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It was recently shown that mycobacterial lipoarabi-
nomannan (LAM) can be classified into two types
(Chatterjee, D., Lowell, K., Rivoire B., McNeil M. R.,
and Brennan, P. J. (1992) J. Biol. Chem. 267, 6234—
6239) according to the presence or absence of manno-
syl residues (Manp) located at the nonreducing end of
the oligoarabinosyl side chains. These two types of
LAM were found in a pathogenic Mycobacterium tu-
berculosis strain and in an avirulent M. tuberculosis
strain, respectively, suggesting that LAM with Manp
characterizes virulent and “disease-inducing strains.”

We now report the structure of the LAM from My-
cobacterium bovis Bacille Calmette-Guérin (BCG)
strain Pasteur, largely used throughout the world as
vaccine against tuberculosis. Using an up-to-date an-
alytical approach, we found that the LAM of M. bovis
BCG belongs to the class of LAMs capped with Manp.
By means of two-dimensional homonuclear and heter-
onuclear scalar coupling NMR analysis and methyla-
tion data, the sugar spin system assignments were par-
tially established, revealing that the LAM contained
two types of terminal Manp and 2-O-linked Manp.
From the following four-step process: (i) partial hy-
drolysis of deacylated LAM (dLAM), (ii) oligosaccha-
ride derivatization with aminobenzoic ethyl ester, (iii)
HPLC purification, (iv) FAB/MS-MS analysis; it was
shown that the dimannosyl unit a-D-Manp-(1—2)-a-D-
Manp is the major residue capping the termini of the
arabinan of the LAM,

In this report, LAM molecular mass determination
was established using matrix-assisted UV-laser de-
sorption/ionization mass spectrometry which reveals
that the LAM molecular mass is around 17.4 kDa. The
similarity of the LAM structures between M. bovis
BCG and M. tuberculosis H37Rv is discussed in regard
to their function in the immunopathology of mycobac-
terial infection.
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Region Midi-Pyrénées. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
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U.S.C. Section 1734 solely to indicate this fact.

|| To whom correspondence and reprint requests should be ad-
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The so-called lipoarabinomannan (LAM),' ubiquituously
present in the Mycobacterium genus, is a major component of
mycobacterial cell walls {(1). The structure and the antigenic-
ity of LAM have been investigated extensively in the past by
Azuma et al. (2) and Misaki et al. (3) whose works were
conducted on arabinomannans {AMs) derived from mycobac-
terial cell walls by vigorous alkaline extraction. It was estab-
lished that these AMs, whatever the investigated mycobacte-
rial species (Mycobacterium bovis BCG, Mycobacterium tuber-
culosis H37Rv, etc), are composed of a backbone of (1—6)-
linked D-Manp units to which are attached short side chains
of (1--2)-linked D-Manp residues and of (1-—5)-linked D-Araf
residues mostly present in the side chains. These arabinosyl
side chains were shown to be the main antigenic determinants
of the AMs.

Weber and Gray then demonstrated that “arabinomannan”
from Mycobacterium smegmatis is phosphorylated and con-
tains lactate and succinate residues (4). More recently, Hunter
et al. (5) obtained native LAM from M. tuberculosis, also
found to be phosphorylated and acylated by palmitoyl and
tuberculostearoyl residues. A model was only recently pro-
posed for this molecule (6) in which the internal mannan
segment, basically similar to that proposed by Misaki et al.
(3), formed a mannan “core” to which an arabinan chain is
attached with oligoarabinosyl side chains. Moreover, it was
also established that the reducing end is composed of a
phosphatidylinositol unit esterified by the two fatty acids. It
was assumed that this unit allowed the anchorage of LAM in
the membrane (7). Thus, LAM from M. tuberculosis is a
multiglycosylated form of the well-known mycobacterial man-
nosylphosphatidylinositols (8).

Native LAM from M. tuberculosis seems to be a key factor
in host-pathogen relationships. It has been shown to be in-

! The abbreviations used are: LAM, lipoarabinomannan; dLAM,
deacylated LAM; LM, lipomannan; dLLM, deacylated LM; BCG, Ba-
cille Calmette-Guérin; LPS, lipopolysaccharide; PAGE, polyacryl-
amide gel electrophoresis; UV-LDI, UV-laser desorption/ionization;
TFA, trifluoroacetic acid; TOF, time-of-flight; GC/MS, gas chroma-
tography-mass spectrometry; *H or **C NMR, proton or carbon nu-
clear magnetic resonance; DEPT, distortionless enhancement by
polarization; COSY, 'H-'H correlated spectroscopy; HMBC, heter-
onuclear multiple bond correlation spectroscopy; HMQC, heteronu-
clear multiple quantum correlation spectroscopy; HOHAHA, homo-
nuclear Hartmann-Hahn spectroscopy; HPLC, high performance lig-
uid chromatography; ABEE, aminobenzoic ethyl ester; FAB/MS, fast
atom bombardment/mass spectrometry; MIKE, mass analysis ion
kinetic energy; TNF, tumor necrosis factor; Manp, mannopyranose,
Araf, arabinofuranose, t, terminal; 2D, two-dimensional; 1D, one-
dimensional.
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volved in tuberculosis as a major B-cell immunogen (9), in
suppression of antigen-dependent proliferation (10, 11), per-
haps through inhibition of protein-antigen processing by an-
tigen-presenting cells (12), in inhibition of ~-interferon acti-
vation of macrophages (13, 14), and in stimulation of tumor
necrosis factor (TNF) release from macrophages (15, 18).
According to Brennan et al. (17), by the evidence of interac-
tion of LAM with Mycobacterium-infected host cells, it was
suggested that LAM is a mycobacterial virulence factor.

More recently, Chatterjee et al. (18) reported a different
terminal structural arrangement in LAM from the virulent
(Erdman) strain of M. tuberculosis compared to the already
described basic structure of LAM in an attenuated strain of
M. tuberculosis, the difference being correlated with a func-
tional difference (19). The majority of the terminal arabinan
motifs in LAM from the Erdman strain are extensively sub-
stituted with either a single mannosyl residue, a dimannoside,
or a trimannoside. Thus, Brennan and co-workers (18, 19)
assumed that the Man-capped LAM is typical of disease-
inducing mycobacterial strains especially, whereas the basic
Ara-terminated kind is synonymous with “attenuated or rap-
idly growing strains.”

In the present report, the structures of the LAMs from a
virulent strain, M. tuberculosis H37Rv, which causes human
tuberculosis, and from an attenuated strain of M. bovis: M.
bovis BCG, which is used as a vaccine against tuberculous
infection, were investigated. Structural differences between
these two molecules may involve functional differences that
could contribute to the knowledge of the molecular basis of
the protective effect of M. bovis BCG or even the pathogenic-
ity of M. tuberculosis.

Our study was first undertaken to determine the molecular
mass of these LAMs by mass spectrometry thanks to a newly
developed version of laser desorption: matrix-assisted UV-
laser desorption/ionization (UV-LDI). Through the process
of 2D homonuclear and heteronuclear scalar coupling NMR
analysis of the whole molecule and the characterization of
derivatized oligosaccharides by HPLC and FAB-MS after
mild acid hydrolysis of LAM, a similar structure for the LAMs
from the attenuated and virulent strains was reported in
which arabinan side chains were substituted mostly with a
dimannosyl residue. The implications of these structural ob-
servations will be discussed in the role of LAM as a virulence/
pathogenicity factor.

MATERIALS AND METHODS

Preparation of LAM—Lipoarabinomannans (LAM) from two my-
cobacteria, M. bovis BCG strain Pasteur and M. tuberculosis H37Rv,
were used. Briefly, the cells were delipidated using chloroform/meth-
anol, 1:1, then refluxed in 50% (w/v) ethanol. The ethanol extract
was concentrated, incubated in 2% Triton X-100, and dialyzed against
2% Triton X-100. This fraction was then extracted with chloroform/
methanol, 2:1. The water-soluble fraction was freeze-dried, treated
with trypsin, dialyzed against water, and freeze-dried again. LAM
and LM were precipitated with 85% ethanol using NaCl as precipi-
tant. These two acylated polysaccharides were tentatively separated
onto a gel permeation Bio-Gel P-100 column (16 X 600 mm) eluted
with 0.1 N CH;COOH. All the fractions from the purification were
analyzed by polyacrylamide gel electrophoresis. LAM was shown as
a broad band located at an apparent molecular mass of 30-35 kDa
and was still contaminated with LM at a molecular mass of 10-20
kDa, as they were described (12).

The sample containing LAM and LM was deacylated in 0.1 N
NaOH, 2 h, 37 °C, neutralized with CH;COOH, dialyzed, and loaded
onto a permeation Bio-Gel P100 column (16 X 600 mm) eluted with
0.1 N CH;COOH. Samples were assayed by gas-liquid chromatogra-
phy. Analysis showed 100% carbohydrate content and a molar ratio
of arabinose to mannose of 1.5:1 for dLAM from M. bovis BCG and
from M. tuberculosis H37Rv. The fractions of dLAM and dLM were
pooled and freeze-dried.
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Electrophoresis—Gel electrophoresis of samples was performed on
15 X 9 cm gels according to the method of Laemmli (20). The
separating gel was composed of 12.5% acrylamide cross-linked with
0.8% bisacrylamide. A 6% acrylamide stacking gel was layered above
the separating gel. Individual lanes were loaded with 5 ug of sample
and electrophoresed at a constant current of 20 mA.

Following electrophoresis, gels were silver-stained according to the
method developed by Ansorge (21), with polysaccharide-specific
periodic acid oxidation step after fixation, according to Tsai and
Frasch (22).

Methylation—Methylation which used solid sodium hydroxide as
the base was conducted according to a modified procedure from
Ciucanu and Kerek described in Ref, 23. This procedure is experi-
mentally easier and yields a cleaner product than the procedure from
Hakomori. To the dried carbohydrate sample (1 mg) in a Teflon-
lined screw-capped tube were added anhydrous dimethyl sulfoxide
(0.3 ml) and finely powdered NaOH (two pellets). The mixture was
sonicated for 15 min, and 0.1 m! of methyl iodide was added. After
another sonication (15 min), the reaction mixture was placed at 25 °C
for 1.5 h. The reaction was then quenched by the addition of about 1
ml of water, and sodium thiosulfate was necessary to neutralize I,.
Permethylated carbohydrates were extracted with chloroform. The
chloroform layer was washed with water and dried under a stream of
nitrogen. Two cycles of methylation are necessary to ensure a com-
plete methylation of the polysaccharide.

Glycosyl Linkage Composition—Fully methylated polysaccharides
are often not soluble in hot aqueous solutions. For this reason,
hydrolysis for 5 h with 2 N TFA at 100 °C was performed to obtain a
complete hydrolysis. The methylated sugars were reduced with
NaBH,, 10 mg/ml, in NH,OH, 1 M/C.H;0H, 1:1) freshly prepared.
After 1 h at room temperature, the reaction was stopped by neutral-
ization with CH;COOH. The mixture was dried under N, twice with
CH;0H, 10% CH3;COOH and twice again with CH;0H only. To
peracetyl alditols, 50 gl of acetic anhydride were added and, after 1 h
at 120 °C, 0.3 ml of H,O and Na,CO; were added to stop the reaction.
The alditol acetates of methylated sugars were extracted with CHCls,
dried, and solubilized in hexane before injection in GC and GC/MS.
Quantitative determination of the glycosidic linkage was calculated
according Sweet et al. (24).

Production of Oligosaccharides from LAM—dLAM (1 mg) was
treated with 0.1 N HCI, 90 °C, 15 min and 0.075 N HC], 75 °C, 15
min, and the hydrolysates were applied, respectively, to Bio-Gel P4
in 0.1 N acetic acid. The voided material contained, upon methanol-
ysis and GC, Ara and Man in the ratio 1:20, and the included fractions
were also shown to contain Ara and Man in different ratios. After
lyophilization, these latter fractions containing oligosaccharides were
derivatized.

Oligosaccharide Derivatization: Preparation of ABEE Derivatives—
The ultraviolet-absorbing compounds were coupled to the oligosac-
charides by reductive amination with cyanoborohydride. Shown below
as an example is the coupling of polymer of maltose with p-amino-
benzoic ethyl ester (ABEE) (Reaction 1).

Up to 1 mg of oligosaccharide was dissolved in 10 ul of H.O and
40 ul of the reagent solution. Routinely, this reagent mixture was
prepared by dissolving 1 mmol of derivatizing compound (165 mg of
ABEE) and 35 mg of sodium borohydride in 41 xl of glacial acetic
acid and 350 pl of methanol. The glass vials were capped, vortexed,
and heated at 80 °C. After 90 min, the vial was cooled, equal volumes
of chloroform and distilled water (1 ml) were added to the reaction
mixture, and the contents were mixed. The derivatives were extracted
into the aqueous phase which was lyophilized.

Separation of ABEE Derivatives—Derivatized oligosaccharides
were both separated and effectively desalted by reversed-phase HPLC

2HN-®-<.:—O-OH5 CHy
0

OH -
=0 NaBHCN, H/MeOH

80°C, 90 min

OH
oLyl ey
e}

REACTION 1
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using a C18 column (ODS) and a water/acetonitrile solvent system
with an elution gradient of 5~80% acetonitrile in 25 min with a flow
rate of 2 ml/min. The oligosaccharide-ABEE derivatives were moni-
tored by their absorbance at 304 nm, which is conferred by the p-
aminobenzoate group. Eluted samples were lyophilized prior to mass
spectrometric analysis.

HPLC was conducted on a Gilson (Gilson, France S. A., Villiers-
le-bel, France) apparatus composed of two model 303 pumps, a 802
manometric module and a 811 dynamic mixer. The elution and the
data acquisition were controlled with Gilson GME 714 Software and
a Gilson model 621 data module interface, connected to an OPAT
Normerel computer. Elution of the products was monitored with a
Gilson model ultraviolet 116 variable wavelength detector.

Laser Desorption-Ionization Mass Spectrometry—The mass spec-
trometer consisted of a laser desorption ion source coupled to a time-
of-flight (TOF) mass analyzer. A pulsed UV laser (N,) of 337 nm
wavelength and 3-ns pulse width type VSL337ND (Laser Science
Inc., Cambridge, MA) equipped with a sensitive light absorber was
used for ion desorption. The laser beam was focused on the target
and moved to cover the entire surface. The spot size measured on the
target was about 3.2 mm? with irradiance at the sample surface of 90
% 10° watts/cm?. The operating voltage was 10 kV, and the accelerated
ions were detected by microchannel plates.

The signals were recorded by a transient waveform recorder
(LeCroy Corp., Chestnut Ridge, NY) coupled to a PC-AT microcom-
puter for the storage of the TOF mass spectra. All spectra shown
here were accumulations of 10-60 single spectra and were obtained
in a positive ion mode. Measurements typically took 10-15 min.

The samples were prepared using standard procedures by mixing
appropriate volumes of matrix and analyte solution.

The matrix used was 2,5-dihydroxybenzoic acid dissolved to a
concentration of 10 mg/ml in 10% (v/v) ethanol/water, 0.1% TFA
solution.

3 ul of sample solution (10 mg/ml in doubly distilled water) were
mixed with 30 ul of matrix solution to a final concentration of 1 mg/
ml, and 5 ul of this mixture were applied on a stainless steel support
and covered an area of about 5 mm in diameter. The droplet was
allowed to dry at room temperature for a few minutes before intro-
duction into the instrument.

FAB/MS and metastable ion spectra were recorded on a reverse
geometry two-sector instrument ZAB-HS using an 8-kV xenon beam,
in the 2000 to 100 mass/charge range. Samples of derivatized oligo-
saccharides were applied to a matrix of glycerol/thioglycerol, 1:1, on
the probe tip.

GC and GC/MS of per-O-Alkylated Oligoglycosyl Alditols—Routine
gas chromatography was performed on a Girdel series 30 equipped
with an OV1 wall-coated open tubular, inner diameter 0.3-mm, 25-m
capillary column using nitrogen gas at a flow rate of 2.5 ml/min with
a flame ionization detector. A temperature program from 100 to
250 °C at a speed of 3 °C/min and an injector temperature of 260 °C
were used for trimethylsilyl methyl glycoside analysis. The tempera-
ture of the detector was 310 °C.

GC/MS was performed on a Nermag model R 10/10 quadrupole
mass spectrometer connected to a PDP-8M computer.

Nuclear Magnetic Resonance Spectroscopy—1D *C NMR spectra
were recorded on a 250-MHz Brucker and 2D NMR spectra on a 500-
MHz Brucker AMX-500 spectrometer equipped with an Aspect X32
computer. 'H and ®C chemical shifts are expressed in parts/million
downfield from internal tetramethylsilane (0 ppm) and internal chlo-
roform (77 ppm). Samples were lyophilized several times in D,0O to
allow a better exchange with hydroxyls, dissolved in D,0 (Spin et
Techniques, Paris, France, 99.96% purity) at a concentration of 20
mg/ml and analyzed in a 200 X 5 mm 535-PP NMR tube. All 2D
NMR data sets were recorded at 30 °C without sample spinning for
heteronuclear experiments. Data were acquired in the phase-sensitive
mode by using the TPPI method (25) or the method of States et al.
(26). COSY was recorded with standard pulse sequences (27). 'H-*C
correlation spectra were recorded in the proton-detected mode with
a Brucker 5-mm 'H-broad band tunable probe with reversed geome-
try. The pulse sequence used for single-bond correlation spectra
(HMQC) was that of Bax et al. (28). GARP sequence (29) at the
carbon frequency was used as a composite pulse decoupling during
the acquisition. Multiple-bond correlation spectra (HMBC) (30) were
recorded and processed in the magnitude mode. The pulse sequence
used for 'H-detected heteronuclear relayed spectra (HMQC-HO-
HAHA) was that of Lerner and Bax (31).

The proton-decoupled *C DEPT spectrum was recorded with a
recycle delay of 1.5 s, and 24078 scans were accumulated. The spectral
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width used was 4717 Hz and the data were digitized on 16K real
points, giving a digital resolution of 0.28 Hz/point. The data are
multiplied by a line-broadening function (LB = 1.5 Hz) prior to being
Fourier-transformed.

2D {'H,'H} COSY spectrum was recorded with presaturation during
relaxation delay. The spectral width was 2128 Hz; the data matrix
was 2K x 256 (TPPI) points, with 32 scans per ¢, value. Data were
zero-filled in the F; dimension to obtain a final data matrix with 512
X 512 real points.

Phase-sensitive, ’C-decoupled, 'H-detected multiple quantum cor-
relation spectrum (*H {**C} HMQC) was recorded with presaturation
during relaxation delay. The data matrix was 2K X 256 (TPPI)
complex points with 32 scans per ¢; value. The spectral window was
15,092 Hz in the F; dimension (**C) and 2,128 Hz in the F; dimension
(*H). Delay after BIRD pulse was 380 ms. For processing, a sine bell
window shifted by p/2 was applied in both dimensions, followed by
expansion of the data matrix to 2K X 512 real matrices. The resulting
digital resolutions were 0.4 Hz/point in F, ("H) and 7.4 Hz/point in
F(3C).

For the *C-decoupled, 'H-detected multiple bond correlation spec-
trum (*H {**C} HMBC), the data matrix was 2K X 256 complex points
with 80 scans per ¢, value. The spectral window was 15092 Hz in the
F, dimension (**C) and 2128 Hz in the F. dimension (‘H). For
processing, a sine bell window shifted by p/2 was applied in both
dimensions, followed by expansion of the data matrix to 2K x 512
real matrices. The resulting digital resolutions were 0.4 Hz/point in
F, (*H) and 7.4 Hz/point in F; (*3C). The data are presented in the
magnitude mode.

RESULTS

Lipoarabinomannan Purification and Molecular Mass De-
termination—Chromatography gel permeation was unsuc-
cessfully applied using denaturing buffers in order to obtain
a purified native LAM from the ethanol-insoluble fraction.
The LAM remained contaminated by lipomannan (LM). This
purification problem arises from the amphipathic nature of
the LAM leading to the formation of micelles in aqueous
solution with an approximate molecular mass of 106 It was
overcome by deacylation of the fraction containing LAM
under mild conditions. Fig. 1 shows the Bio-Gel P100 chro-
matography profile of the deacylated fraction using an
aqueous solution containing 0.1 N acetic acid as eluate. This
analysis revealed three broad peaks, namely A, B, and C,
assigned by means of routine sugar analysis, to glucane,
deacylated LAM (dLLAM), and deacylated LM (dLM), respec-
tively. Molecular masses of polysaccharides can be determined
tentatively from gel permeation using eluates containing de-
naturing buffers like 6 M urea, guanidine HCI, or acid which
disrupt molecular aggregates and prevent interaction with the
matrix. By calibrating the gel by dextrans of different sizes,
the apparent molecular mass of dLLAM was found to be around
10 to 15 kDa.

Another approach used routinely for the characterization
of proteins and lipopolysaccharides (LPS) is sodium dodecy]
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis (32, 33). The electrophoretic migration pattern of a
LPS is characteristic of its structure and may reflect biochem-
ical variations in its composition. However, using this method,
the LPSs were classified only into high and low molecular
weight species. In the literature, LAM from M. tuberculosis
was described as a broad band at around 30-40 kDa compared
to standard proteins. Fig. 2 shows the SDS-PAGE results of
the M. bovis BCG LAM fraction (B) purified as discussed
above, also containing LM. As expected, this gel is dominated
by a typical broad band located at an apparent molecular
mass of 30 kDa and a second band at 20 kDa assigned to LM.
The rate of migration of the LAM from M. tuberculosis strain
H37Rv (A) was close to that of M. bovis BCG, suggesting the
similarity of their molecular masses. The dLAM (C) showed
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F1G. 1. Purification of dLAM *
from M. bovis BCG on Bio-Gel P-

100 column (16 x 600 mm) in 0.1 N
CH3COOH detected by refractory
index. Fractions from peaks A, B, and
C were analyzed by gas-liquid chroma-
tography. Sample A contains a high mo-
lecular weight contaminant composed of
glucosyl residues, sample B contains only
arabinosyl and mannosyl residues (Ara/
Man = 1.5) and corresponds to dLAM,
and sample C contains arabinosy! and
mannosyl residues (Man/Ara = 20) and
corresponds to dLM. The column was
previously calibrated using dextrans
(T40, T20, and T10) and maltose (M2)
as size markers.

refractory index
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Fi1G. 2. SDS-PAGE of enriched fractions of LAMs contain-
ing LM from M. tuberculosis H37Rv (A) and M. bovis BCG
(B). dLAM (C) did not migrate. The positions of proteins markers
(D) are indicated. Sample amount was 5 ug. The gels (12.5%) (12 X
9 cm) were stained with a silver stain containing periodic acid.
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FiG. 3. Matrix-assisted UV-laser desorption/ionization
spectrum of a mixture of LAM and LM from M. bovis BCG in
2,5-dihydroxybenzoic acid as matrix.

a band in the top of the gel with an apparent molecular mass
of 100 kDa.

Fig. 3 shows the positive matrix-assisted UV-LDI mass
spectrum of the LAM fraction contaminated by LM from the
M. bovis BCG strain Pasteur. The matrix selected was 2,5-

elution

dihydroxybenzoic acid, since from literature data, this matrix
is more convenient than sinnapinic acid for oligosaccharide
(34, 35) and glycolipid (36) LDI analysis. The matrix was
solubilized in a mixture of water/ethanol, 9:1, containing 0.1%
of TFA to which 5 ug of sample in aqueous solution was
added. The TFA was added to increase the protonation of the
LAM and LM. The mass spectrum, recorded in the mass
range 5 to 50 kDa, is dominated by two signals centered at
m/z 8,080 £ 20 and m/z 17,400 £ 100. The peak at m/z 17,400
is extremely broad and appears as a hump, while the peak at
m/z 8,080 is more narrow. The width of the high mass peak
at half-height corresponds to about 4 kDa and could arise
either from the heterogeneity of the analyzed sample or from
glycosidic bond fragmentation occurring during the LDI proc-
ess. However, LDI spectra of oligosaccharides (34, 35) are
dominated by protonated or cationized molecular ions, and
fragment ions are usually absent. Thus, the broad peak at m/
z 17,400 revealed that the analyte sample consisted of a
mixture of oligoglycans which could differ either by the num-
ber of mannose and arabinose units or by the presence of
appendages already described like, for example, phosphate (5,
7), lactyl, or succinyl (4) residues. The low mass resolution of
the direct TOF analyzer did not allow mass separation of the
oligoglycans and led to the formation of a broad peak. LDI
mass spectra of proteins of the same mass value showed
narrow peaks.

As mentioned under “Materials and Methods,” it is difficult
to obtain LAM devoid of LM due to their micellar behavior;
however, their separation becomes easier with the deacylated
species. Fig. 4 shows the LDI mass spectrum of the deacylated
LAM from M. bovis BCG. The mass spectrum is dominated
by two broad peaks, an intense one centered at m/z 16,700 +
200 and a weak one at m/z 33,350 + 200. These peaks were
assigned to monomeric and dimeric pseudomolecular ions,
respectively. We have no evidence concerning their exact
structure and, for instance, the formation of cluster ions
containing the analyte alkaline cation and matrix adducts can
occur. Nevertheless, the additional mass arising from the
adduct molecules is weaker compared to the molecular mass
of the analyte. Taken together, these experiments indicate
that the molecular mass of the LAM from M. bovis BCG is
17.4 = 0.1 kDa. Again, the width of the dLAM peak is similar
to that of the LAM indicating that the LAM heterogeneity
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was not due to the alkaline appendages. From these data, it
was more difficult to conclude as to the molecular mass of the
LM since no significant peaks were observed in the LDI
spectrum of the dLM (not shown) and, consequently, we have
no evidence for the assignment of the m/z 8,080 peak.

The LDI mass spectrum of a mixture of LAM and LM from
M. tuberculosis strain H37Rv (not shown) showed a broad
peak centered at m/z 17,250 Da with a width at half-height
corresponding to about 5,000 mass units.

These experiments established that M. tuberculosis, the
etiological agent of tuberculosis, and M. bovis BCG, the vac-
cine strains, are endowed with LAMs of similar heterogeneity
and molecular mass at around 17.3 kDa. In order to charac-
terize the structural features of both LAMs, a comparative
structural analysis using conventional and recent analytical
tools was undertaken.

Methylation Analysis—In order to determine the glycosyl
linkage composition of LAM from M. bovis BCG and from M.
tuberculosis H37Rv, purified dLAMs (1 mg) were per-O-meth-
ylated as described by Ciucanu and Kerek, hydrolyzed, re-
duced, and per-O-acetylated, and the resulting alditol acetates
were analyzed by GC and GC/MS. The data are summarized
in Table I and indicate that mannosyl residues, on the one
hand, and terminal and 2-0-linked arabinosyl residues, on the
other hand, were in the pyranose and furanose forms, respec-
tively. The furanose form of the 5-O-linked arabinosyl resi-
dues was established from the NMR study mentioned below.

The two LAMs studied showed similar ratios of partially
methylated alditol acetates. The ratio of terminal Araf (t-
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FiG. 4. Matrix-assisted UV-laser desorption/ionization of
dLAM from M. bovis BCG in 2,5-dihydroxybenzoic acid as
matrix.
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Araf) (2%) to 2-O-linked Araf (6 to 7%) indicates that around
only about 30% of the 2-O-linked Araf residues are substituted
with t-Araf in both LAMs since it has been reported for LAMs
of M. tuberculosis (6) that 2-O-linked Araf occurs in the
arabinosyl side chains of the arabinan region. The number of
t-Manp residues in the LAM from M. bovis BCG (24%) and
from M. tuberculosis H37Rv (26%) exceeds the number of
branched 2,6-linked Manp residues (8%). Similarly, it can be
proposed that t-Manp residues were not only located on the
mannan core but were also attached to the arabinan region.
The higher abundance of 2-O-linked Manp in LAM from
BCG and from H37Rv (10 and 9%, respectively) compared to
that already described in LAM from H37Ra (6) (0.6%) sug-
gested that these residues were also located on the arabinan
core; however, the presence of additional 2-O-linked Manp in
the mannan “core” cannot be excluded. From these data, at
the nonreducing end of the branched arabinofuranosyl resi-
dues, we can propose not only the presence of t-Araf but also
that of t-Manp and maybe of 2-O-linked Manp residues.

NMR Analysis of LAMs from M. bovis BCG and from M.
tuberculosis H37Ruv—In order to determine the location of the
Manp residues more precisely, the dLAMs of M. bovis BCG
and M. tuberculosis H37TRv were analyzed by 1D and 2D
homonuclear and heteronuclear scalar coupling NMR spec-
troscopy. Both dLAMs show similar NMR spectra, and only
spectra of the dLAM from M. bovis BCG are shown and
described. The 'H NMR spectrum in D,0 at 500 MHz (not
shown) indicated a complex anomeric proton region with
multiple overlapping broad peaks whose direct assignment
would be dubious.

The DEPT C NMR spectrum of the dLAM is presented
in Fig. 5. In the anomeric region, one can observe a broad and
intense signal at 110 ppm (L) and poorly resolved signals at
109 (II,) and 108.3-108 ppm (III,), well defined signals at
104.8-104.7 (IV,) and 100.8 (VII,), and weak signals at 103.2
ppm (V,) and 102 ppm (V1,).

From literature data (37, 38), the anomeric carbon reso-
nances between 108 and 110 ppm were assigned to a-Araf
residues. Thanks to data from arabinans (39), arabinogalactan
(40), and LAM from H37Ra (6) and Erdman strains (18), and
in agreement with the alditol acetate data, the downfield
carbon resonances (I, and II,) at 109-110 ppm were assigned
to 5-O-linked «-Araf. The signals at 108.3-108 ppm (III,),
with this upfield shift of 1 to 2 ppm, agreed with C-1 reso-
nances of 2-O-linked a-Araf. Indeed, an ether linkage at C-2
is known to cause a weaker upfield shift by 1-2 ppm of C-1
resonance (37). This assignment was also supported by 2D
hetero- and homonuclear scalar couplings. The 'H-detected
heteronuclear multiple quantum correlation (**C/"H HMQC)
spectrum (Fig. 6) showed connectivities between the C-1

TABLE I
Methylation analysis of LAM from M. bovis BCG and M. tuberculosis H37Rv

Full name of the partially methylated

Abbreviated name of

LAM from

alditol acetate the glycosyl residue M. bouis M. tuberculosis
BCG H37Rv
mol %
2,3,5-tri-0-Me-1,4-di-O-Ac-arabinitol t-Araf 1-2 2
3,5-di-O-Me-1,2,4-tri-O-Ac-arabinitol 2-Linked Araf 7 6
2,3-di-O-Me-1,4,5-tri-O-Ac-arabinitol 5-Linked Araf® 37 36
2-0-Me-1,3,4,5-tetra-0-Ac-arabinitol 3,5-Linked Araf® 10 9
2,3,4,6-tetra-0-Me-1,5-di-O-Ac-mannitol t-Manp 24 26
3,4,6-tri-0-Me-1,2,5-tri-O-Ac-mannitol 2-Linked Manp 10 9
2,3,4-tri-0-Me-1,5,6-tri-O-Ac-mannitol 6-Linked Manp 3 4
3,4-di-0-Me-1,2,5,6-tetra-O-Ac-mannitol 2,6-linked Manp 8 8

¢ Shown to be predominantly 5-O-linked Araf rather than 4-O-linked Arap (see text).
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FiGc. 6. A region (5 '®C: 70-110; & 'H: 5.0-5.4) of the phase-sensitive, *C-decoupled, 'H-detected multiple quantum
correlation spectrum (*H {}3C} HMQC) of dLAM from M. bovis BCG at 500 MHz. Glycosyl residues are labeled in roman numerals

and their protons and carbons in arabic numerals.

resonances of (III), at around 108 ppm, and the two corre-
sponding H-1s, at 5.36 and 5.28 ppm (III;). The COSY spec-
trum (Fig. 7) reveals that both anomeric protons correlate
with a unique resonance at 64.28 assigned to the H-2s (III,, »).
Thus, from the HMQC spectrum, the C-2 resonances were
localized at 690 (III;). This downfield chemical shift (Aé = 5
ppm) confirmed glycosyl substitution on C-2 of the arabino-
furanosyl residue characterized by the C-1 resonance at
6108.3-108.

The resonance at 103.2 ppm (V) (Fig. 5) could be attributed
to the C-1 of the t-8-Araf unit, in agreement with literature
data (39). Indeed, the 1D *C NMR spectrum of the LAM

from an avirulent M. tuberculosis strain (H37Ra) (6), char-
acterized by a large number of t-8-Araf, exhibits an intense
peak at 103 ppm. Moreover, the C-5 resonance at 67 ppm (V;)
in the 1D '*C spectrum (Fig. 5) of dLAM revealed the -
anomeric configuration of the t-Araf since the other primary
alcohol carbons of 5-, 3,5-a-O-linked Araf and 6- and 2,6-0-
linked Manp resonate at 70 ppm and the primary alcohol
carbon of 2-O-linked a-Araf at around 65 ppm.

The remaining signals at §100.8 (VII), §104.8-104.7 (IV),
and 5102 (VI) were assigned to the C-1s of the different types
of O-linked Manp. The mannosyl residues of LAMs are known
to be in the « configuration (4). The upfield resonance (VII)
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FIG. 7. A region (Fy: §5.0-5.4; F,:
54.0-4.4) of the 2D (*H,'H) COSY
spectrum of dLAM from M. bovis
BCG. Glycosyl residues are labeled in
roman numerals and their protons in
arabic numerals.
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at 100.8 ppm can be attributed to the anomeric resonance of
either a 2-O- or 2,6-di-O-linked Manp in agreement with the
shielding effect induced by glycosylation. The HMQC spec-
trum (Fig. 6) shows correlation of this upfield anomeric carbon
resonance to two H-1 resonances at 5.25 and 5.22 ppm (VII,).
Thus, these protons characterized the two types of 2-O-linked-
a-Manp. From the COSY and HMQC (Figs. 7 and 6), the H-
2 resonances at 64.13 and 64.15 (VIL, ;), as well as the C-2
resonances between §80.5 and 681.25 (VII,) were assigned.
The downfield chemical shift values agreed with 2-O-linked
a-Manp (41). In addition, HMQC-HOHAHA experiments
(not shown) showed long range couplings from the H-1 reso-
nances at 5.25 and 5.22 ppm (VII,) to C-2 between 80.5 and
81.25 ppm, unambiguously supporting the spin system (VII)
assignment of 2-O-linked Manp and 2,6-di-O-linked Manp.

The two other groups of signals at 104.8-104.7 ppm (IV)
and 102 ppm (VI) can be assigned to t-a-Manp and 6-O-
linked-a-Manp, respectively. By means of HMQC (Fig. 6),
the connectivities of the two C-1s at 104.7 and 104.8 ppm (IV)
with corresponding H-1 resonances at 5.13 and 5.145 ppm,
respectively (IV,), were established. From the COSY spectrum
(Fig. 7), it was found that the H-2s resonated at 4.17 (IV, )
for both residues, The *C/'H correlation showed connectivity
of these H-2s with the C-2 at 72.65 ppm (IV.). Likewise, for
the last system (VI), the *C/*H HMQC spectrum showed
correlation between C-1 resonance at 102 ppm (VI) with the
corresponding H-1 resonance at 65.02 (VI;). COSY and
HMQC allowed the assignment of the H-2 resonance at 64.1
(VI,, ;) and the C-2 resonance at §72.6 (VI,). These chemical
shift values did not allow us to differentiate a t-Manp from a
6-0-linked Manp. Unfortunately, COSY allows attribution
only up to H-2 since most of the remaining protons of the
monosaccharides resonate in a very restricted zone, between
3 and 4 ppm, which is the cause of overcrowding in 2D COSY
spectrum. In order to unambiguously assign these resonances,
the mole percentage from the methylation analysis (3% for 6-
linked Manp against 24% for t-Manp) and the intensity of
the signals in the '"H 1D spectrum (1 for the H-1 at §5.02 (VI,)
and 7.5 for the H-1s at 65.13 and 65.15 (IV,)) were correlated.
Thus, the system (IV) with C-1s at 104.8 and 104.7 was
assigned to two populations of t-Manp and the remaining
system (VI) to the 6-0O-linked a-Manp.

70 75 80 ppm

IVH1-Vilc2

|VH\1-C3 IVHi-cs

Fic. 8. Expanded region (5 *3C: 65-85; § 'H: 5.0~-5.3) of the
13C-decoupled, 'H-detected multiple bond correlation spec-
trum (*H {1*C} HMBC) of the dLAM from M. bovis BCG at 500
MHz. Glycosyl residues are labeled in roman numerals and their
protons in arabic numerals.

Both NMR spectroscopy and methylation data analysis
demonstrated the occurrence of two types of t-Manp and 2-
O-linked Manp in LAM from M. bovis BCG and M. tubercu-
losts H37Rv. These results allowed us to assume the presence
of short side chains of (1—»2)-linked D-Manp not only on the
mannan, but also on the arabinan core.

The sequence of these glycosyl residues was supported by
'H-detected heteronuclear multiple bond correlation (**C/'H
HMBC) experiments. This method allowed the determination
of the carbons and protons involved in the interglycosidic
linkage through three-bond correlation between the anomeric
carbon or proton resonances and the carbon or proton reso-
nances from the adjacent unit (42). Indeed, the partial HMBC
spectrum on Fig. 8 showed connectivities between the two H-
1s of t-Manp (IVy;: 65.13 and 65.15) and the C-2s of 2-O-
linked Manp (VIIc,: 680.5-81.2). Besides this inter-residue
correlation, this anomeric proton also exhibited long-range
intra-residue correlation to C-3 (§C3 (IV): 73 ppm) and C-5
(6C5 (IV): 76 ppm) resonances (*Jcy). This last NMR study
established the interglycosidic linkage between the t-Manps
and the 2-O-Manps.

Characterization of Small Oligosaccharides Containing
Manp from Hydrolyzed LAM from M. bovis BCG—In order to
confirm the presence of these mannosyl residues at the ends
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of the arabinan side chains and to determine their size, a four-
step analytical approach summarized below was successfully
applied to the dLAM: (i) partial hydrolysis of LAM, (ii)
derivatization of the reaction products with p-aminobenzoate
ethyl ester (ABEE), (iii) purification by reversed-phase HPLC
monitored by UV detection, and (iv) structural characteriza-
tion by FAB/MS and FAB/MS-MS. LAM was partially hy-
drolyzed under two sets of conditions: 0.1 N HCI, 90 °C, 15
min (A) and 0.075 N HC], 75 °C, 15 min (B). The subsets of
oligosaccharides were separated from the nonhydrolyzed man-
nan by gel filtration chromatography as described under “Ma-
terials and Methods” and were derivatized with ABEE. The
oligosaccharide-ABEE derivatives obtained after hydrolysis
conditions (A) were analyzed by reversed-phase HPLC in a
gradient of acetonitrile in water. The HPLC profile (Fig. 9a)
revealed one major UV-absorbing peak f with a retention time
of 20 min characteristic of a monosaccharide-ABEE. This
assignment was confirmed by positive FAB/MS of compound
f which exhibited both (M + H)* and (M + Na)* at m/z 300
and 322, respectively. Thus, from the molecular mass, it can
be concluded that this major component, which represented
80% of the whole fraction, corresponds to Ara-ABEE. This
method also allowed an estimation to be made of the relative
amount of oligosaccharide by means of the peak integration,
since only one chromophore is present per molecule of the
derivatized oligosaccharide.
Besides peak f, less intense peaks were still well-resolved
and one (peak b) predominates at 15.5 min and represents
12% of the whole fraction. The positive FAB/MS analysis of
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FiGc. 9. Reversed-phase HPLC profile (semipreparative col-
umn Cys, 9.5 X 250 mm, 5-um Spherisorb ODS2) of oligosac-
charide-ABEE derivatives obtained from LAM of M. bovis
BCG after mild hydrolysis, gel filtration, and derivatization
with aminobenzoic ethyl ester. ¢, mild hydrolysis (0.1 N HCI, 15
min, 90 °C); b, mild hydrolysis (0.075 N HCl, 15 min, 75 °C). The
column is eluted by a gradient of 5% acetonitrile in water (solvent A)
to 80% acetonitrile in water (solvent B). Fractions a-p are character-

ized in the text.
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fraction b (Fig. 10a) showed two intense ions (M + H)* and
(M + Na)* at m/z 624 and m/z 646, respectively, revealing a
trisaccharide composed of 2 Man and 1 Ara unit. In order to
sequence this trisaccharide, the unimolecular decompositions
of the precursor ion m/z 624 were recorded (Fig. 10b). The
MIKE spectrum exhibited two major ions at m/z 300 and m/
z 462. The latter ion results from the loss of the anhydro-
monosaccharide unit localized at the nonreducing end (Y; m/
z 462). Thus, the mass difference unambiguously indicated
that a Manp unit is localized at the nonreducing extremity of
the trisaccharide. Likewise, fragment ion Y, at m/z 300 can
be explained by the loss of an anhydro-disaccharide unit
composed of 2 Manp residues. It allowed the localization of
the arabinosyl residue at the reducing terminus of the oligo-
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Fic. 10. Characterization of fraction b from the HPLC pro-
file (Fig. 9a) of oligosaccharide-ABEE obtained from LAM of
M. bovis BCG. q, positive ion FAB mass spectrum of fraction bin a
matrix (m) of glycerol/thioglycerol. b, positive ion MIKE spectrum
of the protonated molecular ion m/z 624 from fraction b in a matrix
of glycerol/thioglycerol.



Dimannosyl Units at the Termini of the Arabinan Side Chains

TABLE II

Cationized molecular ion mass values of fractions from the
HPLC profile of Fig. 9b

Fractions M ;1 /I:Ja) Oligosaccharides
g 1306 6 Ara + 2 Man
h 1174 5 Ara + 2 Man
i 850 5 Ara
] 1042 4 Ara + 2 Man,

808 1 Ara + 3 Man
k 910 3 Ara + 2 Man
1 778 2 Ara + 2 Man
m 880 4 Ara + 1 Man
n 646 1 Ara + 2 Man
o 616 2 Ara + 1 Man
p 586 3 Ara

saccharide. From these data, the trisaccharide sequence is as
follows: Manp—Manp—Araf. The relatively high abundance
of the ion fragments suggests that the oligosaccharide was
linear, in agreement with the methylation data (not shown).
Associated with the loss of each hexose unit, additional ions
appeared 46 mass units below each peak which may result
from the loss of ethanol from the ABEE moiety.

Likewise, the purified HPLC oligosaccharide-ABEE a (Fig.
9a) was assigned to a tetrasaccharide composed of 3 Man and
1 Ara residues, and fraction ¢ was attributed to a hetero-
disaccharide. In both cases, MIKE spectra revealed the loca-
tion of an arabinofuranosyl unit at the reducing end.

Finally, fraction d corresponds to an arabinose homo-disac-
charide and sample e to the monosaccharide Man. Hydrolysis
procedure (A) therefore yields oligosaccharides with 1, 2, and
3 mannosyl residues and weak amounts of free mannose.

In the aim of detecting the presence of higher oligomannans
at the end of the arabinan chains, milder hydrolysis according
to protocol B (0.075 N HCI, 15 min, 75 °C) was applied to
dLAM. Fig. 9b shows the partial reversed-phase HPLC profile
revealing a dozen poorly resolved components, which were
analyzed by positive mode FAB/MS. The spectra are domi-
nated by cationized molecular ions whose mass values are
summarized in Table II. They mostly correspond to Man-
containing oligosaccharides. Seven oligosaccharides were
composed of 2 mannosyl residues and 1 to 7 arabinosyl resi-
dues. Two others contained 1 mannosyl and another one 3
mannosyl units.

These partial hydrolysis experiments supported a manno-
sylated extension of the arabinan of M. bovis BCG and estab-
lished that the major structural motif located at the nonre-
ducing end of the arabinan of this LAM was a dimannosyl
residue. Besides this disaccharide, a few mannose and man-
notriose residues also capped the arabinan side chains.

DISCUSSION

Knowing the molecular mass of biopolymers constitutes
key information for their structural characterization but also
for a better understanding of their functions. In the case of
proteins, genetic approaches and electrophoretic analysis per-
mit the determination of their molecular weight. However,
for glycoproteins, and a fortiori for lipopolysaccharides and
for polysaccharides, the only precise approach remains mass
spectrometry. New ionization methods such as electrospray
(43) and matrix-assisted laser desorption (44, 45) appear to
hold the greatest promise for the mass spectrometric analysis
of large biopolymers. Today, using these ionization modes,
routine mass spectrometric analysis of proteins in the mass
range up to 200 kDa (45) with only picomole amounts of
sample (46) has become possible. However, glycoproteins,
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glycolipids, and carbohydrates still remain quite refractory to
mass spectrometric analysis.

In the present paper, we report that matrix-assisted LDI-
MS is a powerful tool for determining the molecular mass of
lipoarabinomannans {LAMs). Matrix-assisted LDI spectra of
LAMSs and LMs from M. tuberculosis and from M. bovis BCG
are dominated by two peaks at around m/z 17,300 and 8,000,
By means of SDS-PAGE, all the investigated native LAMs
showed similar electrophoretic behavior characterized by
broad bands between 30 and 35 kDa (Fig. 2). The molecular
mass assignment of the native LAM from M. bovis BCG was
supported by the LDI mass spectrum of the deacylated LAM
showing a broad peak centered at 16.7 kDa. These data
unambiguously revealed that the molecular masses of the
LAMs from M. bovis BCG and from M. tuberculosis are quite
similar at around 17.3 kDa. Thus, knowing the LAM molec-
ular mass, established by mass spectrometry, provides key
structural information for determining the molecular archi-
tecture of LAM. From the molecular mass and methylation
data, it can be proposed that the major molecular species of
both LAMs are composed of approximately 110 glycosyl res-
idues: 70 assigned to arabinose and the remaining ones to
mannose.

The peaks assigned to the pseudomolecular ions are ex-
tremely broad, and their width at half-maximum corresponds
to 4 to 5 kDa, while the LDI spectra of the proteins having a
similar molecular mass, used to calibrate the time-of-flight
analyzer, exhibit a narrow peak with a width at half-maximum
of 10 mass units. This phenomenon cannot be reasonably
explained by an interglycosidic fragmentation process since
oligosaccharide LDI spectra are dominated by cationized mo-
lecular ions (45). Thus, in agreement with the broad band
observed with SDS-PAGE and the large peak on gel permea-
tion, it was proposed that the width of the pseudomolecular
signal mainly arises from the molecular heterogeneity of the
LAM preparation. Moreover, since the LDI mass spectrum of
the deacylated LAM does not show a larger peak width than
that of the native LAM, it can be proposed that the molecular
mass heterogeneity of LAM arises from molecular species
containing a number of glycosyl units estimated to vary by
around 40 suggesting that LAM heterogeneity arises from
molecules having between 90 and 130 glycosyl units. However,
the low mass resolution of the TOF analyzers does not allow
their separation even using a TOF analyzer equipped with an
ion reflector. Similar data have been reported in the literature
when glycoproteins were analyzed by matrix-assisted LDI (44,
47). Nevertheless, it is the first time that the molecular mass
of large bacterial lipopolysaccharides can be precisely meas-
ured by mass spectrometry giving a mass value which drasti-
cally differs from the one usually reported. The second rele-
vant structural feature revealed by this analysis concerns the
determination of the mass difference around 800 + 100 mass
units between the molecular mass of the LAM from M. bovis
BCG and its deacylated form, respectively. This mass differ-
ence is almost in agreement with the structure proposed for
the LAM of M. tuberculosis by Brennan and co-workers (7)
in which the alkali groups are restricted to two fatty acids
(tuberculostearate and palmitate) esterifying the phosphog-
lyceryl unit, but does not preclude the presence, in small
amounts, of other alkali groups. The molecular mass and the
molecular heterogeneity of LAMs from the protective strain,
M. bouvis BCG, and from the pathogenic strain, M. tuberculosts,
are quite similar.

In order to determine the structure of LAM from M. bouis
BCG, besides the routine methylation analysis, a novel ana-
lytical approach was successfully applied based on 2D NMR
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spectroscopy and FAB/MS. 2D homo- and heteronuclear
scalar coupling analysis of the M. bovis BCG LAM in combi-
nation with methylation data revealed, besides the 2,6-di-O-
linked Manp present in the mannan domain, the presence of
another sort of 2-O-linked Manp and also of two kinds of
terminal Manp. One type occurred in the mannan domain
(Fig. 11), while the second type was localized at the nonre-
ducing end of the arabinan side chain by the following ana-
lytical approach. After mild hydrolysis, the oligosaccharides
were derivatized with aminobenzoic ethyl ester (ABEE). The
derivatized oligosaccharides were purified by reversed-phase
HPLC under UV control and further sequenced by FAB/MS
and FAB/MS-MS analysis. From the pseudomolecular ion
and the sequencing fragment ions, it was clearly established
that the major oligosaccharide is the trisaccharide: Manp(1—
2)Manp(1—)Araf. Besides this trisaccharide, a tetrasaccha-
ride with the following structure Manp(1—2)Manp(1—
2)Manp(1—)Araf and the disaccharide Manp(1—s)Araf were
found in small amounts. Thus, these data unambiguously
demonstrate that the arabinan side chains are encapped by
mannosyl residues allowing the proposition of a model for the
molecular architecture of the M. bovis BCG LAM (Fig. 11).
This structure is in contradiction with the results, based on
methylation analysis, obtained by Misaki et al. (3) in 1977
who concluded that all of the 2-O-linked Man residues were
part of side chains attached to the 6-O-linked mannan back-
bone.

Our analytical approach was also applied to the LAM of M.
tuberculosis strain H37Rv leading to similar structural fea-
tures for both LAMs. Further experiments were undertaken
to purify large oligoglycosyl fragments with branched and
linear regions of the arabinan and mannan segments after
mild hydrolysis of LAM in order to elucidate its structure
completely. Compared to methods with numerous chemical
steps, the ease of preparation and separation of derivatized
oligosaccharides and the resolution and sensitivity of this
technique greatly influenced the choice of our strategy. Deriv-
atization of the reducing termini with suitable chromophores
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such as p-aminobenzoate permits UV detection for purifica-
tion by reversed-phase HPLC with a solvent gradient. The
minimal increase in molecular mass of such derivatives and
the conferred hydrophobic character enhance the FAB mass
spectrometry sensitivity and improve assignment of the se-
quencing fragment ions, compared to underivatized carbohy-
drates. Webb et al. (48) reported also predictable differences
in fragment ion abundance between linear and branched
oligomers, suggesting that in addition to sequencing, branch-
ing information may also be determined by this method.

This study establishes that LAMs from an attenuated
strain, M. bovis BCG, and from a virulent strain, M. tuber-
culosis H37Rv, share the same structure presenting mannosyl
residues at the end of arabinan side chains. From the literature
data, it was found that LAMs from other strains of M.
tuberculosis, strain Erdman (18), and Ayoama B (49) have
their arabinan side chains encapped with Manp residues. It
can also be concluded that, when compared to cur own results,
the 1D **C NMR spectrum of LAM from M. paratuberculosis
(50) indicates that this LAM was endowed with the Man-
capped arabinan. However, it was established by Brennan
and co-workers (6) that the avirulent strain, M. tuberculosis
H37Ra, is devoid of mannosyl residues at the nonreducing
end of the arabinan domain.

LAM from an avirulent strain of M. tuberculosis H37Ra
induces, at low concentrations, TNF secretion (16), whereas
LAM from the virulent Erdman strain, which possesses Man
at the termini of the arabinosyl side chains, has 100-fold less
activity (19). TNF is thought to play a central role in the
pathogenesis of mycobacterial diseases through antimycobac-
terial activity as well as immunopathologic effects such as
granuloma and tissue necrosis (51-55). A deficit of this cyto-
kine would no longer hinder the proliferation of the virulent
mycobacteria within host macrophages. So, for these authors,
Man-capped LAM, which did not elicit TNF secretion, was
synonymous of virulent and “disease-inducing strains.”

In this study, the lack of structural difference between the
two Man-capped LAMs from M. bovis BCG and M. tubercu-

,Manp-(1 {35)-qu1 56)-Manp(12>6)-Mgnp<1E}S)Manpn 5
> -

Araf 2
»r'g ta ta 5
ta ~ 1
1 Manp Manp
Afaf
2 5
FiG. 11. A model of the arabino- ’ 1|E )
mannan component of LAM from M, s pm e = = == |
bovis BCG. This structural hypothesis \a E)_Manp(z.&n.mnp.(z&).mnp
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the linked glycosy! residues and the mo- 1 A At !
lecular mass and shows the major struc- A?; (3 F‘\)-Araf-(s 2]1)_Naf,(5&u1)-Araf-(5 «£1)-Araf-(5¢*1)-Manp
tural motifs that occupy the nonreducing pla A ‘(3(—1)-Araf-(2621)-Araf-(54‘—’1)-Manp-(24E1)-Maff .
termini of the arabinofuranosyl side g ““““
chains. The other structural features 1“
shown here were established previously Afaf
(6, 18). Details of the attachment of the ,g
arabinan segments to the mannan core o
are unknown. 1
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5
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1
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losis H37Rv apparently does not support the hypothesis that
LAM is a key factor in the immunopathology of tuberculosis.
This structure of Man-capped LAM from a given mycobac-
terial strain may influence the ability of the organism to
survive but not to give rise to active infection. The Bacille
Calmette-Guérin has been employed as a tuberculosis vaccine
for 7 decades, and, after the infection with M. bovis BCG, the
host may acquire protective immunity against subsequent
tuberculous infection. The bacillus has to multiply or to
survive in the macrophage without causing any pathological
damage. Nevertheless, mechanisms involved in the acquired
immune response to M. bovis BCG remain unclear. Man-
capped LAM can hence be considered as a factor of intrama-
crophagic mycobacterial survival.

To confirm this immunoregulatory role of LAM, further
experiments are now being undertaken to determine the dose
effect of LAMs from M. tuberculosis H37Rv and M. bovis
BCG in their different biological functions, such as immuno-
suppression of T cell proliferation and immunomodulation of
the release of cytokines. For example, the role of LAM from
M. bouvis BCG in the secretion of TNF remains to be defined
and quantitatively compared with the effect of LAM from a
virulent strain.

LAM exhibits a wide spectrum of immunomodulatory ef-
fects. Identification of the structure, in correlation with the
functicn, of such immunomodulators from different patho-
genic or nonpathogenic mycobacteria will enhance our under-
standing of the pathogenesis of tuberculosis and of the pro-
tective effect of M. bovis BCG and is essential for the devel-
opment or improvement of a vaccine against the disease.
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