




attachment of Neu5Ac, were observed only in the tandem mass
spectrum of the ion with an m/z of 1,137.5. This observation
clearly indicated that the O-acetyl group was linked to the
Neu5Ac residue. Indeed, the identification of O-acetylated sialic
acids is an analytical challenge (16). Mild acid treatment results in
Neu5Ac cleavage due to the acid lability of ketosidic linkage,
while hydrazinolysis leads to removal of the ester-linked acyl
groups. Therefore, direct analysis of intact LOS offers a powerful
tool for sialome studies (1, 2, 16, 19).

The lipid A portion of the molecule consisted of a hybrid
backbone of �-D-2,3-diamino-2,3-dideoxy-D-glucose (�-D-
GlcN3N)-(13 6)-�-D-GlcN3N carrying P or pyrophospho-
ethanolamine (PPEtn) at positions O-1 and O-4� and sub-
stituted by six fatty acid chains. Two major acylation
patterns of lipid A were detected as type 1 (four N-linked
3-OH-C14:0 and two O-linked C16:0 fatty acids) or type 2
(four N-linked 3-OH-C14:0 fatty acids, one O-linked C14:0

fatty acid, and one O-linked C16:0 fatty acid). The MS/MS
data also provided the information on lipid A composition,
as summarized in Table 1. To locate the glycine residue in
the inner core oligosaccharide, MS/MS experiments were
performed on core oligosaccharide samples (3). The results
revealed that glycine was located on the second heptose
residue (HepII). Structural information on the linkage of
glycine residue is under investigation.

Analysis of intact LOS prepared using microwave-assisted
digestion. For LOS sample preparation, proteinase K was typ-
ically used as the first digestion enzyme to help break down
cells, followed by the application of a DNase/RNase cocktail.
However, for small colony samples, we found that there were

no significant differences based on the order of reagent addi-
tions. Since proteinase K can also digest DNase and RNase, we
added proteinase K right after DNase/RNase digestion with-
out a denaturing step. To optimize the reaction conditions,
microwave-assisted DNase/RNase digestion for five samples
was initially carried out for 3 minutes. The five samples were
digested with proteinase K for 1, 2, 3, 4, and 5 min. The
extracted spectra for the samples with digestion times of 1, 3,
and 5 min are presented in Fig. 4; for these samples, the
optimal reaction time for proteinase K digestion was 3 min-
utes. When the reaction time was too long, the sample over-
heated and LOS degradation occurred, which was evident from
the higher peaks associated with the lipid A moiety (e.g., m/z
values of 987.2, 1,001.2, and 1,022.8) in Fig. 4C. Similarly, the
time course of DNase/RNase digestion was investigated with a
fixed reaction time of 3 min for proteinase K, and 3 min was
also found to be the optimal time period for DNase/RNase
digestion (data not shown). In all subsequent experiments,
enzymatic digestion was carried out for only 3 minutes. Over-
all, with this protocol the sample preparation time was short-
ened from between 3 and 4 days to less than 1 hour (Fig. 1).

Characterization of trace amounts of LOS. The reproduc-
ibility of the proposed protocol was evaluated with five repli-
cate samples, each of them containing the cells from five col-
onies of C. jejuni MF6. The results for EA-OTLC-MS analysis
are displayed in Fig. 5, and each spectrum demonstrated an
excellent signal-to-noise ratio. The observed ions in the repli-
cate samples were essentially identical to each other and to
those detected from the whole-plate cell cultures or from di-
lutions thereof.

The sensitivity of the method was demonstrated through
successful and reproducible characterization of single-colony
samples, including that with MS and MS/MS. Figure 6 clearly
indicates that the detection limit of the technique is at least at
the single-colony level. The major glycoforms in all single-
colony samples were the same as those in the five-colony sam-

FIG. 3. MS and MS/MS analysis of intact LOS from C. jejuni MF6.
A separation voltage of 20 kV, together with a pressure of 50 kPa, was
employed. Samples (1.0 �l) were injected for all experiments. For
MS/MS analysis, N2 was used as a collision gas and �40 V was set as
the collision energy level. (A) Extracted MS/MS spectrum of the ion
with an m/z of 1,126.9 ([M-4H]4�); (B) extracted MS/MS spectrum of
the ion with an m/z of 1,137.0 ([M-4H]4�).

FIG. 2. EA-OTLC-MS analysis of intact LOS from C. jejuni MF6
prepared using a traditional method. A separation voltage of 20 kV,
together with a pressure of 50 kPa, was employed. Samples (1.0 �l)
were injected. (A) Total ion chromatogram (m/z values of 600 to 1,800)
and extracted ion chromatogram (m/z of 1,096.2); (B) extracted mass
spectrum at 4.5 min.
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ples. The speed and sensitivity of this technique demonstrate
its potential for future diagnostic and clinical applications.

MS/MS experiments were also carried out for intact LOS from
single bacterial colonies. Figure 7 illustrates the product ion spec-
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FIG. 4. MS analysis of intact LOS after microwave-assisted pro-
teinase K digestion for 1 min (A), 3 min (B), and 5 min (C). The
analysis conditions were the same as those for Fig. 2.

FIG. 5. EA-OTLC-MS analysis of five intact LOS samples (A to
E), each from five C. jejuni colonies, using the microwave-assisted
digestion protocol. The analysis conditions were the same as those for
Fig. 2.
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tra of selected ions with m/z values of 1,126.7 (Fig. 7A), 1,137.0
(Fig. 7B), 1,096.0 (Fig. 7C), and 1,106.5 (Fig. 7D). All spectra
contained an ion with an m/z of 290.2, indicating the presence of
a sialic acid residue, and a fragment ion with an m/z of 581.3,
confirming the presence of disialic acid residues. The observation
of fragment ions with m/z values of 332.1 and 623.3 in the tandem
mass spectra of ions with m/z values of 1,137.0 and 1,106.5 sug-
gested the presence of Ac-Neu5Ac and Ac-Neu5Ac-Neu5Ac, re-
spectively. An absence of fragment ions with m/z values of 332.1
and 623.3 for the product ion spectra of ions with m/z values of
1,126.7 and 1,096 suggested the absence of O-acetylated
Neu5Ac in these glycoforms. The ion with an m/z of 1,577.8
was assigned to the core oligosaccharide fragment as expected
(Hex4 � HexNAc1 � Hep2 � PEtn1 � KDO1). In addition, the
fragment ion with an m/z of 1,062.5 (doubly charged ion)
corresponded to lipid A, consisting of a disaccharide (GlcN3N
or 2-amino-2-deoxy-D-glucose [GlcN]) to which two PPEtn,
four N-linked 3-OH-C14:0, and two O-linked C16:0 fatty acids
were attached. The fragment ion with an m/z of 1,001.4 (doubly
charged ion) arose from the loss of phosphoethanolamine
(PEtn), and that with an m/z of 1,922.9 (singly charged ion) was
formed by the loss of the PPEtn residue from the lipid A
moiety.

Analysis of intact LOS from GBS/MFS-associated isolates
and enteritis controls. The MS spectra of intact LOS from four
GBS-associated isolates, GB13, GB11, MF8, and GB4, are
presented in Fig. 8A, B, C, and D, respectively. MS/MS results
for each selected precursor are presented in Fig. 8E to H. For
strains GB13, GB11, and MF8, detection of a fragment with an

m/z of 290.2 suggested that the glycoforms were sialylated. The
GM1a mimic was found in both GB13 and GB11, but the
GD1a mimic was found only in GB11. The disialylation in
strain MF8 was confirmed by the observation of a fragment ion
with an m/z of 581.3 (Fig. 8G). It has been reported that MF8
expressed a mixture of mono- and disialylated LOS outer
cores, whereas ganglioside mimics could not be detected in the
LOS GBS-associated isolate GB4 (7). Detailed glycoform pop-
ulations and chemical mimicry for each strain are summarized
in Table 2, in which the variation in the lengths of the fatty acid
chains is indicated as well.

To further evaluate the application of the proposed strategy,
a total of 73 clinical isolates were analyzed, and the data are
summarized in Table S1 in the supplemental material. LOS
outer core structures had already been proposed for the two
MFS strains (MF6 and MF8) and 19 of the 21 GBS strains (the
two exceptions being GB29 and GB30) by using O-deacylated
LOS (7). We analyzed the intact LOSs of these strains by using
the microwave preparation method and obtained mass species
consistent with the structures proposed previously on the basis
of the method using O-deacylated LOS. Moreover, we were
able to determine if glycine was present in the LOSs of these
strains. Intact LOS samples of the remaining GBS strains
(GB29 and GB30) and enteritis controls (matched for age and
sex) were also analyzed. We compare the occurrences of var-
ious sialic acid species in strains from patients who developed

FIG. 6. EA-OTLC-MS analysis of five intact LOS samples (A to
E), each from a single C. jejuni colony. The analysis conditions were
the same as those for Fig. 2.

FIG. 7. MS/MS analysis of intact LOS from C. jejuni MF6 (single
colony). All experimental conditions were the same as those for Fig. 3.
(A) Extracted MS/MS spectrum of the ion with an m/z of 1,126.7
([M-4H]4�); (B) extracted MS/MS spectrum of the ion with an m/z of
1,137.0 ([M-4H]4�); (C) extracted MS/MS spectrum of the ion with an
m/z of 1,096.0 ([M-4H]4�); (D) extracted MS/MS spectrum of the ion
with an m/z of 1,106.5 ([M-4H]4�).
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GBS/MFS and an enteritis control. As expected, sialic acid is
clearly associated with GBS/MFS (78.3% versus 65.3% for
enteritis controls). It is also interesting to note that glycine
has a greater extent in GBS/MFS strains (91.3%) than in the
enteritis control (69.4%). We do not consider the glycine
residue a part of chemical mimicry; however, the presence
of glycine on L-glycero-D-manno-heptose (Hep) may influ-
ence the conformation of LOS and consequently the epitope
presentation. Further studies are under way to establish the
genetic base for glycine expression and its biological func-
tion.

DISCUSSION

The combination of microwave-assisted digestion and EA-
OTLC-MS analysis has allowed us to rapidly characterize C.

jejuni LOS in order to accurately determine the glycan com-
position. Our method is not only rapid but also very sensitive
and requires minimal material, as demonstrated by successful
analysis using single-colony samples. The application of this
technique has also enabled us to detect LOS-bound O-acety-
lated sialic acid and modification with O-linked glycine. The
presence of glycine has previously been detected as a substit-
uent in the second heptose of LOS (3), although the structural
information on the linkage of the glycine residue could not be
detected for C. jejuni LOS. This MS approach could comple-
ment conventional serological techniques used for the detec-
tion and identification of GBS-associated C. jejuni strains. Be-
cause this technique can identify the complete spectrum of
ganglioside-like epitopes expressed by a given strain and also
help to characterize strains in the case of infection by multiple
strains, an MS approach may provide reliable indication as to

FIG. 8. EA-OTLC-MS and EA-OTLC-MS/MS of intact LOS. All experimental conditions were the same as those for Fig. 3. (A) Strain GB13;
(B) strain GB11; (C) strain MF8; (D) strain GB4; (E) product ion spectrum with an m/z of 1,134.8 ([M-4H]4�); (F) product ion spectrum with an m/z
of 1,086.1 ([M-4H]4�); (G) product ion spectrum with an m/z of 1,035.4 ([M-4H]4�); (H) product ion spectrum with an m/z of 1,081.4 ([M-4H]4�).
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the range of anti-ganglioside antibodies to be expected in a
given patient. MS analysis of additional neuropathy-associated
strains from various geographical regions may further expand
our insight into the relationship between the structure of the
LOS glycan and the clinical symptoms. Immunoassays can pro-
vide information about specific epitopes, but MS can provide a
more complete picture of the LOS structures being expressed

by a strain. It is our hope that accurate molecular fingerprint-
ing of GBS strains provided by MS technology can be trans-
ferred from the academic world to a routine diagnostic labo-
ratory. Further, we believe that the techniques outlined in this
paper could also be implemented to study the LOSs and lipo-
polysaccharides from other disease-associated gram-negative
bacterial species.

TABLE 2. MS data and proposed compositions for intact LOS expressed by C. jejuni GB13, GB11, MF8, and GB4a

Strain
m/z of observed ion

Proposed composition Core structure Ganglioside
mimicry�M-4H	4� �M-3H	3�

GB13 1,097.2 1,463.1 Neu5Ac1 � Hex6 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid Ab (PPEtn, P)

GM1a

1,104.2 1,472.7 Neu5Ac1 � Hex6 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid A (PPEtn, P)

1,127.8 1,504.1 Neu5Ac1 � Hex6 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid Ab (PPEtn, PPEtn)

1,134.8 1,513.4 Neu5Ac1 � Hex6 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid A (PPEtn, PPEtn)

GB11 982.5 1,310.1 Neu5Ac1 � Hex3 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid A (PPEtn, P)

GM1a

1,013.4 1,351.6 Neu5Ac1 � Hex3 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid A (PPEtn, PPEtn)

1,043.6 1,391.9 Neu5Ac2 � Hex3 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid Ab (PPEtn, P)

GD1a

1,055.5 1,407.4 Neu5Ac2 � Hex3 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid A (PPEtn, P)

1,074.4 1,432.7 Neu5Ac2 � Hex3 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid Ab (PPEtn, PPEtn)

1,086.2 1,448.4 Neu5Ac2 � Hex3 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid A (PPEtn, PPEtn)

1,127.8 1,504.1 Neu5Ac1 � Hex6 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid Ab (PPEtn, PPEtn

1,134.8 1,513.4 Neu5Ac1 � Hex6 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid A (PPEtn, PPEtn)

MF8 931.7 1,242.5 Neu5Ac1 � Hex3 � Hep2 � PEtn1 �
KDO2 � lipid A (PPEtn, P)

GM2

962.4 1,283.7 Neu5Ac1 � Hex3 � Hep2 � PEtn1 �
KDO2 � lipid A (PPEtn, PPEtn)

982.4 1,310.0 Neu5Ac1 � Hex3 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid A (PPEtn, P)

1,013.3 1,351.4 Neu5Ac1 � Hex3 � HexNAc1 � Hep2 � PEtn1 �
KDO2 � lipid A (PPEtn, PPEtn)

1,004.6 1,340.0 Neu5Ac2 � Hex3 � Hep2 � PEtn1 �
KDO2 � lipid A (PPEtn, P)

GD3

1,035.1 1,380.7 Neu5Ac2 � Hex3 � Hep2 � PEtn1 �
KDO2 � lipid A (PPEtn, PPEtn)

GB4 1,010.2 1,347.0 Hex2 � HexNAc3 � QuiNAc1 � Hep2 � P1 �
KDO2 � lipid A (PPEtn, P)

Unknown None

1,040.6 1,388.4 Hex2 � HexNAc3 � QuiNAc1 � Hep2 � P1 �
KDO2 � lipid A (PPEtn, PPEtn)

1,050.5 1,401.1 Hex3 � HexNAc3 � QuiNAc1 � Hep2 � P1 �
KDO2 � lipid A (PPEtn, P)

1,081.5 1,442.1 Hex3 � HexNAc3 � QuiNAc1 � Hep2 � P1 �
KDO2 � lipid A (PPEtn, PPEtn)

a GalNAc, N-acetylgalactosamine; Gal, galactose; Glc, glucose; HexNAc, N-acetylhexosamine; KDO, 3-deoxy-D-manno-oct-2-ulosonic acid; QuiNAc, N-acetylqui-
novosamine.

b Lipid A species containing fatty acid chains that are two methylene groups shorter than those in major species.
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