-ion extraction
was used to obtain the fragment–ion spectrum by
metastable decomposition of a preselected ion.

3. Results

The differentYersinia LPSs exhibited a high de-
gree of heterogeneity on SDS–polyacrylamide elec-
trophoresis gels (Fig. 1). TLC analysis of the isolated
lipid A also showed heterogeneity, some spots giving
a positive response to ninhydrin, indicative of free
amino groups (not shown).

The fatty-acid composition obtained by GC/MS
indicated the presence of hexadecanoic acid (C16;
two equivalents), hydroxytetradecanoic acid (C14OH;
four equivalents) together with minor quantities of
dodecanoic acid (C12).

Interpretation of the PDMS negative-ion spectra of
the isolated lipids A in this study was based on earlier
results showing that molecular ions in the high-mass
region (m/z values greater than about 1100 in this case)
gave signals proportional in intensity to the abundance
of the corresponding lipid A species present in the
preparation[17]. Lipid A molecular species having
a residue of aminoarabinose (Ara-4N) substituting
the phosphate at C-4′ were exceptions, a portion of
this residue being cleaved off[13]. Signals in the
lower-mass region were assumed to be fragment ions.

Fig. 1. SDS–polyacrylamide gel electrophoresis of variousYersinia
lipopolysaccharides[6]: (a) Y. ruckeri O1, (b) Y. ruckeri O2, (c) Y.
pseudotuberculosis, (d) Y. pestis, (e)Y. enterocolitica O117, and (f)
Y. enterocolitica O3. LPS molecular weight standards are at right.

3.1. Negative-ion PDMS

The spectrum (Fig. 2B) confirmed the high hetero-
geneity of the lipid A preparation as deduced from
TLC analysis. The dominant peak, corresponding to
a tetraacyl molecular species, appeared atm/z 1405.
On the basis of the overall chemical composition, this
peak would correspond to a molecular-ion species
containing two GlcN (161.16 × 2), two phosphates
(80×2), and four C14OH (226.36×4). The ion atm/z
1643 would correspond to a molecular species with, in
addition, a C16 unit (238.41), and that atm/z 1882, with
a second C16. A triacyl molecular species (3 C14OH )
gave a peak atm/z 1179. The peak atm/z 1417 would
correspond to a tetraacyl molecular species with 3
C14OH and 1 C16, the one atm/z 1548 has, in addition,
an Ara-4N. A triacyl molecular species with Ara-4N
(131.13) gave a peak atm/z 1310, and the latter with
an additional C14OH appeared atm/z 1536. Smaller
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Fig. 2. Lipid A structure ofY. pseudotuberculosis showing fragmentation sites in positive- and negative-ion PDMS spectra (A), PDMS
negative-ion spectrum (B), and PDMS positive-ion spectrum (C).

peaks found atm/z 1774 and 1906 corresponded to
m/z 1643 with an Ara-4N and Ara-4N plus arabinose
(Ara; 132.12), respectively. The same additions to the
molecular-ion species giving a signal atm/z 1882 gen-
erated peaks atm/z 2013 and 2145. Peaks observed in

the lower-mass region are fragment-ions correspond-
ing to GlcN I. Three sets of three peaks and one set
of two peaks were observed corresponding to the ions
resulting from the already described fragmentations at
the X, Y, andZ sites (Fig. 2A): 1108 (X1), 1079 (Y1)



H. Therisod et al. / International Journal of Mass Spectrometry 219 (2002) 549–557 553

and 1063 (Z1) correspond to one GlcN, one phos-
phate, two C14 OH, one C16, one Ara[12]. The series
m/z 976 (X2) and 947 (Y2) were attributed to the cor-
responding fragments minus Ara. The seriesm/z 870
(X3), 841 (Y3), 825 (Z3) were attributed to the cor-
responding fragments minus C16, and m/z 738 (X4),
709 (Y4), and 693 (Z4) to the fragments minus C16

plus Ara. The distribution of fatty acids on the two
GlcNs were deduced from the masses obtained for
the molecular-ion species and from the fragment-ion
species corresponding to GlcN I. Each GlcN of the
fully substituted lipid A had two C14OH and one C16.
If Ara was localized on the phosphate of GlcN I, the
Ara-4N had to be a substituent of the phosphate linked
to GlcN II. Since the difference between the two
substituents is only one atomic mass unit, it was not
possible to confirm their attachment sites by PDMS.

3.2. Negative-ion MALDI

The molecular-ion peaks observed in the negative-
ion mode were similar to those obtained by PDMS.
The spectra (Fig. 3A) differed mainly by the presence
of only two fragment-ion peaks corresponding to the
GlcN I moiety:m/z 931.2 and 692.8 composed of one
GlcN, one phosphate and two C14 OH, with and with-
out C16, respectively.

The accuracy of the masses observed in the MALDI
compared to PDMS confirmed the presence of both
Ara and Ara-4N, as shown by the peaks atm/z 2012.8
andm/z 2144.8 in the negative-ion spectrum of the na-
tive lipid A. These peaks differed fromm/z 1882.0 by
the masses of 132 (Ara) and the sum of 132 and 131
(Ara-4N), respectively. Minor peaks atm/z 1825.8 and
1957.1 would be homologues of the pentaacyl molec-
ular species atm/z 1882 and 2012. 8, respectively, with
a C12 replacing the second C16.

3.3. Positive-ion PDMS

The spectrum (Fig. 2C) confirmed the distribu-
tion of fatty acids between the two glucosamine
residues,m/z 933 corresponding to the GlcN II moiety
(B1) composed of one glucosamine, one phosphate,

two C14OH, and one C16 [12]. The other large
fragment-ion peak was atm/z 695 (933 minus
C16). These data corroborated the analysis of the
negative-ion spectrum in which each GlcN carried
two C14OH and one C16. The molecular-ion peak of
highest mass was observed atm/z 1908 corresponding
to M (2145.8 u) minus C16, m/z 1883 differed from
M by the combined masses of Ara and Ara-4N,m/z
1803 (B2) contained one phosphate less than that,
andm/z 1565 lacked, in addition one C16. M/z 1565
minus one and two C14OH gave, respectively,m/z
1339 andm/z 1112, a major peak. The latter ion with
two GlcN, one phosphate, only two C14OH and one
C16 was a strong indication of a C14OC16 in amide
position. A fragment ion without C16 appeared atm/z
874 and a dephosphorylated form atm/z 794.

3.4. Alkali treatment

Alkali treatment, known to liberate fatty acids in
ester linkage at positions C-3 and C-3′ on the GlcNs
[12], liberated C14OH, C16, and C14OC16 as shown by
GC/MS analysis. The MALDI spectrum (negative-ion
mode) of the residual product (not shown) gave a
signal atm/z 1191, corresponding to two GlcN, two
C14OH, two phosphates, and one C16. If this C16

had been a substituent of an ester-linked C14OH,
both C16 would have been liberated under the alka-
line conditions used. In the positive-ion spectrum, a
fragment-ion atm/z 707 confirmed the location of the
amide-linked C14OC16 on GlcN II (non-reducing).
Since each GlcN carries one of the two C16, and C-3
and C-3′ are the only positions liberated under the
mild conditions used[12], it could be deduced that the
alkali-liberated C14OC16 originated at C-3 (GlcN I).

3.5. Post-source decay (PSD)

An experiment was performed in order to localize
the Ara-4N substituent. A molecular ion lacking a sub-
stituent at position C-1 (obtained by dephosphoryla-
tion during the hydrolytic process used to prepare lipid
A) was selected in the negative-ion spectrum of the
alkali-treated lipid A. This ion atm/z 1003.2 (Fig. 3B)
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Fig. 3. MALDI negative-ion spectrum of the lipid A isolated fromY. pseudotuberculosis (A); PSD spectrum of peakm/z 1003.2 from the
negative-ion spectrum of the alkali treated lipid A (B).

tentatively attributed to two GlcN, one phosphate, two
C14OH, and one Ara-4N generated a fragment-ion at
m/z 872.0 (131.1 amu less), thus localizing Ara-4N
at C-4′ on the unique phosphate group. This ex-
periment led to the conclusion that Ara-4N was
linked to the same position as in other Yersiniae
[6]. Thus, the Ara substituent had to be located
at C-1.

4. Discussion

SDS–gel electrophoresis showed that this strain of
Y. pseudotuberculosis LPS has a short polysaccharide
(Fig. 1). O-chain structures of a few other strains of
this species have been determined[18,19].

The Y. pseudotuberculosis lipid A has the classical
diGlcN backbone structure[20]. The present analysis



H. Therisod et al. / International Journal of Mass Spectrometry 219 (2002) 549–557 555

of the lipid A structure ofY. pseudotuberculosis con-
firms the structural variability found in theYersinia
lipids A and, more precisely, the differences observed
in secondary acylation at position C-2′. The lipids
A of the different species and strains analyzed pre-
viously fell into three groups on the basis of fatty
acids amidating this position: C14OC12, C14OC14, and
C14OC16:1. Fig. 4 summarizes the present results and
compares them with those obtained with other species
of the genus. TheY. pseudotuberculosis lipid A struc-
ture with a C16 substituent suggests that it is more
closely related toY. pestis lipid A which carries an un-
saturated C16 substituent at this position. The presence
of a longer chain fatty acid might partially explain
the similar membrane fluidity of these species[7]. In
addition to the variability observed at position C-2′,
there is also a different distribution of the fatty acids
between the two GlcNs ofY. pseudotuberculosis lipid
A compared to that of the other species. The previ-
ously analyzed structures had in common withE. coli
lipid A, an asymmetric distribution of fatty acids on
the two GlcNs: four fatty acids linked to GlcN II and
two to GlcN I for the fully acylated molecular species.
The more unusualY. pseudotuberculosis lipid A has
three fatty acids on each GlcN (two ester- and one
amide-linked). This distribution also exists inNeisse-
ria lipid A, but, instead of giving a mirror image, as in
Y. pseudotuberculosis, the fatty acids are placed identi-
cally on the two GlcNs[21]. Moreover, the only other
lipid A we know of having a secondary acylation at
the C-3 position is that ofMoraxella catarrhalis [22].
The biosynthetic pathways leading to theYersinia lipid
A structures and the biological consequences of their
variability will have to be explored.

It should be stressed that our present and earlier data
on lipids A of Y. enterocolitica and Y. ruckeri were
obtained from bacteria grown in rigorously identical
culture conditions allowing more valid comparison of
their structures.

An early report on the lipid A of another strain ofY.
pseudotuberculosis [23] showed the presence of C12,
C14OH, C16, and C16:1. The investigators assumed
that the latter two fatty acids were contaminants be-
cause of the fluctuating amounts found in various

LPS preparations. Our results suggest that they might
also have been evidence of variability in fatty-acid
composition in this species considering that all the
preparations were extracted with solvents to eliminate
contaminants. Our analysis revealed a small amount
of C12 which probably originated in a minor C14OC12

substituent at C-3′ as shown by GC/MS analysis of
the fatty acids released by mild alkali treatment. This
was also confirmed by minor signals of molecular-ion
species in mass spectra interpreted to contain C12

in place of C16. The major molecular species ofY.
ruckeri and someY. enterocolitica lipids A (Fig. 4)
contained C12 at this position.

In Salmonella lipid A, the C16 was recently re-
ported[24] to be transferred from a phospholipid to
the N-linked C14OH on GlcN I by an enzyme lo-
calized in the outer membrane, PagP. The gene for
this enzyme has also been found inY. pestis [24]. Y.
pseudotuberculosis is now found to contain both an
ester-and an amide-linked C14OH substituted with
C16 and it would be interesting to compare this strain
with other strains of this species, reported to be devoid
of C16, for the presence or absence of the transferase.

Another similarity betweenY. pestis and Y. pseu-
dotuberculosis lipids A was the presence of Ara and
Ara-4N as frequent substituents of the phosphate
groups located at positions C-1 and C-4′, respectively
[25]. In the present study, these compounds were not
isolated for chemical characterization but were local-
ized by fragmentation in PSD analysis. The presence
of ninhydrin-positive spots in TLC of the native lipid
A was consistant with the interpretation of some
signals in the mass spectra as Ara-4N-containing
molecular ions. Moreover, the negative-ion MALDI
spectrum had vicinal signals of ions differing in mass
by the molecular weights of Ara and Ara-4N, 132 u
and 131 u, respectively. Fragmentation of the Ara-4N
linkage has already been reported in PDMS[13], and
more recently in MALDI [26]. This substituent on
lipid A structures is known to constitute a factor of
resistance to polymyxin[27] and other cationic agents
[28].

The shared presence of a long fatty acid, Ara-4N,
and Ara support the recent report thatY. pestis
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and Y. pseudotuberculosis were one species in the
not-too-distant past[1]. These data and results ob-
tained with other genera[29,30]lead to the conclusion
that there is more variability among lipid A structures
within a given genus than was previously thought.

Acknowledgements

We thank D.W. Griffith (NRC, Ottawa) for the
large-scale production of bacteria, Dr. Y. LeBeyec
(IN2P3, Orsay) for access to the Depil mass spectrom-
eter and F. Perez for GC/MS analysis. C.N.R.S/M.R.C.
gave financial support to M.C. for travel expenses.

References

[1] M. Achtman, K. Zurth, G. Morelli, G. Torrea, A. Guiyoule,
E. Carniel, Proc. Natl. Acad. Sci. 96 (1999) 14043.

[2] A. Nowotny, in: E.T. Rietschel (Ed.), Handbook of
Endotoxins, Elsevier, Amsterdam, 1984, p. 308.

[3] P.J. Baker, T. Hraba, C.E. Tayler, P.W. Stashak, M.B.
Fauntleroy, U. Zähringer, K. Takayama, T.R. Sievert, X.
Hronowski, R. Cotter, J.G. Perez-perez, Infect. Immun. 62
(1994) 2257.

[4] A. Lasfargue, R. Chaby, Cell Immunol. 115 (1988) 165.
[5] H. Takada, S. Kotani, Crit. Rev. Microbiol. 16 (1989) 477.
[6] L. Aussel, H. Thérisod, D. Karibian, M.B. Perry, M.

Bruneteau, M. Caroff, FEBS Lett. 465 (2000) 87.
[7] J.-A. Bengoechea, K. Brandenburg, U. Seydel, R. Diaz, I.

Moriyon, Microbiology 144 (1998) 1517.
[8] M. Caroff, D.R. Bundle, M.B. Perry, Eur. J. Biochem. 139

(1984) 195.
[9] K.G. Johnson, M.B. Perry, Can. J. Microbiol. 22 (1976) 29.

[10] M. Caroff, D. Karibian, Appl. Environ. Microbiol. 56 (1990)
1957.

[11] M. Caroff, A. Tacken, L. Szabo, Carbohydr. Res. 175 (1988)
273.

[12] D. Karibian, A. Brunelle, L. Aussel, M. Caroff, Rapid
Commun. Mass Spectrom. 13 (1999) 2252.

[13] S. Lebbar, D. Karibian, C. Deprun, M. Caroff, J. Biol. Chem.
269 (1994) 31881.

[14] C.M. Tsai, C.E. Frasch, Anal. Biochem. 119 (1982) 115.
[15] C.E. Costello, J.E. Vath, Methods Enzymol. 193 (1990)

738.
[16] H. Thérisod, V. Labas, M. Caroff, Anal. Chem. 73 (2001)

3804.
[17] D. Karibian, C. Deprun, M. Caroff, J. Bacteriol. 175 (1993)

2988.
[18] R.P. Gorshkova, N.A. Komandrova, A.I. Kalinovsky, Y.S.

Ovodov, Eur. J. Biochem. 107 (1980) 131.
[19] R.P. Gorshkova, V.V. Isakov, L.S. Shechenko, Y.S. Ovodov,

Bioorg. Khim. 17 (1991) 252.
[20] I.N. Krasikova, V.I. Gorbach, V.V. Isakov, T.F. Solov’eva,

Y.S. Ovodov, Eur. J. Biochem. 126 (1982) 349.
[21] V.A. Kulshin, U. Zähringer, B. Lindner, C.E. Frasch, C.-M.

Tsai, B.A. Dmitriev, E.T. Rietschel, J. Bacteriol. 174 (1992)
1793.

[22] H. Masoud, M.B. Perry, J.C. Richards, Eur. J. Biochem. 220
(1994) 209.

[23] N. Krasikova, V.I. Gorbach, T.F. Solov’eva, Y.S. Ovodov, Eur.
J. Biochem. 89 (1978) 287.

[24] R.E. Bishop, H.S. Gibbons, T. Guina, M.S. Trent, S.I. Miller,
C.R.H. Raetz, EMBO J. 19 (2000) 5071.

[25] N. Dalla Venezia, S. Minka, M. Bruneteau, H. Mayer, G.
Michel, Eur. J. Biochem. 151 (1985) 399.

[26] Z. Zhou, S. Lin, R.J. Cotter, C.R.H. Raetz, J. Biol. Chem.
274 (1999) 18503.

[27] I.M. Helander, I. Kilpeläinen, M. Vaara, Mol. Microbiol. 11
(1994) 481.

[28] J.A. Bengoechea, R. Diaz, I. Moriyon, Infect. Immun. 64
(1996) 4891.

[29] H. Thérisod, M.A. Monteiro, M.B. Perry, M. Caroff, FEBS
Lett. 499 (2001) 1.

[30] M. Caroff, L. Aussel, H. Zarrouk, A. Martin, J. Richards,
H. Thérisod, M.B. Perry, D. Karibian, J. Endotoxin. Res. 7
(2001) 63.


	Structural analysis of Yersinia pseudotuberculosis ATCC 29833 lipid A
	Introduction
	Materials and methods
	Bacterial strains and cultures
	LPS
	Fatty acid analysis
	Thin-layer chromatography (TLC)
	SDS-polyacrylamide gel of LPS
	Mass spectrometry

	Results
	Negative-ion PDMS
	Negative-ion MALDI
	Positive-ion PDMS
	Alkali treatment
	Post-source decay (PSD)

	Discussion
	Acknowledgements
	References


